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FOREWORD
Global warming is acknowledged as a major crisis facing society today, principally due to
anticipated impacts on the environment, and availability and distribution of water resources.
Scientific understanding of recent human-induced climate change, as well as evaluation of
potential mitigation strategies, is progressively being developed through studies of
atmospheric greenhouse gases and modern water–energy–carbon cycling processes. These
efforts have been advanced through study of past global climate changes to understand
mechanisms that play a role in determining natural climate fluctuations observed in ice cores,
lake and sea sediments, corals, paleo-groundwater, cave deposits, tree rings, and other
archives. Predictive models incorporating natural and human-induced climate change
processes contribute to a better appreciation for the sensitivity of climate to specific
anthropogenic perturbations.
Increasingly, isotopes are being integrated in climate change studies. For example, isotope
methodologies offer substantial improvements in the ability to label the origin and fate of
greenhouse gases, and for studying the water and carbon cycle response to past climate
changes, a high priority area for action identified by the Intergovernmental Panel on Climate
Change (IPCC). Isotopes are also widely used as diagnostic variables for validation of models
aimed at providing a prognosis of future environmental conditions.
The International Atomic Energy Agency (IAEA) has long supported research and
development of isotope applications for climate studies. The joint IAEA/WMO Global
Network for Isotopes in Precipitation managed by the IAEA has for the last four decades
provided the basic isotope data necessary for integrating stable oxygen and hydrogen isotopes
in climate models. The IAEA has also sponsored co-ordinated research projects on “Isotope
Variations of Carbon Dioxide and other Trace Gases in the Atmosphere” and “Isotope-Aided
Studies of Atmospheric Carbon Dioxide and other Greenhouse Gases”, has published
technical documents on isotope measurement techniques for greenhouse gases (IAEATECDOC-1268 and 1269) and hosted international symposia on “Applications of Isotope
Techniques in Studying Past and Current Environmental Changes in the Hydrosphere and the
Atmosphere” in 1993 and on “Isotope Techniques in the Study of Environmental Change” in
1997. The International Conference on The Study of Environmental Change Using Isotope
Techniques, held in Vienna in April 2001, was jointly co-ordinated by the Division of
Physical and Chemical Sciences (NAPC) and the Marine Environment Laboratory (NAML) of
the IAEA and co-sponsored by the United Nations Educational, Scientific, and Cultural
Organization (UNESCO) and the Japanese Science and Technology Corporation. The
conference was attended by experts from 39 Member States and international organizations.
The major themes included isotope tracing of atmosphere–hydrosphere and atmosphere–ocean
interactions, palaeoclimate archives, and development of new analytical techniques. These
proceedings are anticipated to serve as a valuable resource for those involved in research on
climate change and on the impact of climate change on water resources. P. Aggarwal and
J.J. Gibson of the Division of Physical and Chemical Sciences and P. Povinec of the Marine
Environment Laboratory were the IAEA officers responsible for the conference and for this
publication.
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OPENING STATEMENT
W. Burkart
Deputy Director General,
Department of Nuclear Sciences and Applications,
International Atomic Energy Agency, Vienna
On behalf of the Director General of the International Atomic Energy Agency, and on my
own behalf, I wish to extend a warm welcome to all participants of this International
Conference on the Study of Environmental Change Using Isotope Techniques.
This is the 3rd international conference that the IAEA has convened on this subject, the
previous two having been held in 1997 and 1993. The conference is particularly relevant this
year as issues related to global warming and climate change are once again on top of the
world’s agenda. Unfortunately we have to be prepared to live with this topic for many
decades to come. I am pleased to note that more than 39 countries and 7 international
organizations are represented at this conference.
The IAEA has a broad interest and mandate in your area, particularly in those related to
energy and water. A principal source of the greenhouse gases lies in the energy sector where
fossil fuel burning releases large amounts of carbon dioxide to the atmosphere. Nuclear power
produces virtually no greenhouse gas emissions and therefore could be an important
consideration for strategies to reduce greenhouse gas emissions. We are not asking for more:
careful consideration, a learned discussion.
While it is widely accepted that greenhouse gases in the atmosphere affect the Earth’s
radiation balance and temperature, uncertainty remains regarding the impacts of climate
change on the Earth’s water cycle. This aspect of climate change has great implications as it
affects the very basic need for human existence. The Earth’s freshwater resources are limited,
with less than 0.01 percent of all water on earth being freshwater that is accessible for human
consumption. As the world’s population continues to increase, more than one billion people
still lack access to safe drinking water.
The hydrological cycle on the Earth is deeply inter-twined with the climate system, which is
linked not only with the atmosphere, but also with the oceans. In this context, I am happy to
note that the conference will be addressing issues related to both the terrestrial and marine
environments. The atmospheric heat engine is driven primarily by the energy exchange
associated with the condensation of water. Water vapor is one of the most abundant and
important greenhouse gases in the atmosphere, together with other trace gases that are
influenced more directly by human activities. As a result of this close linkage, it is ironic that
human efforts to respond to changes in the hydrological cycle may in fact contribute to further
climate change. These linkages underscore the fact that the relationships between the
hydrological cycle and climatic processes need to be studied and characterized to the best of
our ability. Isotopes are indicators of climate related parameters like surface air temperature,
relative humidity of the atmosphere, and amount of precipitation. In addition, the dynamics,
transport and mixing processes in the atmosphere governing the climatic conditions and airsea interactions can be investigated through measurements of radioisotopes. The input of
isotope data can thus strengthen the modeling efforts aimed at providing a prognosis of future
environmental conditions.
The IAEA’s programme on Water Resources continues to play a major role in developing and
facilitating the use of isotope techniques in climate and climate change studies. For the last
forty years, the global network of isotopes in precipitation has provided researchers worldwide with isotope data that have been used for studying relationships between precipitation
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and climate parameters, and for evaluating the validity of climate models. This network, that
has been operating in collaboration with the World Meteorology Organization (WMO), has
been recognized by the scientific community as an invaluable source of data for isotope
applications in climate studies. It is only fitting that the first paper in the Conference aims to
discuss this very aspect of the use of isotope data in precipitation.
A further extension of the use of isotope data for studying the link between the hydrological
cycle and the climate is being pursued through isotope monitoring of large rivers of the world.
River water is a repository of the climate and hydrologic processes. Isotope measurements in
river water provide integrated information on watershed-scale phenomena, as well as on the
impacts of climate and land use changes on the hydrologic system. A new co-ordinated
research project will soon be launched to develop a network of river stations where isotope
monitoring would be initiated and data made available to the scientific community.
I should note that climate change is an integral part of the Earth’s history. Severe changes in
climate have occurred in the past, and are likely to occur in the future. While the climatic
cycles of the Earth may vary over a much larger time scale, our instrumental records of
climate parameters span only a century or so. Understanding the causes of past climate
changes in the Earth’s history allows us to better evaluate the present and future effects of
human activities on climatic conditions. The isotopic compositions of precipitation preserved
in such archives as groundwater, ice cores, marine sediments, etc., provide valuable tools for
studying the relationships between climatic conditions and the hydrological cycle in the past. I
am pleased that isotope proxy records in different terrestrial and marine archives will be
presented and discussed at the Conference.
Environmental changes and climate variability occur at global or continental scales, and their
impacts on the hydrological cycle will also be felt over a similar scale. As a result, coordinated international efforts are necessary to study these processes and their impacts. On
our part, we have taken several steps to facilitate greater international co-operation. A
memorandum of understanding was recently signed between the IAEA and the WMO to
provide stronger organizational support to the global network of isotopes in precipitation. A
joint international programme on isotopes in hydrology is being formulated with UNESCO.
This programme is likely to strengthen the long-standing collaboration between IAEA and
UNESCO and to open additional avenues for joint activities. I am glad that representatives of
UNESCO and its programmes are present in this conference. In addition to sister UN
agencies, national institutions are important partners for international co-operation. I am
pleased that this conference is being co-sponsored by the Japanese Science and Technology
Corporation and that their representatives are here. This will undoubtedly help to widen the
impact of our activities and to involve more scientists in the relevant projects.
The Conference will cover a range of issues and isotope applications, particularly those
related to atmosphere-hydrosphere interactions, past climatic and environmental changes, and
advances in isotope and other analytical techniques. A round-table discussion is also planned
where you will have an opportunity to present your thoughts and suggestions on trends and
additional needs for integrating isotope applications into environmental change studies.
I know that all of you are, as I am, eagerly waiting to listen to your colleagues and discuss the
scientific issues at length. I am confident that with over 39 Member States and 7 international
organizations represented, the conference will achieve a critical review of the state of the art
and develop a clear vision for the future. The Agency is looking forward to the outcome of
this important conference.
Once again, I wish you a successful conference and a pleasant stay in this beautiful city of
Vienna.
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Abstract. Isotopic analysis and modelling of the Amazon Basin have both been reported for about
thirty years. Isotopic data have been used to explain important characteristics of Amazonian
hydrologic cycling by means of simple models. To date there has been no attempt to use isotopic data
to evaluate global climate models employed to predict the possible impacts of Amazonian
deforestation. This paper reviews the history of isotopic analysis and simulations of deforestation in
the Amazon and initiates isotopic evaluation of GCMs. It is shown that one widely reported simulation
set gives seasonal transpiration and re-evaporated canopy interception budgets different from those
derived from isotopic analysis. It is found that temporal changes (1965 to 1990) in wet season
deuterium excess differences between Belem and Manaus are consistent with GCM results only if
there has been a relative increase in evaporation from non-fractionating water sources over this period.
We propose synergistic future interactions among the climate/hydrological modelling and isotopic
analysis communities in order to improve confidence in simulations of Amazonian deforestation.

1. HISTORY OF ISOTOPE ANALYSIS FOR THE AMAZON
The simple topography of the extensive basin and the single water source, the Atlantic Ocean,
makes the Amazon Basin unique as a study region of isotopic fractionation processes. Salati
et al. [1] used one year's isotope data from precipitation and river samples and results from a
sector box model to reinforce Molion's [2] conclusion that about half the Amazon Basin's
water is recycled. On the basis of 13 months data (October 1972 to October 1973) they were
able to identify that the gradient inland of δ18O is surprisingly weak, compared to other
continental areas, which shows that a proportion of the hydrologic recycling is from nonfractionating sources i.e. transpiration and canopy re-evaporation. This recycling within the
Amazon Basin leads to a smaller ‘continental’ gradient in δ18O going inland on an east to
west transect with seasonally averaged gradients of only 1.5‰ per 1000 km cf. 2.0‰ in
Europe [3] (Fig. 1).
In 1981, Leopoldo [4] reported values of the stable isotopes of oxygen and hydrogen as
measured in samples of stemflow and throughflow at the Duke Reserve, near Manaus.
Although his results were somewhat contradictory, they seem to point to isotope
heterogeneity in originating air masses as the most likely source of observed differences.
These results have been cited by more recent researchers (e.g. Ref. [5]) because the fate of
water intercepted by the canopy is crucially important to a complete understanding of forest
hydrology.
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FIG. 1. Isotopic signature (δ 18O) across a longitudinal transect of the Amazon from Belem on the
coast and at the river mouth to Izobamba in the Andes for each of four seasons. The solid diamonds
are the 1960s values (similar to those analyzed by [1]) while the open squares are for the 1980s.

An important review of Amazonian isotopic and other data was published by Salati and Vose
in 1984 [6]. This paper was influential because its publication coincided with the first reports
of a simulation using a Global Climate Model (GCM) to assess the possible impact of
deforestation of the Amazon. Indeed, Salati and Vose [6] quote preliminary (1983) results
from the work of Henderson-Sellers and Gornitz [7]. Although the Salati and Vose [6] paper
was primarily a collection of their, and others', previous work with isotopic analysis, it
underlined to the newly emerging global climate modelling community that the Amazon
recycles about half its water within its basin (Fig. 2(a)).
Two papers were published in 1991 on the subject of isotopic analysis of Amazonian
precipitation and its implications for regional hydrology and climate. Gat and Matsui [5]
employed a simple box model of the central Amazon Basin to demonstrate that some of the
water recycling is from fractionating sources. Using data from the International Atomic
Energy Agency/World Meteorological Organization (IAEA/WMO) global station network up
to 1981, they interpreted a +3‰ deviation from the World Meteoric Line as indicative of 2040% of the recycled moisture within the basin being derived from fractionating sources such
as lakes, the river or standing water. The paper by Victoria et al. [8] also used IAEA/WMO
data; they analysed isotopic results from Belem and Manaus over the fourteen year period
from 1972 to 1986. Using the box/sector model of Dall'Olio [9] also described in Ref. [1]
these researchers were able to employ isotopic data to show that wet season recycling is by
means of transpiration while dry season recycling in the Amazon is primarily by reevaporation of precipitation intercepted on the canopy. Since the mid 1990s, there have been
relatively few reports on Amazonian isotopes. However, Gat [10] reviews some work and
reports that an updated model of the Amazon's water balance, which uses isotopic input,
improves earlier predictions.
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FIG. 2. (a) Schematic of the Amazonian Basin water cycle; and (b) schematic illustration of processes
simulated in a global climate model (GCM) predicting changes following deforestation.

2. EVALUATION OF GCMS' SIMULATION OF AMAZONIA USING ISOTOPIC DATA
As mentioned above, the first global climate model (GCM) simulation of the impact of
Amazonian deforestation was published by Henderson-Sellers and Gornitz in 1984. Since
then, there have been rather a large number of simulations (Table I). McGuffie et al. [11]
review the problems associated with correctly specifying climate model parameters in both
control (present day) and deforested simulations. Some of the differences in the outcomes of
predictions in Table I are due to the imposed differences in surface albedo, surface roughness,
density and mix of original and replacing vegetation, soil type and state and so on (Fig. 2(b)).
Almost all models predict increased surface temperatures (∆T) following deforestation. There
is also general agreement that both precipitation and evaporation decrease but less consensus
on the sign of the change in atmospheric moisture convergence (Table I).
As far as we are aware, no GCM simulations of the impact of Amazonian deforestation have
yet been tested against the available isotopic data. This is partly the result, we suspect, of the
relevant research communities' ignorance of one another. It is also because very few GCMs
have, as yet, included isotopic composition as a computed variable. Notable exceptions
include work by Jouzel et al. [33,34] but neither of these studies include consideration of
deforestation impacts. The wide dispersion in the results shown in Table I indicate that GCM
evaluation by any available means can only be beneficial.
One means of assessing GCM performance in this area is to utilize the results of Gat and
Matsui [5] regarding the relative amounts of water recycled in the Amazon from fractionating
and non-fractionating sources. They deduced by comparing deuterium and oxygen isotopic
observations with results from their box model of the central Amazon Basin that of the input
precipitation 10%-20% is re-evaporated from fractionating sources (e.g. lakes and rivers),
30%-40% from non-fractionating sources (e.g. transpiring plants and complete re-evaporation
of canopy-intercepted water), with about half of the total hydrological budget going to runoff.
These values can be used to evaluate GCMs.
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Table I. Annually-averaged regional changes predicted in response to Amazon tropical deforestation
for surface temperature, T, precipitation, P, evaporation, E, and moisture convergence from various
GCM studies since 1984 (N/A means the information is not available)
Study

Albedo
change

Roughness
change

¨T
(°C)

¨P
(mm)

¨E
(mm)

Moisture
convergence
change

Henderson-Sellers and Gornitz [7]

0.11/0.19

2.0/0.09

0

-220

-164

+

Dickinson and Henderson-Sellers
[12]

0.12/0.19

2.00/0.05

+3.0

0

-200

+

0.136/0.188

0.79/0.04

+2.4

-490

-310

-

Nobre et al. [14]

0.13/0.20

2.65/0.08

+2.5

-643

-496

-

Dickinson and Kennedy [15]

0.12/0.19

2.00/0.05

+0.6

-511

-256

-

0.135/0.200

No change

-0.1

-335

-176

-

+0.03

2.65/0.08

N/A

+33

-146

+

0.136/0.188

0.79/0.04

+2.1

-296

-201

-

Henderson-Sellers et al. [19]

0.12/0.19

2.0/0.2

+0.6

-588

-232

-

Pitman et al. [20]

0.12/0.19

2.00/0.05

+0.7

-603

-207

-

Manzi [21]

0.13/0.20

2.00/0.06

+1.3

-15

-113

+

Polcher and Laval [22]

0.098/0.177

2.30/0.06

+3.8

+394

-985

-

Polcher and Laval [23]

0.135/0.216

2.30/0.06

-0.1

-186

-128

-

Sud et al. [24]

0.092/0.142

2.65/0.08

+2.0

-540

-445

-

McGuffie et al. [25]

0.12/0.19

2.0/0.2

+0.3

-437

-231

-

Manzi and Planton [26]

0.13/0.20

2.00/0.06

-0.5

-146

-113

-

Zhang et al. [27]

0.12/0.19

2.0/0.2

+0.3

-402

-222

-

Lean and Rowntree [28]

0.13/0.18

2.10/0.03

+2.3

-157

-296

+

Hahman and Dickinson [29]

0.12/0.19

2.00/0.05

+1.0

-363

-149

-

Zhang et al. [30]

0.15/0.21

1.1/0.1

+0.9

+445

+248

+

0.135/0.173

0.151/0.05

+1.4

-266

-223

-

0.12/0.19

2.0/0.2

+0.3

-403

-221

-

Lean and Warrilow [13]

Mylne and Rowntree [16]
Dirmeyer [17]
Lean and Rowntree [18]

Costa & Foley [31]
Zhang et al. [32]
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McGuffie et al. [11] report on a series of GCM experiments conducted using the USA's
National Center for Atmospheric Research's Community Climate Model (CCM1-Oz). Fig. 3
illustrates the components of the Amazonian water budget derived from these CCM1-Oz
simulations for the annual and two 3-month seasonal means. While the amount of water
recycled via transpiration does not vary all that greatly through the year, its percentage
contribution to the total ranges from 38% in the wet season to 73% in the dry season.

FIG. 3. One GCM (CCM1-Oz) simulation of the water budget of the Amazon for (a) annual means,
(b) wet season (DJF) and (c) dry season (JJA) all given in mm month-1 and as percentages of the total
precipitation.

Although the land surface scheme (BATS – the Biosphere Atmosphere Transfer Scheme)
used in the CCM1-Oz simulations does permit inclusion of lakes, this option was not used in
these GCM experiments. It is therefore not possible to examine the Gat and Matsui [5]
conclusion regarding the fraction of recycled moisture from lakes directly in terms of this
GCM. However, the results in Fig. 3 are in contrast with those of Victoria et al. [8]. The latter
claimed on the basis of isotope analysis that transpiration is the major source of recycled
water in the wet season while Fig. 3(c) shows that at least one GCM simulates transpiration as
being very much more significant in the Amazon forest's dry season budget of recycled water.
Thus it appears that there are grounds for suspecting that a more thorough examination of the
components of the Amazonian water cycle using isotopic data could both reveal inadequacies
in current simulations and, hopefully, indicate how simulations by GCMs could be improved
to more completely and correctly capture the moisture exchanges. This is an important issue
because it has been shown that tropical deforestation has the potential to excite large-scale
Rossby waves in the atmosphere. These waves can propagate from the source of their
initiating disturbance into the middle and high latitudes of both hemispheres and, hence,
prompt impacts far distant from deforestation in the Amazon [35].
3. RECENT ISOTOPIC ANALYSIS IN THE AMAZON
The data used in this study were obtained from the Global Network for Isotopes in
Precipitation database [36], jointly maintained by the World Meteorological Organization
(WMO) and the International Atomic Energy Agency (IAEA) since 1961. From each Amazon
station, monthly average values of temperature, humidity, precipitation, precipitation type,
deuterium, oxygen-18 and tritium are available. As part of our investigation of the possible
synergies between isotopic and global climate modelling studies of Amazonian deforestation,
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we have examined these IAEA/WMO station records in the Amazon Basin for temporal
trends. We find noticeable changes in the wet season, which extends from about December to
May (e.g. Fig. 4). The continental gradient of δ18O, already the weakest in the world, has been
further weakened over the last three decades in the wet months from December to May
(Fig. 1).

FIG. 4. Monthly mean values of δ18O and deuterium excess at Belem, Manaus and Izobamba for the
1960s and the 1980s running from October to October. Mean monthly precipitation (mm) for the
whole period is also shown as a histogram.

FIG. 5. Wet (Dec-May) and dry (Jun-Nov) half-year deuterium excess comparisons for
Manaus and Belem at (a) the earliest decade of IAEA/WMO data (1965-1975) and (b) the
most recent decade (1980-1990). Error bars show ±1 standard error.
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In the 1960s, when the collection of isotopic data began in the Amazon Basin, monthly
average values of the deuterium excess at Manaus were significantly greater than at Belem for
both the wet and dry seasons (Fig. 5(a)). Furthermore, there was no significant difference
between the mean monthly deuterium excess values from the wet to the dry season at either
the coastal or interior sites. By the 1980s, the Belem mean monthly deuterium excess for both
the wet and dry seasons have increased slightly compared to the values in the 1960s, but the
difference is not statistically significant. In contrast, large changes are observed in the
seasonal deuterium excess inside the basin at Manaus. Although the annual mean deuterium
excess at Manaus in the 1980s (11.83±0.44‰) is not significantly different to that in the
1960s (12.62±0.48‰), results now show a significant difference between the wet and dry
season values (Fig. 5(b)). In particular, the deuterium excess has decreased in the wet season
and increased in the dry season. The difference in deuterium excess between Belem and
Manaus is also much reduced in the wet season and Manaus’ wet season value is significantly
decreased in the 1980s.
Plausible explanations of the wet season deuterium excess decrease involve either more nonfractionating (e.g. transpiration) or less fractionating (e.g. lake) recycling, or both. Thus the
observed temporal shift in isotope data (1960s to 1980s) requires a change in the recycling
behaviour in the Amazon. These isotopic results are consistent with the GCM deforestation
predictions, which show less overall transpiration (Fig. 6) only if there has been a relative
decrease in the evaporation of water from lakes and other fractionating sources over this
period.

FIG. 6. Changes simulated by CCM1-Oz to the Amazon water budget following deforestation.
Differences and percentages are all from the forested case in Fig. 3 for the same periods.

This isotope-GCM "missing link" warrants further detailed study. One possibility is that the
temporal isotopic records are illustrative of the impact of Amazonian deforestation. At
present, the available GCM studies are unable to demonstrate or deny the validity of this
conclusion. Another possibility that deserves some consideration is that the disturbances in
the isotopic record over time have not been caused solely by forest removal. Although the
regional extent of deforestation in the Amazon is great, there are other effects which may also
be contributing to the observed temporal shifts in the isotopic signatures. These could include
both the direct and indirect effects of greenhouse gas increases.
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4. RECENT GCM STUDIES OF THE AMAZON
There have been very few GCM studies so far which have attempted to assess the impact of
deforestation and greenhouse gas increases in the Amazon. Table II lists the imposed changes
and predicted outcomes for the three available studies. The paper by Henderson-Sellers et al.
[37] was not focussed on deforestation but did consider plant physiological responses to
increased atmospheric CO2 levels which includes stomatal closure. Costa and Foley's [31]
study is a much more sophisticated evaluation of the independent and combined effects of
stomatal closure in response to an enriched CO2 atmosphere, deforestation and greenhouse
warming. Zhang et al. [32] consider the latter two effects but not the plant physiological
responses. The challenge for future use of isotopic signatures for GCM evaluation is to know
which of these representations most closely fit "present-day" isotopic measurements.

Table II. Annually-averaged regional response to Amazon tropical deforestation for surface
temperature, T, precipitation, P, evaporation, E, and moisture convergence from recent GCM studies
which have included the effects of greenhouse gas increases. (N/A means information is not available)
Study

Albedo
change

Roughness
change

¨T
(°C)

¨P
(mm)

¨E
(mm)

Moisture
convergence
change

Henderson-Sellers et al. [37])
Doubled stomatal resistance and
warming no deforestation

No change

No change

+

N/A

-

+

Costa & Foley [31]
Doubled CO2 & deforestation with
plant physiological response

0.135/0.173

0.151/0.05

+3.5

-153

-146

-

0.12/0.19

2.0/0.2

+0.4

-424

-215

-

Zhang et al. [32]
Doubled CO2 & deforestation

Tables I and II emphasize an outstanding disagreement among GCM representations of the
impact of Amazonian deforestation: the sign of the change in moisture convergence (Fig.
2(b)). The challenges associated with predicting this are illustrated in [35] which shows the
changes in the vertically-integrated water flux across the north, south, east and west
boundaries of the Amazon Basin as derived from one set of GCM simulations of
deforestation. We have examined the possibility of determining at least the sign of this
important change by reverting to the isotopically-derived central basin box model of Gat and
Matsui [5]. Since the total runoff equals the atmospheric moisture convergence, changes in
either indicate a change in the other. We have employed values of parameters derived by Gat
and Matsui [5] and investigated the effects of modelling runoff larger and smaller than their
values. Our results suggest that it is necessary to decrease the runoff fraction by 10% in order
to match the changed isotopic signature at Manaus between the periods 1965-75 and 1980-90.
This result is consistent with the (larger number of) GCMs in Tables I and II that find a
decrease in moisture convergence.
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5. FUTURE USE OF ISOTOPES IN EVALUATING MODELS OF THE AMAZON'S
CLIMATE AND HYDROLOGY AND THE POSSIBLE IMPACTS OF
DEFORESTATION
Isotopic analysis and modelling studies relating to the Amazon date back to the early 1970s
and estimates of the likely impacts of deforestation begin around 1984. Results from isotopic
research have influenced climate and hydrological modelling but the two communities have
rarely worked closely. The potential importance of the impact of Amazonian deforestation to
distant locations has been suggested recently. Such results increase the importance of using all
available data in the evaluation and, hopefully, validation of global climate models used to
predict these impacts.
In this paper, we have shown that results derived from isotopic data from the IAEA/WMO
network can be compared with outputs from GCMs. We find that water recycling in the
central Amazon has changed over the last thirty years, significantly so in the wet season.
While GCM results may be consistent with this conclusion, they are not, so far, correctly
simulating the relative components of transpiration and re-evaporated canopy interception for
the complementary dry season. These results warrant further detailed analysis and extension
to the very large number of GCMs already predicting the impacts of Amazonian
deforestation.
Furthermore, there is potential to explore isotopic modification by Amazonian deforestation
by utilizing state of the art land surface schemes combined with one of the current 'isotope'
GCMs (e.g. Ref. 38]). Finally, the great need for new validation data for GCMs, and the
obvious and beneficial synergy, seems to demand that new observational programmes, such
as the Large Scale Biosphere Atmosphere Experiment in Amazonia (LBA), embrace isotopic
studies as a potentially very valuable tool for model validation. Ideas include: (a) moisture
convergence estimates; (b) partitioning among transpiration, free evaporation and canopy
evaporation; and (c) detection of the impacts of forest change and greenhouse signals.
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Abstract. In 1983, Thiemens and Heidenreich reported the first chemically produced mass
independent isotope effect. A significant feature of the fractionation was that it identically produced
the isotopic relation observed in the calcium-aluminum inclusions in the Allende meteorite. This
17
18
δ O=δ O composition had previously been thought to represent a nucleosynthetic component as no
chemical process was capable of producing a mass independent isotopic composition. It now appears
nearly certain that the meteoritic oxygen isotopic anomalies were produced by chemical, rather than
nuclear, processes. Since oxygen is the major element in stony planets this represents a major event in
the formation of the solar system. In a recent review (Thiemens, 1999), it has been shown that mass
independent isotopic compositions are pervasive in the Earth's atmosphere. Molecules which have
been demonstrated to possess mass independent isotopic compositions include: O2, O3, CO2, CO, and
N2O. In each case, the specific nature of the mass independent isotopic composition has provided
details of their atmospheric chemistry that could not have been obtained by any other measurement
technique. Most recently, solid materials have been observed to possess mass independent isotopic
composition. In this paper, these observations are briefly discussed. These solid reservoirs include: 1)
carbonates and sulphates from Mars, 2) terrestrial aerosol sulphate, 3) sulphides and sulphates from
the Earth, ranging in time from 3.8 to 2.2 billion years before present, 4) sulphates from the Namibian
desert and 5) the Antartic Dry Valleys. The information obtained from these measurements is
extraordinarily wide ranging, extending from understanding the history of Martian atmosphereregolith interaction to the evolution of the oxygen in the Earth's earliest atmosphere. As was the case
for gas phase species, this information and insight could not have been obtained by any other
measurement technique.

1. INTRODUCTION
Alteration of stable isotope ratios in nature has permitted significant discoveries in an
enormous range of scientific endeavours. Insight into the origin and evolution of the solar
system and pervasive applications in biologic, geologic, oceanographic and atmospheric
sciences have been developed based upon precise interpretation of stable isotope ratio
compositions. The first quantitative model which was capable of determining how
temperature influences the position of chemical equilibrium in an isotope exchange reaction
was by Urey [1] and Bigeleisen and Mayer [2]. This groundbreaking work essentially opened
the fields of geo- and paleo-thermometry. By careful, precise measurements of, for example,
oxygen isotope ratios, and with knowledge of the temperature dependency of the equilibrium
constant for the isotope exchange reaction, the temperature during the exchange reaction may
be precisely determined. The actual physical-chemical dependency of the equilibrium upon
temperature arises from the variation of the molecular vibrational frequency with temperature.
Alteration of isotope ratios by other processes such as diffusion, evaporation/condensation,
kinetics, velocity, and gravitational escape are well known and quantified. Though these
isotope effects all vary, they have one common feature; they all ultimately depend in one
fashion or another upon mass. In general, the change in isotope ratio is small, and they are
generally reported in the conventional δ notation. For oxygen, this is given by:
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G18O=(R18sa/R18std-1) × 1000

(1)

and
G17O=( R17sa/R17std-1) × 1000

(2)

where R17=17O/16O, R18=18O/16O.
For oxygen, STD refers to the standard, which is standard mean ocean water. The mass
dependency for isotope effects produces a correlation between G17O and G18O. The relation for
O2 is:
G17O/G18O = (1/32-1/33)/(1/32-1/34)

(3)

which yields the mass dependent relation:
G17O=0.5 G18O

(4)

In the field of cosmochemistry, the observation that calcium-aluminum inclusions in the
chondritic meteorite Allende possess an isotopic composition G17O=G18O, rather than
G17O#0.5 G18O was reasoned at the time that, since no chemical process may produce a mass
independent isotopic fractionation this observation must reflect exotic nuclear material, e.g.
the injection of pure 16O into the proto-solar nebula. This has major consequences as the
deserved effect is large and occurs in the most abundant element (in stony planets), oxygen.
This observation catalyzed an enormous number of measurements and searches for
nucleosynthetic anomalies in other elements.
In 1983, Thiemens and Heidenreich [3] were the first to demonstrate that a mass independent
isotopic composition may be produced by a simple chemical process. During the process of
ozone formation it is observed that it is enriched in the heavy isotopes with respect to the
precursor oxygen with G17O=G18O, precisely the same as in the meteoritic inclusions. Since
those measurements a large body of experimental data has accumulated directed towards
resolving the physical chemical mechanism responsible for generation of the mass
independent effect. The purpose of this paper is directed towards the application of this effect
in nature. Reviews by Thiemens [5] and Weston [6] summarize the physical chemistry.
There now exists a wide range of environments in space and time, where mass independent
isotopic compositions are observed. In each instance, the characteristic isotopic compositions
permits new information to be obtained on the particular natural environment. This paper
briefly highlights some of these examples.
2. ATMOSPHERIC SPECIES
It was demonstrated that stratospheric ozone possesses a strikingly large 18O enrichment [7].
Subsequently, it was demonstrated that stratospheric ozone possesses the same mass
independent isotopic composition observed in laboratory experiments [8]. A review of the
many existing ozone isotopic measurements is given in [5,6]. It is now known that
tropospheric ozone possesses a mass independent composition that is slightly variable with
location and season [9, 10]. From these measurements it appears that the variation may be of
utility in tracking source, stratosphere-troposphere mixing, and chemical heritage.
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It was first observed by Thiemens et al. [11] that stratospheric CO2 possesses a large mass
independent isotopic composition. Models by Yung et al. [12, 13] have shown that this arises
from the exchange of atomic oxygen, derived from ozone photolysis, with CO2 via :
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O(1D) + C16O2 = 16O(3P) + C18O16O

(5)

This was later confirmed by measurement of CO2 stratospheric and mesospheric samples
obtained with a rocket-borne cryogenic air sampler [14]. The observed isotopic anomaly still
has unexplained features. However, there are two significant applications of the isotopic
effect. First, since the anomaly arises from isotopic exchange with electronically excited
atomic oxygen, the magnitude is a direct reflection of the steady state concentration of
oxygen. The concentration of atomic oxygen is a significant parameter in stratospheric
chemistry, it is the concentration of O(1D) that determines the lifetime of many molecular
species, however, given its low concentrations it is nearly impossible to measure. The mass
independent isotopic signature therefore provides an independent means by which the
concentration of atomic oxygen may be determined. A second application of the observed
isotopic anomaly is as a tracer of stratosphere-troposphere mixing. Since tropospheric CO2 is
strictly mass dependent, due to its exchange with H2O, and stratospheric CO2 is mass
independent, any mass independent CO2 observed in the troposphere must be stratospherically
derived. Thus, δ17O =δ18O measurements of atmospheric CO2 provides a new means by which
stratosphere-troposphere mixing may be evaluated.
2.1. Atmospheric O2
Recently, it has been observed that atmospheric O2 possesses a slight mass independent
isotopic composition. Since stratospheric O3 is enriched in 17O and 18O, the parent, O2 must be
depleted [15]. Though slight, the depletion is measurable. The isotopic anomaly is removed
when it crosses the air-sea interface and is removed by photosynthesis and respiration, both
mass dependent. This rate of removal of the isotopic anomaly is a direct measure of
biospheric productivity. As shown by Luz et al. [15] the columnar measurement of δ17O, δ18O
in the oceans has provided a new and unique means by which oceanic primary productivity
may be determined. In addition, measurement of the oxygen isotopes in O2 trapped in polar
ice provides a means by which global biospheric productivity over the past 80,000 years may
be determined.
2.2. Other atmospheric molecules
Several atmospheric molecules have been observed to possess mass independent isotopic
compositions. In each instance, the measurements have provided information unattainable by
either concentration or single isotope ratio measurements. Mass independent isotopic
compositions have been observed in atmospheric carbon monoxide [16, 17]. It is well known
that carbon monoxide controls the OH budget of the troposphere and consequently its
oxidative capacity. The result is that the lifetime of species such as H2S, SO2 and CH4 is
indirectly mediated by carbon monoxide. Laboratory experiments have shown that the source
of the mass independent isotopic composition is the OH + CO reaction [18]. Since the source
of the mass independent anomaly is derived from the OH reaction, the magnitude of the ∆17O
anomaly is a measure of the OH number density. These measurements have provided a new
means by which OH number densities may be evaluated. At present, the physical-chemical
mechanism by which the ∆17O (the deviation from mass fractionation) anomaly arises is
unknown.
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2.3 Nitrous oxide
Atmospheric nitrous oxide is the catalytic destruction agent of stratospheric ozone. In
addition, it is a significant greenhouse agent. In spite of decades of high precision
concentration measurements and modelling efforts, the budget is inadequately resolved. Cliff
and Thiemens [19] have shown that atmospheric nitrous oxide possesses a large and variable
mass independent isotopic composition. This work has the potential to provide new a new
outlook on the atmospheric cycle of N2O. In addition, this work has catalysed several
investigations into the complete isotopic structural arrangements of N2O. This new work is
presented elsewhere in this volume.
2.4 Mars
The atmosphere of Mars is primarily composed of carbon dioxide. It is well known that the
Martian atmosphere possesses ozone, thus, with its photolysis, O(1D) is generated and as
occurs in the Earth's atmosphere, a mass independent anomaly is inscribed in the CO2.
Farquhar, Jackson, and Thiemens [20] have measured carbonate in the Martian meteorite
ALH84001 and demonstrated that it possesses a mass independent isotopic composition. This
measurement has been suggested as arising from Martian atmospheric CO2, which undergoes
exchange with the Martian Regolith and water, with subsequent formation of the carbonate
minerals. Thus, the carbonate measurements provide a new means by which Martian
atmosphere-regolith interactions may be investigated. In a subsequent work it was shown that
carbonate and sulphate in the Martian meteorite possess a large ∆17O [21]. The observation of
an anomaly in another secondary mineral, sulphate, adds another view into Martian
weathering processes. Most recently, it has been shown that sulphate sulphur in Martian
meteorites possesses a mass independent isotopic composition [22]. Based upon laboratory
experiments, it has been shown that the mass independent isotopic composition arises from
the photolysis of SO2 in the Martian atmosphere. These results have opened the possibility
that with further quantification of the isotope effect coupled with additional Martian meteorite
measurements may provide a means by which the photochemical history of Mars may be
established.
2.5 Atmospheric aerosol sulphate
For decades, a means by which the oxidation pathways of sulphur may be quantified has been
sought. Specifically, the relative proportions of homogenous (gas phase) vs. heterogeneous
(liquid phase) is an important parameter. It has recently been observed that atmospheric
aerosol sulphate possesses a large and variable mass independent isotopic composition [2325]. Based upon laboratory experiments by Savarino et al [26], the source of the mass
independent composition has been determined. It has been shown that the anomaly arises
from transfer of the oxygen isotopes from ozone and hydrogen peroxide. Since the isotopic
composition of both of these atmospheric species is known, as are all relevant rate constants,
the 17∆ anomaly provides a quantitative measure of the relevant oxidation pathways [27]. The
measurement of δ17O, δ18O in aerosol sulphate has provided a completely new means by
which the atmospheric cycle of sulphur may be investigated. Most recently, it has been shown
that δ17O, δ18O measurements of sulphate in polar ice samples provides a means by which the
past oxidation capacity of the atmosphere may be studied (Alexander, Savarino and
Thiemens, 2000).
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2.6 Paleo-applications
Recently, sulphur isotope ratio measurements of sulphides and sulphates from sedimentary
and metasedimentary rocks older than 2090 MA (million years ago) have revealed a mass
independent isotopic composition [28]. The sulphur isotopic data appear to be global, as the
isotopic anomaly is observed in a wide variety of different hydrothermal and sedimentary
rocks between 2.5 and 3.9 × 109 years ago. Sulphate samples record the dissolved oceanic
sulphate reservoir, and the reduced samples likely record an insoluble reduced reservoir.
Based upon laboratory observations it is apparent that the sulphur isotopic composition arises
from the UV photolysis of SO2 in the earth's early atmosphere. The photolytic reaction does
not occur in the present atmosphere due to screening out of the relevant wavelengths by
ozone. In the early ozone-oxygen free environment this wavelength of light penetrates to
ground level. With the evolution of photosynthesis the build up of oxygen and ozone screens
the short wavelength light such that by ≤ 2.0 × 109 years ago UV is optically shielded and this
photochemistry no longer occurs. The measurement of these sulphur isotopic anomalies
therefore has provided an entirely new means by which the evolution of oxygen in the Earth's
early atmosphere may be followed.
Recent studies of sulphates from arid environments have demonstrated mass independent
oxygen isotopic compositions [29,30]. Gypsum from the central Namib Dessert possesses a
large and variable ∆17O. It has been suggested that this reflects enhanced dimethyl sulphite
emissions from the nearby oceans [29,30]. Similar isotopic compositions have been observed
in sulphates from the Antarctic Dry valleys [29,30], and these samples also record
atmospheric and oceanic processes on ancient time scales.
3. SUMMARY
Mass independent isotopic compositions in natural samples have been observed in a wide
variety of environments on Earth and Mars. Numerous atmospheric molecules and aerosols
possess mass independent isotopic compositions. Chemical transformation processes, sources,
and transport information is uniquely obtained from these measurements. Atmosphereregolith interactions on Mars are studied from the mass independent isotopic compositions of
carbonates and sulphates. The evolution of life from 3.9 × 109 to 2.0 × 109 years ago is
visualized from mass independent sulphur isotopic compositions in ancient sulphides and
sulphates. Oceanic productivity tens of millions years ago have been studied from oxygen
isotopic compositions. In sum the use of chemically produced mass independent isotopic
effects as first discovered in 1983 by Thiemens and Heidenreich has been found to have
applications in a broad range of environments. In each instance this new tool has provided
information which could not be obtained by any other technique.
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Abstract. Selected time series from the Global Network for Isotopes in Precipitation (GNIP) revealed
a close relationship to climate variability phenomena like El Niño – Southern Oscillation (ENSO) or
the North Atlantic Oscillation (NAO) although the precipitation anomaly in the case studies of Manaus
(Brazil) and Groningen (The Netherlands) is rather weak. For a sound understanding of this relationship especially in the case of Manaus, the data should include major events like the 1997/98 El Niño,
however, the time series are interrupted frequently or important stations are even closed. Improvements are only possible if existing key stations and new ones (placed at “hot spots” derived from
model experiments) are supported continuously. A close link of GNIP to important scientific programmes like CLIVAR, the Climate Variability and Predictability Programme seems to be indispensable for a successful continuation.

1. MOTIVATION
The quantitative reconstruction climate history became possible largely by the measurement
of isotopic composition in layered deposits. For example, the high correlation between greenhouse gas concentration in the atmosphere and atmospheric temperature from gas bubbles in
ice cores and the ice itself is one of the pillars of the anthropogenic climate change debate and
it is relying totally on isotopic composition records. The close relationship between atmospheric temperature and the composition of stable isotopes of the water molecule in precipitation (hence in ice) was one of the major earlier findings of the Global Network for Isotopes in
Precipitation (GNIP), as reviewed in the 1960s by Dansgaard [1].
On the other hand, the understanding of climate variability on interannual to decadal time
scales is a prerequisite for the separation of natural and anthropogenic climate change. As
GNIP is now operating since four decades it should be possible to look for climate variability
signals in its longest station records. In other words: Do isotopes in precipitation show strong
climate variability phenomena like El Niño or the North Atlantic Oscillation (NAO)? A first
attempt to answer this question was started some years ago by Hans Oeschger's Isotopes in
the Hydrological Cycle (ISOHYC) Initiative.
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FIG. 1. Correlation of δ18O from monthly composites of precipitation in Manaus with sea surface temperatures from the Niño 3 area; upper panel: observations, lower panel: modelling result.
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2. FIRST RESULTS
As GNIP was not meant for climate variability studies, there exist only very few continuous
records in areas sensitive to El Niño. Although the station Manaus, in the Amazon basin, Brazil, does not represent a key area of ENSO-related precipitation anomalies due to the intensive
water recycling [2], which may overprint this anomaly a first statistical treatment of the available isotope data between 1965 and 1989 [3] shows a close correlation to SST anomalies in
the central Pacific Ocean (Fig. 1).
Unfortunately, the data collection stopped in 1989 and the major 1997/98 El Niño was not
included. However, a reconstruction of El Niño events in natural archives (ice cores, tree
rings, corals, lake deposits) close to strong impacts of El Niño (hot spots) seems feasible.
The denser isotope network in Europe opens a much better opportunity to look for even
weaker climate anomalies like the NAO. For example, despite the weak precipitation anomaly
related to NAO in Groningen (The Netherlands) the isotope anomaly is significantly correlated to NAO (Fig. 2).

FIG. 2. Time series of winter (DJFM) North Atlantic Oscillation (NAO) index (blue) and the δ18O
measurements at Groningen. Both time series are highly correlated.

The high correlation of δ18O may be addressed to ocean-atmosphere interactions within the
source area of atmospheric moisture during a specific NAO situation and the rain-out history
of the air masses precipitating at Groningen. Improvements in the connection between isotopic composition and changes in the atmosphere/ocean-interaction, on which they are based,
can be achieved by model experiments. These models have to contain balance equations for
the stable isotopes oxygen-18 and deuterium as well.
These improvements will remain wishful thinking if no new data from stations in "hot spot"
areas are initiated, continuously supported and evaluated (extended GNIP).
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3. FURTHER INITIATIVES NEEDED
The science initiative ISOHYC, together with the GNIP sponsoring agencies IAEA and
WMO, already could halt the further decay of the GNIP. A memorandum of understanding
between IAEA and WMO led to:
–
–
–
–
–

Scientific Steering committee of the GNIP,
revival of stations
event-based sampling at a few stations in order to follow climate anomalies
stronger integration of national networks, and
the strengthening of the open-access GNIP database.

Although this has strengthened GNIP as a whole, it is, however, still not suited to fulfil its
role in an isotope climatology as envisaged by Hans Oeschger, when he - together with the
Beatenberg Group- started the ISOHYC Initiative in 1997.
A prominent example, where a science initiative has led to intergovernmental support is the
World Climate Research Programme's (WCRP) study on Climate Variability and Predictability (CLIVAR [4]), that now has started to implement a global upper ocean observing system
called ARGO, jointly with another science initiative GODAE (Global Ocean Data Assimilation Experiment) with the financial support of most OECD countries.
If a CLIVAR question like "Do we intensify El Niño events or influence monsoonal variability by an enhanced greenhouse effect?" has to be answered convincingly, we need to extend
the instrumental record into the recent past by isotope-based quantitative reconstruction of the
relevant climate parameters. An Isotope Climatology, therefore, would be a proper module
within CLIVAR. This would then give the push for a further strengthening of GNIP by the
synergy of scientific and intergovernmental support.
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Abstract. Stable isotope composition of dated groundwater archives from the Philippines, Vietnam, Thailand
and Bangladesh trace changes in monsoon conditions, primarily rainout processes between the Last Glacial
Maximum (LGM) and present day in southeast Asia. Today, isotope-climate relations are well established by the
IAEA/WMO Global Network of Isotopes in Precipitation survey which reveals more depleted δ18O and δ2H for
the Pacific Ocean monsoon regime than for the Indian Ocean monsoon regime, primarily due to proximal ocean
sources and subdued continental moisture recycling for the latter region. Groundwater archives, reflecting past
isotopic composition of precipitation, strongly suggest that this distinction was preserved or slightly enhanced at
the time of the LGM, despite an apparent weakening of the summer monsoon and associated rainout processes.
Overall, precipitation and moisture recycling, and enhanced continental effects are inferred to be the primary
controls on δ18O signals in groundwater in southeast Asia. Comparison of groundwater isotope signatures and an
ECHAM4 model simulation of the isotopic distribution in precipitation at 21ka reveal similar patterns, but the
impacts of increased air mass contributions from high latitudes and reduced Eurasian moisture recycling at the
LGM are shown to be potentially greater for the Pacific region than predicted by the model.

1. INTRODUCTION
The wind circulations of northern and southern hemispheres are separated by the Intertropical
Convergence Zone (ITCZ), where the northeast and southeast trade winds flow together. Air
circulation patterns within the ITCZ, dominated by air rising at the equator and descending at
about 30 degrees north and south latitudes, result in heavy monsoonal rainfall in the tropics.
The Asian summer monsoon, covering the Indian subcontinent and South East Asia, is one of
the most conspicuous features of the monsoonal climate and is a major climate system of the
world, reflecting complex interactions between land surface, atmosphere, and oceans [1]. It
has been suggested that Eurasian snow cover, the Indian monsoon, and the El Niño/Southern
Oscillation (ENSO) are inter-connected. Anomalously high winter Eurasian snow has been
linked to weak rainfall in the following summer Indian monsoon. Major droughts (floods)
have been correlated with warmer (cooler) than normal equatorial Eastern Pacific sea surface
temperatures (SST) [1]. An understanding of the causes and patterns of the Asian Monsoon
variability in the present as well as in the past has attracted much research attention, as rainfall
variability in this monsoon system directly impacts nearly one third of the world’s population.
Rainfall variability in monsoon regions results from differences in moisture sources,
circulation patterns, and temperature fields. Information on these climate factors can be
deduced from isotopic evidence provided by coastal aquifers [2]. Climatic conditions in the
past can be evaluated from the isotopic composition of groundwater that may have infiltrated
under previous climate regimes. Groundwater inherits the stable isotope signature of recharge
sources, predominantly precipitation, although aquifers usually act as low pass filters,
smoothing out high-frequency variability by mixing and dispersion at a range of scales [3].
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Despite this, such archives have been shown to provide adequate time resolution for
distinguishing pervasive shifts in climate, such as differences between climate conditions
today and at the time of the last glacial maximum (LGM). In this paper we examine
systematic temporal trends in δ18O and δ2H in groundwaters of this age range that were
sampled at coastal areas in southeast Asia. Importantly, trends in δ18O and δ2H provide a
proxy record of changes in the precipitation isotope signals between the LGM (21ka) and
today.
2. PRESENT DAY ISOTOPE VARIATIONS IN THE ASIAN MONSOON REGION
The climate of the Asian monsoon region is dependant on the interactions of polar,
continental, and oceanic (both Pacific- and Indian-maritime) air masses. Precipitation in this
region is controlled primarily by two large scale, low level circulation systems that are
modulated by sea surface temperatures (SSTs) in the Indian and Pacific oceans, and the
presence of the Tibetan Plateau [1]. The western system produces the South Asian or Indian
monsoon roughly between 70-100°E and 10-30°N, covering the Indian subcontinent and the
Bay of Bengal. This circulation system is related to the easterlies over the southern Indian
Ocean, connected through the Somali jet to westerlies over the Indian subcontinent. The
eastern circulation pattern produces the Southeast Asian monsoon roughly between 100130°E and 5-25°N, covering South China Sea, western Pacific and Indo-China. Air
circulation in this area is related to the easterlies in the tropical western Pacific, northerlies
from the South China Sea, and southwesterlies across the Korean Peninsula and Japan [1; see
their Fig. 20]. Origin and transport calculations using an atmospheric general circulation
model (AGCM) suggest that the mean age of precipitation water since its origin, and mean
recycling count between the atmosphere and the continental surface, are typically several
times greater for the Pacific monsoon regime than for the Indian regime due to the larger role
of the Eurasian versus Indian land mass [4].
These differences in circulation patterns are reflected in the isotopic composition of
precipitation [5]. Notably, Pacific-maritime air masses are found to be depleted in δ18O and
δ2H compared to Indian-maritime air masses (FIG. 1). The distinct isotopic labeling of Pacific
verses Indian Ocean regimes is evident in both the summer monsoon signals and also in the
mean annual amount-weighted isotope values, which are heavily biased toward the wet season
conditions due to high summer rainfall (FIGS. 1 & 2a). Precipitation in the wet season is
characterized by more negative isotope values than for the dry season, which has been
attributed mainly to amount effects for both regimes [5].
Isotopic differences in precipitation across the boundary which separates the two air
circulation patterns at about 100°E longitude, result from different moisture sources in the two
precipitation regimes. Moisture in the South Asian or Indian monsoon is derived from the
southern Indian Ocean and the Bay of Bengal with only minimal transport (and
rainout/recycling) over the continental areas. In the South-East Asian monsoon, the moisture
source appears to be a mixture from low and high latitudes. The high latitude moisture is
transported over northeast China to the South China Sea and the Pacific and consequently has
more negative isotope values due to rainout over continental areas.The proportion of
continentally recycled moisture in southeastern Eurasia is estimated to be as high as 20%
annually [4]. The Pacific circulation is also more negative due to a longer circulation
pathway.
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FIG. 1. (a) January amount-weighted δ18O (‰), typical of precipitation patterns during the winter
monsoon. Note that surface winds are predominantly from the northeast. Moisture originates from
continental high-pressure centres, with typically drier air masses and reduced precipitation during
this period. (b) July amount-weighted δ18O (‰), typical of precipitation patterns during the summer
monsoon. Note that surface winds are predominantly from the southwest. Moisture originates from
Indian Ocean and Pacific Ocean sources, with typically wet air masses and heavy precipitation during
this period. Note that heavy isotope content is greater (less negative δ18O values) in winter than in
summer.
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Table I. Study site characteristics

1. Bangladesh
aquifer type: deltaic, floodplain, unconfined to semi-confined 
transmissivity: 820 to 3200 m2/day
sampling: 18O, 2H, 3H, 13C and 14C (1979, 1999)
depth range: 0-340 m
characteristics: TDS up to 1800 mg/L
14C TDIC ages modern to 23,000 years
reference: [14]

2a. Chaing May Basin, N. Thailand
aquifer type: alluvial intermontane, confined
transmissivity: 40-3500 m2/day
sampling: 18O, 2H, 3H, and 14C (1991)
depth range: 18-180 m
characteristics:
TDS up to 790 mg/L
14C TDIC ages modern to 30,000 years
reference: [10]

2b. Khon Kaen Area, N.E. Thailand
aquifer type: intermontane, confined
transmissivity: 0.45-1050 m2/day
sampling: 18O, 2H, 3H, and 14C (1996-97)
depth range: 20-250 m
characteristics: TDS up to 15000 mg/L
uncorrected 14C TDIC ages modern to
20,00 years
reference: [11]

2c. Lower Chao Phraya Basin, S. Thailand
aquifer type: multi-layered alluvial deposits, confined
transmissivity: 0-2400 m2/day
sampling: 18O, 2H, 3H, 13C, and 14C (1987-90)
depth range: 57-254 m
characteristics:
TDS up to 15000 mg/L
14C TDIC ages modern to 38,000 years
reference: [12,13]

3. Mekong Delta, Vietnam
aquifer type: graben fill, unconfined to confined 
transmissivity: N/A, velocity 2.5 to 5.7 m/a
sampling: 18O, 2H, 3H, 13C and 14C (1982-1986)
depth range: 0-470 m
characteristics: TDS up to 1800 mg/L
14C TDIC ages modern to 40,000 years
reference: [9]

4. Manila, Philippines
aquifer type: complex, semi-confined
transmissivity: 250 to 1000 m2/day
sampling: 18O, 2H, 3H, 13C and 14C (1986-1988)
depth range: 0-305 m
characteristics: TDS mostly <250 mg/L
14C TDIC ages modern to
35,000 years
reference: [8]
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Altitude Range: ~2-30m.a.s.l.
Precipitation: 2500 mm
MAT: 25°C
δ18O: -4.8 ‰

Mean Altitude: ~300 m.a.s.l.
Precipitation: 1253 mm
MAT: 28°C
δ18O: ~-6.6 ‰

Altitude Range: ~150-300 m.a.s.l.
Precipitation: ~1112 mm
MAT: 28°C
δ18O ~-6.6 ‰

Altitude Range: ~0-150m
Precipitation: 1452 mm
MAT: 28°C
δ18O: -6.6 ‰

Altitude Range: ~2-100 m.a.s.l
Precipitation: ~2000 mm
MAT: 27°C
δ18O =-6.4 ‰

Altitude Range: 2 to 300 m.a.s.l
Precipitation: 1957 mm
MAT: 27°C
δ18O =-6.7 ‰

Recent atmospheric general circulation model (AGCM) reconstructions suggest that similar
patterns persisted at in the Asian monsoon region at the LGM with reduced temperatures in
the range of 2-4°C below present, and decreased continental recycling. Positive isotope
anomalies in precipitation at this time are attributed to weaker rainout/recycling associated
with a weaker summer monsoon [see 6,7].
3. STUDY SITES
In this paper, groundwater archives of δ18O and δ2H from Philippines [8], Vietnam [9],
Thailand [10-13] and Bangladesh [14] are used as a proxy record of paleo-precipitation dating
back to between 20,000 and 38,000 years at selected sites in the region (Fig. 2b). Comparison
of the isotope signal of climate changes at sites located in the Asian monsoon region. One site
(No.1, Fig.2b) is situated in the Indian Monsoon region, whereas the others are situated in the
South-East Asian monsoon region. An overview of basic characteristics of each site and
investigations are provided in TABLE I. These studies were primarily sponsored by the
International Atomic Energy Agency to address the hydrodynamics, sustainability, and
contamination of regional groundwater supplies in Philippines, Vietnam, Thailand, and
Bangladesh.
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FIG. 3. Deuterium versus oxygen-18 plot for groundwaters at various sites in southeast Asia dating
back to 35 ka. Also shown is ocean water isotopic compositions assumed to maintain a d-excess of 10
at the time of the LGM. Overall, water samples plot on or close to the MWL (meteoric water line) and
shifts occur primarily parallel to the MWL suggesting predominance of input (precipitation) rather
than evaporative signals. Distinct ranges are observed for Pacific and Indian Ocean regimes.

Although the groundwaters were analyzed for 14C, δ13C, 3H, 2H, and 18O, no previous analysis
of climate signals preserved in the records has been undertaken. To obtain better control on
the groundwater ages, 14C corrections were applied to the reported data (a few exceptions are
noted in TABLE I) to account for carbonate dissolution and for methanogenesis [15], the
latter process being noted in the Bangladesh aquifer. Overall, corrections resulted in minor
shifts to slightly younger apparent ages in all locations. Data were also screened to eliminate
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FIG. 4. (a) Plot of δ18O versus corrected 14C TDIC age years (‰ V-SMOW); (b)δ2H versus corrected
14
C TDIC age years (‰ V-SMOW), illustrating temporal trends in precipitation as inferred from
groundwater archives at various sites as indicated. Note that generalized trends in δ18O of ocean
water for LGM to present are based on planktonic foram. and interstitial water records [16]. Similar
trends in deuterium for ocean water assume δ2H=8δ18O.
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waters which were suspected of containing non-precipitation sources such as seawater
intrusion and river infiltration. In a δ2H versus δ18O diagram (FIG. 3), groundwaters from the
study sites, ranging in age from 38 000 years to the present, plot on or close to the MWL
(meteoric water line) and shifts occur primarily parallel to the MWL suggesting
that modification of the precipitation signal by evaporation effects are negligibly small.Also
shown are LGM-modern shifts in the isotopic composition of ocean water which are assumed
to maintain a d-excess of close to 0 ‰ at the LGM. Distinct ranges are observed for Pacific
and Indian Ocean regimes, which is similar to conditions observed today.
4. RESULTS
A plot of δ18O versus corrected 14C TDIC age (FIG. 4a) shows a comparison between paleoprecipitation records obtained in Bangladesh, a site dominated by the Indian monsoon, and
sites dominated by the Pacific monsoon (Manila, Vietnam, Thailand). Similar trends are
observed for δ2H (FIG. 4b). Regression lines are also shown to depict long-term shifts. Shortterm variability (or local scatter) in each record is comparable, limited to about ґ1‰ in δ18O
and ґ8‰ in δ2H. A summary of δ18O in precipitation, ocean water and calculated oceanprecipitation isotopic separations (∆18O) are given in TABLE II. Similar calculations can be
produced for δ2H, although independent information on its concentration in the oceans at the
time of the LGM is scarce, and conversion of δ18O records requires assumptions regarding the
shift of the d-excess in ocean water. For this reason only δ18O is used for assessing LGMtoday shifts. Note that only uncorrected 14C TDIC ages are available for the NE Thailand site
(see Thailand symbol “b”; FIG. 4).
Table II. Summary of precipitation and seawater δ18o and ∆18o characteristics today and inferred at
LGM
Characteristics

Today Precip.
Today Ocean
∆ Today = δ 18 OOCEAN − δ 18 O PRECIP
LGM Precip.
LGM Ocean
∆ LGM = δ 18 OOCEAN − δ 18 O PRECIP

∆ Today - ∆ LGM

Indian Ocean
Regime
Bangladesh

Pacific Ocean Regime
Philippines Vietnam Thailand

-4.8 (a)
0.0 (e)

-6.7(b)
0.0 (e)

-6.4 (c)
0.0 (e)

-6.6(d)
0.0 (e)

+4.8 ‰

+6.7 ‰

+6.4 ‰

+6.6 ‰

-3.0 (f)
+1.2 (g)

-7.7 (f)
+1.2 (g)

-6.5 (f)
+1.2(g)

-7.6 (f)
+1.2 (g)

+4.2 ‰

+8.9 ‰

+7.7 ‰

+8.8 ‰

+0.6 ‰

-2.2 ‰

-1.3 ‰

-2.2 ‰

( or net shift from LGM to present)
a- value based on Yangon precipitation and shallow groundwaters in Bangladesh, Fig. 4a
b- value inferred from shallow groundwaters in Mekong delta, Fig. 4a
c- GNIP data, Manilla, Phillipines
d- GNIP data, Bangkok, Thailand
e- V-SMOW
f- inferred from respective paleogroundwater archives, Fig. 4a.
g- [16]
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Relatively little change in δ18O and δ2H in precipitation is inferred since the LGM based on
the groundwater archives for Vietnam and Thailand, sites dominated by Pacific-maritime air
masses. Nevertheless, note that few groundwaters in the 10000 to 20000 year age range are
available in Thailand. Lack of long-term changes in δ18O and δ2H imply an alteration in the
rainout signal as isotopic composition of the ocean is known to have been enriched in δ18O
and δ2H at the LGM due to ice volume effects [16]. This suggests that the isotopic separation
between the ocean water and precipitation must have been greater by about 1.2±0.5‰ in δ18O
at the LGM for both sites. For Philippines, situated well within the Pacific-maritime regime,
small gradual shifts in δ18O and δ2H are noted from 20 ka to present, with a net 1‰ shift in
δ18O to more enriched values for precipitation from LGM to the present. In contrast, the
isotopic composition of precipitation in Bangladesh was appreciably enriched in δ18O at the
time of the LGM relative to today. This shift roughly parallels the changes that occurred in
ocean water. A summary of δ18O values and ocean-precipitation isotope separations for the
various stations, referred to as ∆18O, are provided for the present day and for the LGM
(TABLE II). Most important to the evaluation of rainout effects are changes in the ∆18O,
which is found to be enhanced in the Indian Ocean regime (Bangladesh) and reduced in the
Pacific Ocean regime (Thailand, Vietnam, Philippines). The present day distinction in δ18O
between the Indian and Pacific air masses was maintained at the LGM, and differences in
∆18O appear to have been enhanced (FIG. 5). Discussion of these trends and probable causes
are presented below.

FIG. 5. Bar graph showing oxygen-18 isotopic separation between ocean water and precipitation
(∆18Ο) for today (solid bars), inferred from groundwater archives at the time of the LGM (dark grey
bars), and (iii) based on LGM-control anomalies in an ECHAM4 simulation (light grey bars) [7].
Error bars denote uncertainty associated with the isotopic composition of the ocean at the LGM. Note
that isotopic separation for Bangladesh, which is in the Indian Ocean monsoon regime is distinct from
sites in the Pacific Ocean regime. (See this effect also in FIG. 3).
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5. DISCUSSION
Changes in the isotopic composition of precipitation reflects climatic processes, including: (i)
isotopic composition of the ocean, and factors noted in [17] including (ii) meteorological
conditions in the source area (i.e. humidity, wind regime, sea surface temperature (SST) and
their impact on kinetic isotope fractionation during evaporation from the oceans), (iii) rainout
mechanisms (i.e. fraction of precipitable water and continental recycling), (iv) air mass
mixing and interaction, and (iv) second-order kinetic effects, such as those that occur during
snow formation and during evaporation from raindrops.
Of the first order factors, the impact of shifting isotopic composition of ocean water is
reasonably quantified from the marine isotope record [16] and this factor is explicitly
accounted for in the present analysis by considering the ocean-precipitation separation rather
than the isotopic composition of the precipitation alone. Humidity and wind regime are
considered to be unlikely sources of pervasive long-term changes due to similar vapour
characteristics observed over the oceans from 40°N to 40°S for the present day, reflecting low
variability of kinetic isotope effects during evaporation of seawater. Observed isotope shifts
may have been influenced by changes in the SST, but are not likely a product of changes in
SST alone as δ18O-T and δ2H-T gradients are also generally subdued in tropical (monsoon)
regions [5,6]. Temperature-related changes may have indirectly played a larger role in the
Pacific monsoon regime due to interaction with polar/continental air masses with larger
isotope-temperature signals, particularly in areas above 35°N which exhibit pronounced δ18OT relationships [5]. Continental moisture recycling (re-evaporation of precipitated water) is an
important process in the region [4] and is likewise expected to affect the isotope composition
of precipitation. In general, subdued inland isotope gradients are observed along precipitation
trajectories where recycling is significant, as in the case of the Amazon Basin [18]. In the
present setting, reduced recycling at the LGM (expected under lower ambient temperatures)
may have contributed to an increase in the isotopic separation between the ocean and inland
precipitation. Enhancement of the continental effect during the LGM may also have
contributed to an increase in this isotopic separation. In [5], the modern δ18O continental
effect during the rainy (monsoon) season is characterized by gradients of about 0.25 ‰ per
100 km from Hong Kong to Guiyan. During the LGM, emergence of the continental shelf in
the Gulf of Thailand and South China Sea during the low sea level stand is likely to have
increased the distance from the coast by several hundred kilometers [19], thereby causing
additional depletion of δ18O values in precipitation on the order of 1 ‰.
Of the second order factors, evaporation from raindrops is a process which may be
widespread in monsoon climates, although it is more common in the dry season when rainfall
accounts for only a negligible contribution to the overall annual precipitation and recharge.
For this reason, it is not expected to account for the observed signals. The role of snow
formation as a secondary modifier is unknown but is assumed in the present analysis to play a
negligible role in defining long-term shifts in the isotope content of precipitation.
On the whole, rainout processes, polar/Pacific air mass mixing, moisture recycling and
enhanced continental effects are the most likely causes of the shifts in the isotopic
composition of precipitation for the LGM-present. Lower SSTs at the LGM are expected to
have produced a weaker monsoon, characterized by reduced precipitation amounts in the wet
season and reduced evaporation and recycling. Reduced monsoon strength would have
produced precipitation enriched in heavy isotopes compared to that of today, as observed for
precipitation archives in Bangladesh. More negative δ18O values observed for the Pacific
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regime during the LGM may in part reflect enhancement of air mass contributions from high
latitude sources due to weaker Hadley circulation, and decreased moisture recycling (due to
decreased evaporation) and/or enhanced continental effect on the Eurasian continent at that
time. In contrast, the south Asian region would have been more effectively isolated from such
interaction by the Tibetan moisture barrier and a smaller continental effect. Overall, the
contrasting behaviour of the two precipitation regimes manifested in the observed decoupling
of the isotope signals of these two monsoon regimes during the LGM can be attributed to
differences in large-scale circulation patterns arising mainly from the presence of Tibet as a
barrier for moisture transport to the Indian subcontinent.
6. ECHAM4 MODEL COMPARISONS
The scenario of climatic conditions inferred from groundwater isotope data is broadly
consistent with an AGCM simulation of LGM climate and isotopic composition in the
southeast Asian monsoon region [7]. Comparison of predicted values of ∆18O based on the
groundwater archives and an AGCM run (FIG. 5) reveal consistent trends at all sites except
for the Philippines. Similarly, the model tends to predict heavier isotope values (and perhaps a
weaker Indian monsoon) than is inferred from the Bangladesh groundwater archives. In
general, the structure of the isotope distributions predicted by the model appears similar to
that of the groundwater archives, although the impact of the rainout effect on the isotope
signatures is apparently muted in the model representation.
7. CONCLUDING REMARKS
Due to the 2 to 3‰ difference in δ18O of annual precipitation in Pacific-dominated versus
Indian-dominated regimes, it is expected that any substantial, long-term shifts in this
circulation boundary should be recorded in the isotopic composition of groundwater at these
sites. Given that drastic shifts in isotopic composition of groundwater in Vietnam and
Thailand are not observed, it appears that this boundary has remained relatively stable over
the period of record. Although short-term shifts in the δ18O of groundwater may be masked by
aquifer mixing and dispersion, short-duration fluctuations in the boundary could possibly
account for some of the observed noise or scatter in the records. However, there is no clear
indication of long-term shifts or oscillations in the boundary between Pacific and Indian
dominated systems from the observed groundwater records.
The analysis of groundwater isotope data to infer the LGM climatic conditions has been
strongly aided by the availability of the GNIP database, in addition to physical data and
climate model output that provides the basis for interpreting isotope data. Without an
integrated climate-isotope analysis, the isotope data have only limited utility.
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Abstract. A detailed sequential rain sampling of rainstorms was carried out during the 1989/90 and
1990/91 rainy season in the coastal plain of Israel with an annual average of 530 mm of rain and in
the western Negev where the average annual rainfall is 93 mm. On four occasions, rain was
concurrently available at both stations. The variability of the isotope composition within a rainy spell
is quite considerable but falls short of the range of isotopic values encountered during the total
season. Different rainy episodes show distinguishable isotope compositions, which evidently are
characteristic of a larger time/space niche than that of the momentary, local, rain event. This is
confirmed by the good correlation between the mean isotope composition of concurrently sampled
events at both stations. A “rain amount effect” is not apparent when the amount-weighted data for
each complete rain episode are compared, because any possible effect is masked by the inter-storm
variability. However by singling out the data within each storm sequence separately, a moderate effect
is seen. On the whole, the results seem to support the notion that the isotope data are determined by
the large, synoptic scale, situation. However within the range of values characteristic of the origin of
the air masses there is a pronounced dependence of the isotope composition on the extent of the cloud
field associated with each event, which is interpreted as a measure of the degree of rainout from the
air mass, i.e. a typical Rayleigh effect. Local effects related to momentary rain intensity contribute
only to a residual modulation of the above-mentioned effects.

1. INTRODUCTION
The isotope composition of precipitation (18O and 2H abundance) is herein being applied in
hydrological and hydro-meteorological investigations in Israel. Monthly or annual averages, as
well as shorter term temporal variations, have been measured. Moreover, it is being attempted
to use long term records of the isotopic composition of precipitation (as measured directly in
ice cores or paleaowaters, or as inferred from measurements on proxy materials such as lake
deposits, tree rings or spelcothems) as indicators of climatic change.
Average monthly or annual values are generally correlated with the mean local temperatures
[1]. At Bet-Dagan station (the GNIP station in Israel) such a correlation is less pronounced
however than in mid-continental locations. An amount effect, i.e. lower G values during
months with large rain amounts, was found to apply to monthly data at Bet-Dagan with a
rather low coefficient of correlation; an exception are the enriched values when rain amounts
are less than about 10 mm/month, in which case the enrichment of the heavy isotopic species
in residual raindrops exposed to evaporative water loss becomes the dominant factor [2].
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The isotopic composition of individual rainy spells in Israel were shown to be related
primarily to the origin and pathways of the precipitating air masses [3,4,5]. On the other hand,
the in-storm changes in the isotope composition appeared to be controlled by more local
parameters and especially the rain intensity [6]. This apparent paradox was addressed in the
study of Rindsberger et al. [7] who concluded that the intra-storm variations in the isotopic
composition were also, to a large extent, the result of the synoptic scale history of the different
air masses which transverse the station during the course of a storm.
An understanding of what determines the isotopic composition of an individual precipitation
event and how the “climatic” average is synthesized from the individual events is necessary in
order to solve the inverse problem of relating changes of the isotope composition to changes
in climatic parameters and to climate change, in general.
The present study was undertaken in order to relate the progression of the isotopic
composition during a rain-shower to the synoptic pattern on the one hand, and to local
parameters such as rain intensity, location within the regional cloud pattern, etc. Detailed rain
sampling was thus undertaken at two stations with different rain amounts in the southern
coastal plain and in the northern Negev during the 1989/90 and 1990/91 rainy seasons.
2. RAIN COLLECTION AND METHODOLOGY
Sampling was carried out during the 1989/90 and 1990/91 rainy season at Rishon-Lezion in
the southern Coastal plain of Israel and at Sde-Boker and Retamim in the arid Negev.
The Rishon-Lezion site is situated just 5 kms south of the local GNIP station of Bet-Dagan
(where the mean annual precipitation is 531 mm, the rainy season extending from September
to April only) and is about the same distance from the seashore (about 5 kms). Samples were
changed manually during the course of each shower and the accumulated water depth for each
sample was recorded. A tipping-bucket recording pluviometer was available during the second
sampling season.
The Sde-Boker site is situated at the Blaustein Desert Research Institute in the central Negev,
with a mean annual rainfall of 93 mm. Retamim in the western Negev is closer to the
seashore. A mechanical sequential rain sampler was used [8] whereby rain samples
corresponding to 1.62 cm of rainfall are obtained.
Mass-spectrometric analysis for stable isotopes of oxygen and hydrogen was carried out at the
Rehovot Isotope Laboratory at the Weizmann Institute of Science and at the Niedersachsische
Landesaint fuer Forschung in Hannover, Germany. The average reproducibility is ±0.1 ‰ for
G18O and ±1‰ for G2H.
Printout of cloud-radar echoes at 30-minute intervals during the rainspells were provided by
courtesy of Shoham (EMS-Mekorot) Co. from their weather radar situated at Ben-Gurion
airport, close to the Bet-Dagan and Rishon-Lezion stations. In these printouts, the area in the
vicinity of the radar site is blanketed out in view of spurious topographical reflections. These
radar echoes are calibrated in terms of rain intensities in units of mm/hr.
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FIG. 1. Rain map of southern Israel, showing isohyets of the mean annual rainfall in mm. Location of
sampling sites are indicated.

3. RESULTS
3.1 Results from the Rishon-Lezion station
The 1989/90 season was a good rain-year with slightly above average rain amounts. In
particular, anomalously high rain amounts were recorded in November. The average isotope
composition at Bet-Dagan stations was G18O = -5.7‰ (-5.80‰ for the mid-winter months of
December to February only). These values are slightly depleted compared to the long-term
average of -4.70‰ and -5.15‰, respectively, for the total annual rainfall and the mid-winter
months.
Ten rain spells were sampled during January-March 1990, accounting for 50% of the total rain
during that period. During the 1990/91 seasons four rain events were sampled in February and
March 1991. The two last ones were very heavy storms, with precipitation amounts of 35-40
mm during a 24-hour period. This sampling was accompanied by pluviometric measurements.
The data are shown in Table I.
The range of the isotope composition within a rainy spell was quite considerable, amounting
to differences of up to 6‰ in G18O in one extreme case. The total range of the measured
isotope compositions throughout the season was only about twice that number. However it is
apparent that the different rainy episodes have an individuality of isotope compositions which
can be distinguished. The comparison between individual rain data and the averaged value for
the whole storm, shown in Fig. 2, suggests that the individual characteristic isotopic
compositions apply to a larger time-space niche than the momentary rain event, even when the
latter constitutes only a small fraction of the total rainfall.
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Table I. Rishon Lezion station
Date & Time

Precipitation (mm)

Delta

18

O

Description of event

15-01-90: 0000-0700

4.90

15-01-90: 0700-0815

0.60

-1.51 scattered showers

15-01-90: 1500-1700

1.60

-1.81 scattered showers

16-01-90: 0000-0600

4.60

-3.64 strong shower

16-01-90: 0830-1230

4.80

-4.81

16-01-90: 1230-1630

2.40

-2.44 one strong shower

17-01-90: 2100-0630

5.30

-3.97

17-01-90: 0800-1230

3.40

-2.86 isolated shower

(15-17)-01-90

Sum 27.6

1.00 shower

w. av. -2.73

21-01-90: 0730-0830

4.80

21-01-90: 0830-1235

0.80

0.25

22-01-90: 0000-0600

3.00

-2.63

(21-22)-01-90

Sum 8.6

-3.90 Continuous showers

w. av. -3.34

26-01-90: 1500-1715

4.10

-10.18 continuous rains

26-01-90: 1715-1930

5.50

-11.39

26-01-90: 1930-2230

2.80

-8.940

1990-01-26

Sum 12.4

w. av. -10.45

01-02-90: 0000-0645

7.60

-5.56 Thunder storm

01-02-90: 0655-1300

1.10

-3.75

01-02-90: 1300-1545

6.00

-5.30 Thunder storm

1990-02-01

Sum 14.7

w. av. -5.31

06-02-90: 1800-1915

6.90

Day long showers thunder
-6.56 storms.

06-02-90: 1915-2130

8.00

-6.05

1990-02-06

Sum 14.9

w. av. -6.29

09-02-90: 1900-2100

2.30

-6.43

10-02-90: 0600-0700

1.60

-6.35

10-02-90: 0700-0900

2.80

-8.12 Strong showers

10-02-90: 1100-2100

9.70

-4.95 Scattered rain

10/11-02-90: 2100-0300

3.70

-4.32 Continuing rain

11-02-90: 0300-0700

2.40

-4.80

(9-11)-02-90

Sum 22.5

w. av. -5.47

14-02-90: 1500-1620

3.00

-4.94 Thunders

14-02-90: 1620-1845

4.00

-6.17 Thunders + hail

14/15-02-90: -0700

2.30

-1.96
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Table I. Rishon Lezion station
Date & Time

Precipitation (mm)

(14-15)-02-90

Sum 9.3

Delta

18

O

Description of event

w. av. -4.75

24-02-90: 1800-1915

1.85

-4.48

24-02-90: 1915-2200

1.60

-3.08

1990-02-24

Sum 3.45

w. av. -3.85

01-03-90: 0000-0815

5.70

-5.13

01-03-90: 0815-1000

2.50

-3.78

01-03-90: 1000-1700

7.70

-4.37

1990-03-01
11-03-90:

Sum 15.9
-0750

w. av. -4.32

0.50

-4.18

12-03-90: 0000-0600

6.70

-4.19

12/13-03-90: 1800-0630

20.20

-3.86

13-03-90: 0630-1800

2.05

-2.65

(11-13)-03-90

Sum 29.45

w. av. -3.86

07-02-91: 0400-0530

2.95

-4.30 Thunder storm

07-02-91: 0530-0700

0.95

-2.62

07-02-91: 1630-1815

1.60

-4.12 Thunder storm

7/8-02-91:1815-0515

1.20

-3.28 Intermittent

08-02-91: 0530-0730

5.80

-7.11 Thunder storm

08-02-91: 0845-0910

2.60

-5.18 Renewed shower

08-02-91: 0915-1100

1.75

-4.37 Cont. rain

(7-8)-02-91

Sum 16.85

w. av. -5.22

16-02-91: 1300-1600

0.80

1.21 light rain

16-02-91: 1600-1710

1.40

0.05 Cont. light rain

16-02-91: 1730-2100

1.80

0.36 intermittent

1991-02-16
26-02-91:

Sum 4.0
-0545

w. av. 0.56

2.00

-8.47

26-02-91: 0545-0615

2.05

-7.16 Thunder storm

26-02-91: 0615-0825

2.95

-6.03 Very intense rain

26-02-91: 0825-1320

14.50

-6.65 Very intense rain + hail

26/27-02-91:1320 -0730

7.40

-7.78 Intense rain

27-02-91: 0730-1215

7.40

-10.50 Intense rain

(26-27)-02-91

Sum 36.3

w. av. -7.74
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Table I. Rishon Lezion station
Date & Time

Precipitation (mm)

Delta

18

O

Description of event

05-03-91: 0400-0510

10.30

-5.97 Intermittent

05-03-91: 0615-1300

1.05

-6.69 One hour shower

05-03-91: 1300-1400

3.00

-10.00 Intermittent

05-03-91: 1400-1645

4.30

-12.15 Very strong

05-03-91: 1930-2030

9.30

12.51 Continuous strong

05-03-91: 2030-2100

1.25

-11.81 Continuous strong

06-03-91: 2100-0100

1.45

-10.09

06-03-91: 0100-0430

5.15

-8.11 Intermittent

06-03-91: 0430-0600

2.85

-6.51 Thunder storm

(5-6)-03-91

Sum 39.30

w. av -8.38

The progression of the isotopic composition within the different rainy episodes was quite
varied and the regularity of the V or W shaped time curve, described both by Rindsberger et
al. [7] and others, applied only to one third of all cases. It is further notable that there is no
consistent trend of the 'd-excess' parameter throughout the rainstorms.
A rain amount effect, i.e. a change in the isotopic composition of a shower as a function of the
water yield of the rain event, is not apparent in the data (Fig. 3). However by singling out the
data from each rain sequence separately, as shown in Fig. 4, a moderate amount effect can be
recognized in about half of the cases, ranging up to 2‰ (G18O/mm). The picture is further
cleared up to a considerable extent when the first sample of each rain event is left out, for
example during the rain spells of Jan. 1-17, 1990 and March 5-6, 1991. It is further notable
that the correlation of the amount effect is not improved when the momentary rain intensity,
rather than the average water yield, is considered.

FIG. 2. Intra-storm variation of the isotopic composition of precipitation samples from Risbon-Lezion
station. Arrows show the sequential order of samples within each rainy spell.
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FIG. 3. The isotope composition vs. the total rain amounts in each rain event. Data from the RishonLezion station.

3.2 Results from the Negev stations
The rainy season of 1989/90 started in the Negev in November and ended in April 1990, with
the total rainfall amounting to 73.3 mm which is below the annual average for Sde-Boker. Out
of the 14 recorded rainspells, only three had rain amounts exceeding 10 mm, the largest being
20.4 mm. Rainfall intensities were quite low, and intensities of more than 10 mm/hr were
recorded only twice. Another notable characteristic was the intermittency of the rainfall where
distinct short showers were separated by dry intervals.
During the rainy season of 1990/1991 rainfall started in October 1990 and ended in March
1991, with a total amount of 139.4 mm which is considerably higher than the long term
average and almost twice as much as of the previous year. Of the seven recorded rainstorms
two were extreme. In particular the rain event of January 24-26, 1991, with rain amounts of
51.5 mm, deserves special mention as it is the strongest rainstorm recorded since the
beginning of rainfall monitoring in the area in 1951. Rain intensities were also high during the
season and unlike the previous year, many of the rain showers lasted for hours. Selected
values of the data have been published [9].
On four occasions during the two rainy seasons, rain was sampled concurrently both at the
Rishon Lezion station and in the Negev. Figure 5 summarizes the data during these periods.
With but one exception, it is to be noted that the evolution of isotope compositions is rather
similar, with the Negev data lagging a few hours behind the Rishon-Lezion pattern, and with a
tendency of somewhat less enriched values (by about 2‰) in the Negev. This pattern applies
even though the rain amounts and intensities differ considerably. This trend is in confirmation
of the good spatial correlations established by Rindsberger et al. [7] for other stations in Israel.
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FIG. 4. The isotope composition vs. the rain yield in portions of each rainy spell, during the 1990 (top
drawing) and the 1991 season (bottom drawing). In the inset, the isotope data are plotted as a
function of the maximal rain intensity during each collection period.
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FIG.5.(a-d) Comparison of the evolution of the isotope composition during the rainy period at the
Rishon-Lezion and Negev stations.

4. METEOROLOGICAL BACKGROUND
The overriding effect of the origin of the air masses on the isotopic composition of the
precipitation can be exemplified by the backtracking of surface and upper air during the rain
event of March 5, 1991 (Fig. 6). From the morning to the afternoon of that day, the air mass
trajectory veered from a course originating in the central Mediterranean basin and moving
across the northern shores of the eastern Mediterranean, to one originating in Russia and
moving directly across the very eastern extremity of the sea. This change expressed itself by a
depletion from about –6‰ to –12‰ in G18O (see Fig. 5).
The processes at play can be further clarified in the light of the cloud radar echoes associated
with these rain events. A selected suite of data are given in Figs 7(a-c). One sees very different
patterns of the cloud field, ranging from well focused bands of clouds moving over the area to
cases when a large part of the eastern Mediterranean lies under a precipitating cloud cover. If
one attempts to quantify this aspect by specifying the percentage of the total area covered by
the cloud field (parameter PCQ and then plots this parameter against the amount-weighted
stable isotope content of the precipitation (Fig. 8), one notices a distinct correlation. The
extreme example is that of January 26, 1990, when a very large and widespread cloud field
covered the whole of the region, characterized by rain intensities up to 5 mm/hr. However, the
location of the storm center relative to the target area has also to be taken into account, as is
exemplified during the period of March 11-13, 1990, when the southern station which was
located along the storm path showed a much more depleted isotopic composition than the
Rishon Lezion station. In contrast, on February 16, 1990, an extremely widespread but not
very intense cloud field developed over the northern half of the eastern Mediterranean with
the Rishon station situated on the southern and weakened fringes of the system. A detailed
analysis of the results is given in the appendix to the report to the IAEA for contract No
4793/RB [10].
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FIG. 6. Backtracking of the trajectory of the precipitating air masses during the rain spell of March
5, 1991.
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FIG. 7. (a-c) Maps of cloud-radar echoes for selected rain events (see text for discussion).
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FIG. 8. The isotope composition during rain events as a function of the percent of cloud cover over the
eastern Mediterranean area

These interesting correlations are interpreted in terms of a “Rayleigh” depletion of the air
masses by rainout being an important factor determining the isotopic composition.
5. DISCUSSION AND CONCLUSIONS
On the whole, the results obtained seem to support the notion that the isotope data are
determined foremost by the large, synoptic scale, situation. Within the range of values
characterized by the origin of the air mass, there is a pronounced dependence of the isotope
composition on the extent of the cloud field associated with each event, which is interpreted
as a measure of the degree of rainout from the air mass prior to its arrival on the coast. This
intermediate scale effect is thus a typical Rayleigh effect. Obviously a combined analysis,
whereby the degree of rainout along the actual trajectory of the precipitating system is
estimated, would further sharpen the correlation.
Less depleted δ-values at the beginning of some rainy spells are not, in most cases the result
of an evaporation effect, since the d-excess parameter does not decrease as would be expected.
Rather the effect is explained by the pristine nature of the air masses at that time. Some
residual variability in the data after taking into account the synoptic scale signature are most
probably related to the strong vertical mixing in the vicinity of a cold front, i.e. a more local
effect. Often such samples represent also higher rain intensities and thus contribute to the
residual amount effect in this data set.
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Abstract. The climatological significance of the deuterium excess parameter for tracing precipitation
processes is discussed with reference to data collected within the IAEA/WMO Global Network for
Isotopes in Precipitation (GNIP) programme. Annual and monthly variations in deuterium excess, and
their primary relationships with δ18O, temperature, vapour pressure and relative humidity are used to
demonstrate fundamental controls on deuterium excess for selected climate stations and transects. The
importance of deuterium excess signals arising from ocean sources versus signals arising from air
mass modification during transport over the continents is reviewed and relevant theoretical
development is presented. While deuterium excess shows considerable promise as a quantitative index
of precipitation processes, the effectiveness of current applications using GNIP is largely dependent on
analytical uncertainty (~2.1‰), which could be improved to better than 1‰ through basic upgrades in
routine measurement procedures for deuterium analysis.

1. INTRODUCTION
The deuterium excess (or d-excess), defined by d (‰) ≡ δ 2 H − 8 ⋅ δ 18O [1], where δ2H and
δ18O are deuterium and oxygen-18 composition of water1, respectively, has shown specific
potential in climate studies for tracing past and present precipitation processes. D-excess is a
measure of the relative proportions of 18O and 2H contained in water, and can be visually
depicted as an index of deviation from the global meteoric water line (MWL; d=10) in δ18O
versus δ2H space (Fig. 1). While oxygen-18 (δ18O) and deuterium (δ2H) at moderate and high
latitude continental areas are well correlated with the surface air temperature at precipitation
site, the d-excess is correlated with the physical conditions (humidity, air temperature and sea
surface temperature) of the oceanic source area of the precipitation [2]. In addition, d-excess
reflects the prevailing conditions during evolution and interaction or mixing of air masses en
route to the precipitation site. Recently, the d-excess was demonstrated to be a useful,
independent climatic parameter to calibrate atmospheric general circulation models [3-6] and
to characterize atmospheric circulation in polar regions [7].
Despite these demonstrated advantages, the use of d-excess has some current drawbacks.
Compared with the application of the individual isotopes of oxygen-18 or deuterium, d-excess
variations can be complicated, and theoretical understanding of d-excess and related climatic
controls has not yet been fully explored. Because changes in the d-excess depend on changes
in both oxygen-18 and deuterium, the analytical uncertainty of this parameter can be
relatively high in comparison with its natural variability. To date, the most definitive
applications of the d-excess in climatological studies were achieved in studies of polar and
high mountain glacier ice wherein analyses were performed in specialized laboratories
capable of measuring d-excess with an uncertainty below one per mille [10].
1

δ values express isotopic ratios as deviations in per mil (‰) from the Vienna-SMOW (Standard Mean Ocean
Water), such that δSAMPLE = 1000((RSAMPLE/RSMOW)-1), where R is 18O/16O or 2H/1H. Values cited herein are
normalized on the SMOW-SLAP scale so that SLAP (Standard Light Arctic Precipitation) has a value of -55.5
‰ in δ18O and -428‰ in δ2H [8].
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FIG. 1. Schematic plot of δ18O versus δ2H showing the global meteoric water line (MWL; d =10, slope
= 8) of Craig [9], local evaporation line (LEL; slope <8), ocean water (SMOW) and relative changes
in the d-excess (d). D-excess in precipitation increases in response to enhanced moisture recycling as
a result of increased evaporate content. D-excess is reduced in the case where water is lost by
evaporation.

One prerequisite for widespread application of d-excess in climatology is improvement in
routine analytical precision, primarily of deuterium measurements. Another prerequisite,
which is the focus of this paper, is the development of an improved understanding of spatial
and temporal variations in d-excess and their controls in present day precipitation. To
demonstrate fundamental local, regional, and global patterns in the d-excess and its
correlation with other climate parameters, namely δ18O, air temperature, and vapour pressure,
we present a synthesis of long-term monthly and annual patterns observed for selected
stations within the IAEA/WMO Global Network for Isotopes in Precipitation (GNIP)
database. The synthesis, which also provides relevant theoretical development, underlines the
nature of d-excess variations in modern precipitation and its climatic controls. As shown, the
potential of the tracer justifies the need to improve basic analytical precision so that it can be
fully exploited in future isotope-based climate research.
2. ANNUAL PATTERNS
The GNIP database comprises oxygen-18, deuterium and tritium values of monthly composite
precipitation samples collected during 1961 to present from a network of 550 meteorological
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stations which are irregularly distributed over the globe [11,12]. It also includes monthly
mean values of air temperature, atmospheric vapour pressure and monthly precipitation
amount. Maximum reported analytical uncertainty in oxygen-18 and deuterium measurements
is 0.2 ‰ and 2 ‰, respectively although some laboratories (and therefore some stations or
years) report lower values. Analytical uncertainty in d-excess for routine measurements is
currently estimated at u (d ) = (uG 2 H ) 2 + 8  (uG 18O) 2 | 2.08 ‰, which is strongly dependent
on the uncertainty in deuterium (2 ‰). Current uncertainty leaves obvious room for future
improvement.
The annual averages of air temperature, vapour pressure, G18O, G2H and deuterium excess of
the GNIP stations are presented in Fig. 2. Although there is a considerable scatter of the data,
the plots reveal statistical correlations between some of these parameters, such as a curvilinear
dependency between temperature (vapour pressure) and oxygen-18 and a linear dependency
between the oxygen-18 and deuterium values. These statistical relationships have been
extensively discussed in various reviews of the GNIP database [1,11,13,14].
Herein, special consideration is given to the d-excess (Fig. 2E and 2F). Despite the
considerable scatter in the data presented in Fig. 2F, a slight increase of the d-excess is visible
between the cluster at 30 mbar and the one at about 15 mbar, and a notable decrease in dexcess is visible for vapour pressures below about 15 mbars. (It should be noted that there is
certain equivalence in the dependency of the temperature and the vapour pressure,
respectively, for the temperature range below 15°C. This “equivalence” is seen in the oxygen18 plots of Fig. 2C and D, and it is founded on the apparent vapour pressure - temperature
relationship manifested by Fig.2A). Fig.2F also illustrates the exceptionally high d-excess
values recorded at stations receiving precipitation from the eastern Mediterranean, e.g. ISR
(Israel), SAU (Saudi Arabia), and CYP (Cyprus). These high d-excess values reflect the
specific conditions of the vapour formation over the eastern Mediterranean [12]. Annual
average d-excess values below zero per mil are observed at stations with high temperature
and/or low vapour pressure (e.g. VEN – Venezuela, MAL – Mali, CHA – Chad), where
kinetic isotope fractionation processes, connected with the partial evaporation of the falling
raindrops [16], affect the d-excess of the collected precipitation.
Partial evaporation of the precipitation sample during the storage in the rain gauge under
warm and dry atmospheric conditions may also be accountable for a portion of the observed
decrease of the d-excess.
Three distinct data clusters are discernible on a plot of deuterium excess versus oxygen-18
(Fig. 2E). The first cluster includes stations with high oxygen-18 values and d-excess values
ranging from about 5‰ to 15‰. These stations, with latitudes from 45 °S to 45 °N, mainly
receive precipitation from tropical and subtropical oceanic source areas. A second cluster,
characterized by about 3‰ lower oxygen-18 values and a d-excess ranging from about 5‰ to
12‰ is also discernible. This cluster is represented by stations located in the latitude band
from 45° to 60° both of the northern and the southern hemisphere. The depletion in oxygen-18
relative to the first cluster points to the rainout effect of water vapour (Rayleigh distillation
model) during poleward air mass movement. Mixing with water vapour evaporated from more
northern (southern) oceanic areas may account for the observed slight depletion of the dexcess values. Stations receiving precipitation from the Mediterranean Sea region form the
third cluster with deuterium excess values above 15‰ (Fig. 2E).
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FIG. 2. Compilation of long-term annual averages of isotopic and climatic variables of the GNIP
database.

Two dashed lines with a slope of –4 have been plotted in Fig.2E. This value has been chosen
because it corresponds to the estimated ratio between the change of d-excess and the change
of oxygen-18 due to evaporation of falling raindrops (see below). As shown in Fig. 2E,
clusters appear to be stretched along lines with this slope, indicating that sub-cloud
evaporation is one of the major processes responsible for the observed spread of the d-excess.
Despite the considerable scatter in the global d-excess values, Fig. 2E suggests a slight overall
dd
increase of the d-excess with oxygen-18 of about 18 = 0.1 to 0.2 . With the relationship
d G
2
dd
dG
= 18  8 , which follows from the definition of the d-excess, the value of the slope
18
d G d G
d 2G
in the G 18O vs G 2 H plot would be between 8.1 and 8.2. This estimate is in good
d 18G
agreement with the value 8.2 ± 0.07, which followed from a statistical evaluation of the GNIP
data [14].
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3. MONTHLY PATTERNS
While the spatial distribution of the long-term annual averages of the d-excess is characterized
by a considerable statistical spread, the long-term monthly averages generally show a welldefined and systematic seasonal variation. For the northern hemisphere, the average d-excess
over all stations usually reaches its maximum in December/January and its minimum in
June/July (Fig. 3). In the southern hemisphere the seasonal variation of the d-excess shows a
6-month phase-shift. Fig. 3 also indicates that the amplitude of the seasonal variation is higher
in the northern than in the southern hemisphere. This asymmetry seems to reflect the irregular
distribution of land and sea at the two hemispheres. In summer, the relative humidity can
reach lower values on land than on sea. Thus, on average, sub-cloud evaporation and
consequently decrease of the d-excess is of stronger influence in the northern hemisphere.
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FIG. 3. Seasonal variation of deuterium excess in precipitation estimated from long-term mean
monthly values of the stations included in the GNIP database.

The model of Merlivat and Jouzel [2] allows a more quantitative description of the seasonal
variation of the d-excess. It is based on the following relationship between the isotopic
composition of the water vapour evaporating from the sea surface (GE) and the one of the
atmospheric moisture above the sea (GV0):

G E = (1  k )

1 / D e  h(1 + G V 0 )
1
1 h

(1)

For GE = GV0, the isotopic composition of the first-fraction precipitation in the oceanic source
area, 1 + GP0 =De(Tc) (1 + GV) becomes:

G P0 =

D e (Tc ) 1  k
1
D e (Ts ) 1  kh

(2)

where De(Tc) and De(Ts) are the equilibrium fractionation factors at condensation temperature
(Tc) and sea surface temperature (Ts), respectively, h is the relative humidity related to the sea
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surface temperature, and k is a factor characterizing the kinetic isotope fractionation of the
evaporation process. Merlivat and Jouzel obtained for a smooth regime 18k = 6‰ (for oxygen18), and the ratio is 2k/18k = 0.88. It should be noted that the condition δE = δV0 applies for a
steady-state regime of the whole water cycle [2]. For following it is also applied, since it is
considered as a reasonable approximation for oceanic source areas with high evaporation flux
and smooth wind regime (e.g. in tropical and sub-tropical regions).
Using eq. (2), the annual average d-excess values of first-fraction precipitation has been
calculated for oceanic stations at which long-term measurements of the humidity, air
temperature and sea surface temperature have been carried out [17]. Figure 4 shows the
calculated values as a function of the latitude of the corresponding marine observation
stations. The wide spread of the values, especially for the North Pacific, is probably due to the
large distance between the stations, and thus the different climatic conditions, even at
comparable latitudes. It is also possible that the assumption on which eq. (2) is based, does
not fully describe the complexity of the evaporation-condensation processes at the various
stations. As far as the Indian Ocean is concerned, the data suggest lower d-excess values in
equatorial regions and higher values in sub-tropical areas. Maximum values seem to be
reached at latitude of around 30°, both in the southern and the northern hemisphere.
The same approach has been used to calculate the monthly mean d-excess of first-fraction
precipitation at various stations in the North Atlantic, for which the long-term monthly
averages of the required parameters are available. Fig. 5 demonstrates that the calculated dexcess values reach at all stations a maximum in winter and a minimum in summer. This
result is in good agreement with the GNIP data (Fig. 3, curve for the northern hemisphere).
Fig. 5 also indicates the strong influence of the relative humidity on the d-excess. At the
stations 30°N and 40°N, the relative humidity is lower and the d-excess accordingly higher
than at the more northern stations (55°N and 56°N). Finally, Fig. 5 reveals an important
feature of these isotopic and climatological parameters, namely the phase shift between their
seasonal variations. The maximum of the air temperature appears a few months later than the
one of the relative humidity.
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FIG. 4. Plot of annual average deuterium excess in first-fraction precipitation versus latitude of maritime
stations. The climatic variables used for calculating the deuterium excess by eq.(2) are taken from van
Loon [17].
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The phase shift between the seasonal variations of the various parameters gives rise to the
hysteresis effect observed in the temperature versus relative humidity, G18O and d-excess
relationships (Fig. 6). It should be noted that such hysteresis curves indicate that the observed
isotopic pattern is dependent on the thermodynamic conditions in the atmosphere in the
preceding months. While the phase shift between air temperature and relative humidity as
well as oxygen-18 is only a couple of months, the d-excess is nearly in anti-phase to the air
temperature. It should be noted that the hysteresis curves in this figure would “degenerate” to
straight lines, if the phase shifts were exactly zero months, for the relative humidity and for
oxygen-18, or six months, for the d-excess. In fact, the phase shift between oxygen-18 and
deuterium excess of first-fraction precipitation in the considered oceanic areas appears to be
exactly 6 months, as shown by Fig. 7. This plot also demonstrates that in oceanic areas the
seasonal variation of oxygen-18 is rather small.
Considering the Rayleigh distillation model [1], it is expected that the average oxygen-18
values become lower and the amplitude of the seasonal variation of oxygen-18 higher, when
water vapour partially rains out at lower temperatures during the moisture transport away
from the oceanic source area. This trend is verified by the GNIP data, as shown in Fig. 8 for
the example of a transect from the Atlantic Ocean to the continental station in Vienna,
Austria. It is interesting to note that over the large distance form the Azores to Gibraltar there
is a rather small change in the isotopic composition of the precipitation compared to the short
travel over continental regions up to Vienna. Furthermore, Fig. 8 indicates that there is a
lower decrease of the d-excess maximum (winter season) with decreasing oxygen-18 than of
the d-excess minimum (summer season). This trend, and particularly the very low d-excess in
summer at Gibraltar indicate the effect of kinetic isotope fractionation due to partial
evaporation of the falling raindrops. Stewart [16] studied this process and provided a
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theoretical description. Assuming that the partial evaporation of the falling raindrop is not
higher than about 20%, the following relationship can be derived from Stewart’s theory:
1  1/ 2D k
'd
|
8
' 18G 1  1/ 18D k

(3)

where D k = D e ( D / D' ) 0.58 , D e is the equilibrium fractionation factor, and D/D’ the ratio of
the diffusion coefficients for the light and heavy isotope of oxygen and hydrogen,
respectively. Using the values given by Stewart, the ratio of the change of the d-excess and
the one of the oxygen-18 due to evaporation of falling raindrops is approximately:
'd
|  4.
' 18G

(3a)

An example of the air mass evolution in North America and the distinctive imprints of G18O
and d-excess is shown in Fig. 9 for a transect extending from Bermuda, located in the Atlantic
Ocean, to Gimli Manitoba, and traversing the Great Lakes region. The progression in
“continentality” of the air masses coming from the Bermudas is clearly labeled by the
relationship of the long-term monthly means of G18O and temperature. In maritime areas
(Bermuda and Hatteras), G18O is controlled by the rain amount compared to continental areas
where it is strongly controlled by temperature effects (oxygen-18-temperature coefficient
increases to about 0.5‰/°C). This behaviour, also observed in other regions [18], agrees with
conclusions from measurements of vertical moisture and temperature profiles [19], namely
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that in tropical (and subtropical) areas the precipitable water is not a strong function of
temperature but of vertical convection, whereas in humid (and continental) regions the
precipitable water is controlled by horizontal advection and temperature.
The maritime character of the air mass over the Bermudas is also represented by the steep
trend of d-excess versus oxygen-18 (Fig. 9b). The “degeneration” of the hysteresis at this
station indicates that there is just a 6-month phase shift between oxygen-18 and d-excess. The
deformation of the systematic transformation of the hysteresis curves at continental stations of
the transect (Fig. 9b) suggests mixing of air masses of different origin. Principally, there are 4
sources of air moisture moving into the Great Lakes region. These are from Gulf of Mexico
(dominating in summer), Pacific Ocean, Arctic region and the Atlantic Coast.
A striking feature of Fig. 9b is the increase of the d-excess by up to 5‰ at stations in the
Great Lakes region, particularly in the fall (months 9 through 12) at Coshocton and Simcoe.
This suggests enhanced continental water recycling [20], i.e., return of land surface
evaporation water to the land surface as precipitation [21]. A simple relationship between the
change in d-excess, ∆d, due to recycling and the recycling ratio, R (= relative amount of
vapour evaporated from open water surfaces in the precipitation), can be derived as follows.
Considering the isotopic composition of vapour evaporating from open water surfaces (e.g.
[22], assuming that the isotopic composition of the surface water corresponds with the one of
the preceding precipitation, then a simple mass balance yields:
∆d = R (818Ck − 2Ck ) .

(4)
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With the values of the kinetic fractionation coefficients 2Ck = 14.3‰ and 18Ck = 12.4‰ [22],
the recycling ratio becomes R = ∆d/100 (∆d in ‰). Thus, an increase of the deuterium excess
by about 5‰ would correspond with a recycling from open water surfaces of about 5%. It
should be noted that for the Great Lakes region the assumption made in deriving eq. (4)
(isotopic composition of the surface water equal to the isotopic composition of the preceding
precipitation) is not exactly realized. Nevertheless, the value of the recycling ratio estimated
here for a d-excess increase of 5‰ is in good agreement with a more specific evaluation for
the Great Lake region by Gat et al. [20]. Similarly, d-excess in the range of +20‰ for the
Mediterranean indicates a recycling ratio close to 20%.
The GNIP data enable selecting numerous such transects across Europe, Africa and other
continental regions. As demonstrated here, these transects provide insight into the long-term
isotopic signals of the continental effect as atmospheric moisture evolves by progressive
rainout and mixing processes over the continents. Transects crossing Germany and transects
in mountainous regions can also be useful to study the evolution of the d-excess with
increasing altitude [23,24]. The systematic relationships between δ18O, d-excess and climatic
parameters are useful for labeling and quantifying important air-mass regimes and seasonal
fluctuations. These transects provide further information on the natural variability of the
deuterium excess relevant for enhancing its use in climatic studies.
4. CONCLUSIONS
The database of the Global Network for Isotopes in Precipitation can be used to study the
long-term annual and monthly averages of the deuterium excess in relation to oxygen-18 of
precipitation and other climatic variables. Despite that uncertainty in the reported deuterium
excess is currently quite high, variations both in the long-term annual and monthly averages
of the deuterium excess are robust and systematic, suggesting significant potential of this
parameter in climatic studies. The deuterium excess can be used as fingerprint of (1) the
oceanic source area of the precipitation collected at a given station and (2) mixing of air
masses of different source, in particular, recycled air moisture. Relationships for estimating
these effects are given in the paper. This also includes the effect on the deuterium excess of
partial evaporation of falling raindrops under warm and dry conditions below the cloud
base. The model of Merlivat and Jouzel of the formation of the isotopic composition of water
vapour in the oceanic source area has been used to estimate the monthly variation of the
isotopic composition and the deuterium excess in first-fraction precipitation at selected
maritime observation stations. The results are in good agreement with data derived from the
GNIP database and contribute to better understand the seasonal variations of the deuterium
excess in precipitation. In the paper, advantage has been taken of deuterium excess versus
oxygen-18 plots, which proved to be complementary and sometimes more “sensitive” (with
regard to identification deuterium excess changes) than conventional deuterium versus
oxygen-18 plots. Furthermore, hysteresis curves have been plotted to better demonstrate phase
shifts between the seasonal variation of the deuterium excess and oxygen-18 and/or other
climatic variables. Some regions with pronounced variations/phase shifts should be selected
for further studies of long-term seasonal variations. With the advancement in using AGCMs
for climate studies, experimental data on long-term seasonal variations of the isotopic
composition and, thus, the deuterium excess in precipitation will be very useful for model
validation.
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Abstract. The isotope records from the Austrian Network for Isotopes in Precipitation (ANIP) show significant
but not uniform long-term trends. While the 10-year running means of some mountain stations exhibit a pronounced increase in δ18O of about 1 ‰ since 1975, the change of δ18O at the valley stations is much lower.
There are also differences in the time behaviour. The differences in the δ18O-values of sampling stations at similar altitudes can be explained by different origins of the air moisture (Atlantic or Mediterranean influence). Furthermore, a significant difference in the behaviour of the deuterium excess at neighbouring mountain and valley
stations has been observed. There is a slight increase of the yearly mean of the deuterium excess with increasing
altitude of the sampling station. But moreover, the seasonal pattern of the deuterium excess is quite different.
While the valley stations exhibit the expected minimum in summer, the mountain stations show a distinct maximum between June and October. As a first step into a comprehensive analysis of the meteorological effects on
the isotope patterns, the role of advection of different air masses is studied by trajectory statistics. Back trajectories, based on the three dimensional wind fields of the ECMWF model, are calculated for each hour within each
precipitation event. Thus, the frequency of the origin of air masses and their contribution to the isotope patterns
of the monthly precipitation samples are studied for two selected mountain stations north and south of the main
ridge of the Alps.

1. INTRODUCTION
The Austrian Network for Isotopes in Precipitation (ANIP) started in 1972. At some stations
samples have already been taken since the 1960s. 71 stations ranging from 120 to 2250 m in
altitude are presently in operation all over Austria with some preference given to the Karst
areas north and south of the Alpine mountain range (Fig. 1 shows a map of the stations mentioned in this paper). The precipitation water is collected on a daily basis in ombrometers (500
cm2) and mixed to monthly samples. All samples not measured immediately have been stored
in 1L bottles in a specially dedicated cellar (16000 samples) in Vienna and are available for
analysis in the future. The aim of ANIP is to provide input data for hydrological and hydrogeological investigations and a data-base for climatological research. The amount of
precipitation in Austria is highly influenced by the Alpine mountain range (400-3000 mm/a).
The amount of annual precipitation increases towards the mountain ranges, in particular at the
high altitude regions. However, strong regional differences exist between the windward and
the lee side of the Alpine ranges. Precipitation time series from 1901 to 1990 show no continuous trend. Periods of precipitation above and below the long-term trend are recorded with
peculiarities in some geographical regions. Wet periods are supposed to represent maritime
phases, but there are so far no detailed studies about the origin of the precipitating air masses
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FIG. 1. Selected sampling stations of the Austrian precipitation network.

in Austria. However, the Alps as a weather divide sharply distinguish precipitation events
caused by different air flow directions. They are therefore a unique platform to study the origin of precipitating air masses and possible trends in air flow and precipitation patterns.
2. LONG-TERM RECORDS
The isotope time series of the stations of the Austrian precipitation network show significant
but not uniform long-term trends [1, 2]. While the 10-year running mean of some mountain
stations exhibits a pronounced increase in δ18O of about 1 ‰ since 1975, the change of δ18O
at the valley stations is much lower (Fig. 2). There are also differences in the time behaviour.
The differences in the δ18O-values of sampling stations at similar altitudes can be explained
by the origin of the air moisture. An Atlantic influence (moisture from NW) causes lower
δ18O-values (e.g. Patscherkofel and Bregenz) than a Mediterranean one (e.g. Villacher Alpe
and Graz). The main reason for this different 18O-content is the longer way of the Atlantic air
masses over the continent along which the moisture becomes stepwise depleted in heavy isotopes by successive rainout (continental effect).
The stable isotope variations in precipitation are a consequence of the isotope effects accompanying each step of the water cycle. Temperature is the most influencing parameter (Fig. 3),
but there are also other influences like changes in the origin of air masses or in rain formation
mechanisms [2, 3, 4]. The fluctuations of the 18O-content of precipitation correlate also to a
large extent with those of the North Atlantic Oscillation (NAO) index, except during some
years where the influence of the amount of precipitation probably dominates (Fig. 4). The
NAO has strong impacts on the weather and the climate in North Atlantic region and surrounding continents, especially Europe [6]. Since the NAO is particularly dominant in winter,
average values of the November to March period are shown in Fig. 4. The time series were
normalized by the standard deviation over the whole observation period and a Gaussian filter
(5 years) was applied to smooth the curves.
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FIG. 2. Long-term δ18O variations (10-year running means) at several stations of the Austrian precipitation network [1, 2].
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Deuterium excess has widely been used as an additional parameter to identify the source region of water vapour. However, it turns out that a simple relationship cannot be established
due to secondary fractionation processes, like snow formation or partial evaporation of raindrops below the cloud base. From the isotope time series a significant difference in the behaviour of the deuterium excess at neighbouring mountain and valley stations has been observed
(Fig. 5a) [2]. There is a slight increase of the yearly mean of the deuterium excess with increasing altitude of the sampling station [7]. But moreover, the seasonal pattern of the deuterium excess is quite different. While the valley stations (e.g. Innsbruck) exhibit the expected
minimum in summer, the mountain stations show a distinct maximum (ca. 15 ‰) between
June and October. This is also the period with the seasonal maximum of precipitation.
In contradiction to these findings, the deuterium excess from a valley station at the northern
border of the Alps showed a similar time dependence like that of the mountain stations (dmaximum in summer), but at a lower level (Fig. 5b, Weyregg and Feuerkogel). From this it
was supposed that there might be a difference in the d-excess between the weather and the lee
side of mountains. To prove this, old samples from a former observation station nearby in the
shadow of the mountains were analyzed (Ebensee, Fig. 6). The values differ significantly
from those of Feuerkogel and Weyregg, there is no summer maximum. There is a difference
of about 3 ‰ between the average d-excess at Feuerkogel and at Ebensee, although the horizontal distance between these two stations is only three kilometers. Evaporation and isotopic
exchange during the falling of the raindrops has obviously an important influence on the dexcess. Whereas the transport of air moisture on the weather side of the mountains takes place
also in lower air layers, the humid air masses ascend when reaching the foot hills of the
mountains (Fig. 6). On the lee side of the mountains, the humid air masses proceed in a higher
altitude. Both, the ascent of the moisture at the slope of the mountains as well as the bigger
height of fall of the raindrops in the shadow of the mountains lead to an “altitude” effect of
the d-excess. Investigations of single events will help to understand the observed variability.
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FIG. 5. a) Seasonal variations of deuterium excess in precipitation at a mountain station (Patscherkofel, 2245 m a.s.l.) and a valley station nearby (Innsbruck, 577 m a.s.l.) in the Eastern Alps [2]. b)
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FIG. 6. Orographic position of the sampling stations Weyregg, Feuerkogel and Ebensee (profile NWSE).

3. STATISTICAL ANALYSIS OF BACK TRAJECTORIES AT PATSCHERKOFEL AND
VILLACHER ALPE DURING JULY AND AUGUST 1998
As a first step into a comprehensive analysis of the meteorological effects on the isotope patterns, the differences in the isotope content of precipitation water during July and August
1998 between the stations Patscherkofel and Villacher Alpe were studied with help of trajectory statistics. While in July the δ2H- and δ18O-values at Villacher Alpe are much higher than
at Patscherkofel, in August both stations show similar values (Table I). The high δ2H- and
δ18O-values at Villacher Alpe in July are attributed to a strong Mediterranean influence. This
interpretation is also supported by the low 3H-content. Both sites are elevated points in the
Alps. Patscherkofel is north of the main Alpine ridge and Villacher Alpe south of it (Fig. 1).
The trajectory model FLEXTRA uses 3-dimensional wind fields (including the vertical component of the wind) from the ECMWF in Reading [8, 9]. Trajectories are calculated -240 h
(= 10 days) backwards and are released each hour at 3 levels, 100 m above model topography,
700 hPa (approx. 3000 m) and 500 hPa (approx. 5000 m). For statistical analysis 24*31
trajectories are compiled for each month and end point. The area for which the analysis is
done spans 24°W to 25°E and 31°N to 65°N.
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Table I. Isotopic composition of precipitation water at Patscherkofel and Villacher Alpe,
summer 1998

Villacher Alpe, July
Villacher Alpe, August
Patscherkofel, July
Patscherkofel, August

Precipitation
sum [mm]
171
132
116
116

G2H [‰]

G18O [‰]

d [‰]

-14,8
-51,9
-59,7
-54,3

-2,30
-8,25
-9,11
-8,41

3,6
14,1
13,2
13,0

3

H [TU]
9,7
15,3
19,3
18,0

The isotope data are based on monthly precipitation amounts. Therefore, the contribution of
each precipitation event to the total monthly amount has to be considered. This is done by
weighting each trajectory with the hourly precipitation sum at the each station ( = end point of
the trajectory). Only trajectories connected with precipitation events at their end points are of
interest, therefore trajectories without precipitation are not considered (weight = 0). For statistical trajectory analysis a grid is used with horizontal resolution of 0.5° degrees and the vertical column is divided in 500 m intervals.
x The time (hours) the trajectories spend in each grid square is added up to analyse the
geographical origin of the air masses and
x the time the trajectories spend in each height interval gives a vertical cross section
along the path of the trajectories to the stations.
Both variables are presented as relative variables, divided by the total sum of hours over the
total area and, in case of the vertical cross section, the total sum of hours at each time step.
Table II gives an overview about some precipitation characteristics for July and August 1998.
These simple parameters provide a first idea concerning the possible causes of the differences
in isotope ratios: During both months precipitation amounts and intensities are higher at Villacher Alpe, but the differences between the two stations are much more pronounced in July.
In July, hourly precipitation sums less than 1 mm are observed at Patscherkofel in 85 hours, at
Villacher Alpe only in 44 hours, but strong precipitation events are found more often at Villacher Alpe. The strong differences of the precipitation characteristics between the two stations
in July are due to a high portion of convective precipitation events at Villacher Alpe, e.g.
thunderstorms, connected with strong upward motion of air. At Patscherkofel, convective
precipitation events are much less dominant. In August, precipitation sums, intensities and
frequency distributions are much more similar at both stations.

Table II: Precipitation characteristics for Patscherkofel and Villacher Alpe, summer 1998

Villacher Alpe, July
Villacher Alpe, August
Patscherkofel, July
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Precipitation sum
[mm]
171
132
116

Hours of precipita- Precipitation intention
sity [mm/h]
87
1.96
75
1.76
128
0.90

FIG. 7. Relative 700 hPa trajectory residence times in each of the 0,5 × 0,5 degree squares for
Patscherkofel (upper panel) and Villacher Alpe (lower panel) during July 1998.
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Trajectory Residence Times During July and August 1998
at Patscherkofel and Villacher Alpe

N

Atlantic
1998
July August
Patscherkofel 86% 90%
Villacher Alpe 64% 81%

Patscherkofel
Villacher Alpe
#

#

Mediterranean
1998
July August
Patscherkofel 14% 10%
Villacher Alpe 36% 19%

FIG. 8. Residence times of 700 hPa back trajectories ending at Patscherkofel and Villacher Alpe during July and August 1998 added up over the ‘Mediterranean’ and the ‘Atlantic’. The red lines separate both subregions.

The number of precipitation hours (Table II) is equal to the number of trajectories for the specific month. Fig. 7 shows an example of the calculated relative residence times of the trajectories for both stations in July 1998. The arrival height of the trajectory is 700 hPa, a height,
where it can be assumed that most of the precipitation is formed. Of course, the relevant
height, where most of the precipitation is produced, may vary for different precipitation
events and will depend on the season too, but this will be an objective for further investigations. Fig. 7 shows that in July Villacher Alpe is highly influenced by air masses originating
in the Mediterranean, whereas Patscherkofel is nearly free from such influence. Due to the
little spatial extension of each grid square (0,5 × 0,5 degrees), the relative residence times are
very small (only up to 3% of the air masses are transported over a special grid element). To
give an overview, we summarised the residence times for two regions of origin, the Atlantic
and Mediterranean (Fig. 8). In both months, 10% - 14% of the air masses connected with precipitation at Patscherkofel originate in the Mediterranean. The remaining precipitation events
arrive at Patscherkofel from west or north, originating over the Atlantic. In general, the portion of precipitation events with origin in the Mediterranean is higher at Villacher Alpe compared to Patscherkofel, but note the strong differences between July and August due to strong
influence from the Mediterranean in July at Villacher Alpe.
Vertical distribution of the trajectory residence times (Fig. 9) shows that the majority of trajectories ascends to the end point. This is to be expected with trajectories which are connected
with precipitation at the end points. Moist air masses cool while ascending and release their
moisture as precipitation. In July even the very high 500 hPa trajectories ascend from low
levels at Villacher Alpe due to the high portion of convective precipitation events, whereas at
Patscherkofel only a minority of these trajectories ascends.
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FIG. 9. Vertical distribution of trajectory residence times for trajectories arriving at 100 m above
model topography in July 1998 (a and b) and for trajectories arriving at 500 hPa in July (c and d) and
August 1998 (e and f) at Patscherkofel (left) and Villacher Alpe (right).

The trajectories arriving 100 m above model topography at Patscherkofel in July 1998 are
frequently moving close to the surface throughout the 240 hours. Uptake of moisture can happen all the way to the trajectory end point. In contrast, at Villacher Alpe the majority of trajectories moves along the lowest grid boxes only during the last 80 to 120 hours prior arrival at
the trajectory end point. From 240 to 120 hours they descend from higher levels. One can
conclude that the moisture source area is different at both trajectory end points in July 1998.
Villacher Alpe might receive a certain fraction of moisture originating in the Mediterranean,
which Patscherkofel does not receive during July 1998. In August 1998 both end points might
receive moisture from both moisture sources, the Atlantic and the Mediterranean.
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4. CONCLUSIONS
•

The stored samples of the close-meshed Austrian Network for Isotopes in Precipitation
turned out to be an excellent material for isotope-climatological investigations. This applies for long-term trends as well as for local variations of isotope parameters.

•

The long-term records show a good correlation between fluctuations of isotope ratios in
precipitation and surface air temperature, but also other influences like changes in precipitation mechanisms are reflected. This finding applies also for the correlation with the
NAO index.

•

Local variations of the deuterium excess were found in the Alpine region, obviously a
consequence of secondary fractionation processes and depending on the morphology of
the investigation area.

•

The statistical analysis of back trajectories promises to become a valuable instrument to
trace the path and the isotopic evolution of a humid air mass. Precipitation sampling for
isotope measurements on a monthly base will not be sufficient for such work, the samples
should be taken on an event base.
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RESEARCH ON CLIMATE CHANGE AND VARIABILITY AT THE
ABDUS SALAM INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS*
(Abstract)
F. GIORGI, F. MOLTENI
Abdus Salam International Centre for Theoretical Physics,
Trieste, Italy
The Physics of Weather and Climate Section at the Abdus Salam International Centre for
Theoretical Physics, established in 1998, is currently performing research on different aspects
of climate variability, dealing with both natural and anthropogenic aspects of climate changes.
In addition to performing diagnostic work on multi-decadal observational datasets and climate
simulations carried out in major research centres, the PWC section has been developing its
own climate modeling capability, which is focused on three main areas:
a) modeling of regional climate change;
b) seasonal forecasting at global and regional scale;
c) development of simplified models of the general circulation.
On topic a), research on different aspects of anthropogenic climate change is being carried out
using the Regional Climate (RegCM) developed by Giorgi and collaborators at the National
Centre for Atmospheric Research. Time-slice experiments with a high-resolution atmospheric
GCM, comparing current climate conditions with future climate scenarios in selected decades,
are also planned for the near future.
On topic b), a strategy based on ensembles of high-resolution simulations with atmospheric
GCM’s, using sea surface temperature anomalies predicted by lower-resolution coupled
models from other institutions, is currently under experimentation. A one-way nesting of
RegCM into the GCM simulations will also be tested.
On item c), a 5-layer atmospheric GCM with simplified physical parameterizations has been
developed. This model has a very small computational cost compared with state-of-the-art
GCMs, and is suitable for studies of natural climate variability on inter-decadal and intercentennial time scales. It is planned to couple this model to simplified ocean models of
different complexity, from a simple, static mixed layer model, to simplified models of the
tropical Pacific circulation suited to the simulation of the El Niño phenomenon. A joint
project with the IAEA-MEL Laboratory in Monaco has been established, to validate the
statistics of such a coupled model against multi-decadal records of oceanic temperatures
deduced from isotopic analysis of coral samples in the Pacific.

*

Only an abstract is given here as the full paper was not available.
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THE PALAEOHYDROLOGY OF COASTAL AQUIFERS OF EUROPE*
(Abstract)
W.M. EDMUNDS
British Geological Survey, Wallingford, Oxon, United Kingdom
The PALAEAUX project, funded by the European Community, has brought together
geochemical, isotopic and hydrogeological information on coastal groundwaters across
Europe in a transect from the Baltic to the Canary Islands. These data have been interpreted in
relation to past climatic and environmental conditions as well as extending and challenging
concepts about the evolution of groundwater near the present day coastlines. Freshwater of
high quality originating from different climatic conditions to the present day and when the sea
level was much lower is found at depth beneath the present coast in several countries. The
implications of the scientific results for management of aquifers in European regions are
considered.
Results show that information on palaeotemperature, past precipitation and recharge regimes
as well as air mass circulation can be deduced from the geochemical and isotopic evidence
contained in European coastal aquifers. An age gap can be recognized in some aquifers which
indicates that no recharge took place at the time of the last glacial maximum (LGM), for
example in UK and Belgium. This indicates that these areas were free of ice cover but sealing
due to permafrost was effective. Groundwaters from Estonia have į8O values of
approximately 22‰ which demonstrates that recharge took place directly beneath the
Scandinavian ice sheet during the LGM. Noble gas recharge temperatures supported by stable
isotopic data provide convincing evidence in aquifers from northern Europe (UK, Denmark,
Belgium, Switzerland) that recharge occurred during the cooler climates prior to the LGM and
that recharge temperatures (soil air temperatures) were some 6°C colder than at the present
day.
In southern Europe the radiocarbon ages indicate continuity of recharge through the LGM.
Noble gas recharge in the Aveiro Cretaceous aquifer also indicate as elsewhere, that
atmospheric cooling of 5–6°C occurred before and during the LGM. However in contrast to
northern Europe, an enrichment in į8O of around 0.6‰ is found in the late Pleistocene
recharge waters, and is considered to reflect the enrichment in the Pleistocene ocean water as
well as the constancy in the source of moisture from the Azores region of the Atlantic as at
the present day. The overall results emphasize that the stable isotope signal in palaeowaters
may either reflect the source or the temperature of the precipitation.
For most of the past 00 000 a sea levels considerably below those of the present day
provided an opportunity for recharge and movement of groundwater beyond the present
coastline as well as emplacement on shore to greater depths than allowed by the present day
flow regime. The greatest recorded depth of palaeo-fresh water (to about –500 m) is found in
the UK East Midlands aquifer. The timescale of this groundwater movement, shown by
radiocarbon data which have been calibrated and extended using chemical tracers, probably
represents a continuous sequence of recharge over 00 000 a, supporting the evidence from
speleothem growth for infiltration of groundwater through the Devensian glacial period. In
Estonia, movement of colder palaeowaters took place to depths of –250 m and excess
dissolved gases found in these waters indicate recharge beneath the ice sheet. The model,
proposed by Boulton et al., for deep groundwater circulation due to high heads imposed by

*Only an abstract is given here as the full paper was not available.
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the ice sheets has been closely examined in the present programme but no evidence can be
found from geochemical and isotopic data together with local modelling.
In several regions waters of Holocene age have been recorded at the coast (as in the Dogger
aquifer of the Caen and Atlantic coast regions of northern France) which represents recharge
of marine or estuarine water during the Flandrian (Holocene) transgression. The use of
borehole hydrogeophysical logging has helped to confirm the complex stratification that may
exist beneath present day coastlines. Freshwater and saline water (of modern or ancient
origins) may be found side by side (as in the south coast of UK) related to structural and
palaeohydrogeological controls. Direct as well as indirect evidence is found from the present
study that fresh or brackish water, recharged during the late Pleistocene, is found in aquifers
currently offshore (off the North Sea coast of Denmark, the Channel coast of UK and
Portugal, for example). This is consistent with results from the drilling off the eastern
seaboard of the USA where fresh/brackish waters were proven to depths of 300 m to a
distance of 00 km from the modern coasts. The results of modelling show that such features
may take tens of thousands of years to erase.
The main attribute of palaeowaters in terms of water quality is their high bacterial purity, total
mineralization often less than that of modern waters and being demonstrably free of manmade chemicals. As a result of long residence times, some palaeowaters may be enriched in
some beneficial trace elements whilst others especially in reducing environments may have
high iron or other species requiring treatment.
In Estonia and in the UK freshwaters found at depths up to 300 m in aquifers of Mesozoic to
Palaeozoic age, are of lower salinity than the present day recharge. Very low Cl in the East
Midlands aquifer is almost entirely the result of pre-industrial atmospheric inputs and the lack
of increasing salinity with depth is strong evidence for a lack of cross-formational flow from
adjacent formations containing more mineralized waters. Modern waters usually have
additional solutes resulting from human impacts. In the Mediterranean coastal areas lower
recharge leads to higher salinity conditions in both palaeo and modern waters.
The development of aquifers in Europe during the past 50–00 years by abstraction from
boreholes has generally disturbed flow systems that have evolved over varying geological
timescales and especially those derived from the late Pleistocene and Holocene.
Hydrogeophysical logging has demonstrated time and quality-stratified aquifers resulting in
mixed waters which are produced on pumping. A range of specific indicators including 3H,
3
H/3He, 85Kr, CFCs, as well as pollutants have been used to recognize the extent to which
waters from the modern (industrial) era have penetrated into the aquifers, often replacing the
natural palaeogroundwaters.
In the coastal regions where development pressures are already severe, many problems for
management come together including issues relating to quantity and quality of water, seasonal
demand, pollution risks and ecosystem damage. The water balance in many coastal areas may
not be fully understood and wells are drilled or deepened without the awareness that
palaeowaters belonging to a former recharge regime are being intercepted. In many areas
there is induced replenishment as modern (often polluted) waters are drawn in. However in
some aquifers the rates of withdrawal exceed the natural recharge and in effect a part of the
resource is being mined.
In these areas there is a need for careful drilling to establish the age and quality layering as
well as proper well completion. Proper monitoring networks and strategies need to be set up

82

to follow the position of interfaces in both the vertical and lateral planes. Correct management
is needed often for seasonal demands: this may be beneficial, allowing winter recovery of
water levels. The palaeowater however is a high quality resource and should be treated as a
strategic reserve. It should receive priority for potable use and not be wasted for agricultural
or industrial purposes which do not require waters of such high purity. Conservation targets
are needed to allow for sustainability including ecosystem preservation. Changes may be
needed in the administrative and legal framework to safeguard the use of the palaeowater
reserves.
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(SOUTHEASTERN FRANCE) AS ARCHIVES OF THE LGM/HOLOCENE
TRANSITION IN THE WESTERN MEDITERRANEAN REGION
F. HUNEAU, B. BLAVOUX
Laboratoire d’Hydrogéologie,
Université d’Avignon,
Avignon, France
W. AESCHBACH-HERTIG, R. KIPFER
Swiss Federal Institute of Technology (ETH),
Swiss Federal Institute of Environmental Science and Technology (EAWAG),
Dübendorf, Switzerland
Abstract. An isotopic survey, including 18O, 2H, 13C, 14C, 3H and noble gases, has been carried out
since 1998 on groundwaters of the Valréas Miocene aquifer. This aquifer is situated in the South of
France, close to the Rhône valley. It consists of calcareous cemented sandstones interbeded with marl
and sand lenses. A major paleo-ria, resulting from the drastic Messinian crisis, cuts the Miocene
sediments. During the Pliocene, it was infilled with marl and clays. This Pliocene cover keeps the
aquifer confined in the South of the study area. A strong isotopic contrast is found between unconfined
and confined aquifer. The depletion in the water molecule stable isotopes occurs around 20 000 years
BP and points out the transition from the Last-Glacial to Holocene. The constant value of deuterium
excess suggests persistence of the atmospheric circulation pattern over the South of Europe since the
end of the Pleistocene. The isotopic signature of the Miocene aquifer groundwaters indicates the
perfect integration of Southern France palaeoprecipitation into the present-day regional atmospheric
frame. A reliable estimate of the warming during the Pleistocene-Holocene transition could only be
derived from stable isotopes by calibrating them against noble gas temperatures.

1. INTRODUCTION
Climatic change during the Late Quaternary has been inferred from isotopic composition of
groundwater in various places all over the world, in Africa [1, 2, 3], North America [4, 5],
Asia [6, 7], Australia [8] and Europe [9, 10, 11]. Only a few of these studies concern
Mediterranean regions [12, 13, 14] and none of them the Northern part of the Western
Mediterranean basin. Comparison of isotopic composition of dated groundwater in confined
and unconfined aquifers can supplement paleoclimatic inferences based on pollen and other
currently used paleoclimatic indicators. Stable isotopes analyses of groundwater (δ18O and
δ2H) yield additional information on the Late Pleistocene moisture sources and regional
atmospheric circulation.
The understanding of paleoclimatic conditions prevailing during the recharge of groundwaters
is obviously an important parameter which contributes to the understanding of complex
aquifer systems. Such suitable aquifers are sparse and mainly located in large sedimentary
basins (Paris-London basin, Great Artesian basin of Australia, Hungarian plain, etc …), this
paper is devoted to a small sedimentary basin from Southeastern France.
The Valreas Miocene Aquifer is an important resource for both domestic and agricultural
water supplies in Provence. Declining potentiometric levels are of concern for the long term
sustainability of the resource. An isotope study aimed at the estimation of groundwater
residence time and paleorecharge conditions has been carried out from 1997 to 2000 in order
to contribute to the definition of the system and to set up the basis of a proper managing of the
aquifer.
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2. HYDROGEOLOGICAL SETTING
The Valreas Miocene Aquifer is located close to the Rhône Valley, within a small
sedimentary basin of almost 500 km2 (Fig. 1). It is formed of multilayered sands, sandstone,
clays and marls, with a maximum thickness of 600 m and an average permeability around
106 m.s-1 [15, 16]. A major paleo-ria resulting from the drastic Messinian crisis cuts the
Miocene sediments. During the Pliocene, it was infilled with poorly permeable sediments,
mainly marls and clays interbedded with some sand lenses. In the Southern part of the basin,
the Pliocene cover keeps the Miocene aquifer confined and most of the boreholes tap the
Miocene aquifer through a marlaceous layer of 100 to 300 m thickness. The recharge area is
located in the Northern part of the basin where Miocene sediments out crop, at an elevation of
about 240 m. The general direction of groundwater flow is oriented from the NE to the SW of
the basin and then in direction of the Rhône Valley through the Lez River Valley.
Samples from boreholes tapping the unconfined and the confined Miocene aquifer were
collected by means of submersed pumps pre-existing on these irrigation wells.
Hydrochemistry, radionuclides (3H, 14C) and stable isotopes ratios (δ13C, δ2H and δ18O) were
measured.
3. RESULTS
A strong isotopic contrast is found between the unconfined and the confined parts of the
aquifer. This suggests the existence of long residence time waters in the confined aquifer.
Radiocarbon activities close to the detection limit and the enrichment in δ13C imply isotope
exchange between groundwater and the aquifer matrix. Radiocarbon ages have been corrected
by means of the Fontes & Garnier model [17] which accounts for such phenomena. This
provides ages up to 30-35 ka within the confined aquifer. Note that the record covers the
entire period rather uniformly, there is no indication of an “infiltration gap” at the Last Glacial
Maximum as observed in other European aquifers [18, 19].
An isotopic shift is observed (Fig. 2) between recent groundwaters from the recharge area
(δ18O ≈ -7‰ ; δ2H ≈ -45‰) and old groundwaters confined under Pliocene sediments
(δ18O ≈ -9‰ ; δ2H ≈ -60‰).
The isotopic signature of modern recharge groundwaters is consistent with local precipitation
[20] whereas old groundwaters are depleted by up to 2‰ in δ18O and 15‰ in δ2H. This
indicates that old groundwaters have been recharged under colder climatic conditions than at
present time. The depletion in stable isotopes occurs around 18-20 ka and points out the
transition from the Late-Glacial to Holocene [21].
All the data match the World Meteoric Water Line and show a good agreement with the
regional meteoric water line defined by Celle-Jeanton et al. [22] for the Western
Mediterranean area (δ2H=8δ18O+13.7). The deuterium excess (d=δ2H-8δ18O) does not show
any strong variations from the Pleistocene to the Holocene and remains close to its
present-day value (Fig. 3). 85% of the data set show a deuterium excess between 10‰ and
14‰ that is to say between Atlantic (d ≈ 10‰) and Western Mediterranean influences (d ≈
14‰). This is in good agreement with the observations made by Celle [20] on the
atmospheric circulation affecting the study area.
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FIG. 1 : Study area, location of the sampled boreholes and geological cross-section of the Valreas
Miocene basin.
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FIG. 2. Evolution of the stable isotopic signature of groundwaters with residence time within the
Miocene aquifer.
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FIG. 3. Deuterium excess (d) against groundwater residence time.
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4. DISCUSSION
The deuterium excess in precipitation is usually interpreted as an isotope signal depending on
climate conditions during evaporation. So, from a palaeoclimatic point of view, our results
suggest that the circulation pattern of the atmosphere over the South of Europe remained
unchanged since the Last-Glacial Maximum and confirm the observations made in Western
and Central Europe [9].
This study provides strong evidence that deuterium excess in Mediterranean precipitation has
remained constant for more than 30 ka. Thus, it suggests a constant relative humidity over the
Atlantic Ocean and the Western Mediterranean from the last glacial period up to the present
time.
Estimation of the magnitude of the warming that occurred at the Pleistocene-Holocene
transition on the basis of the stable isotope data is difficult, because slopes of the
δ18O/temperature relationship derived from modern data may not be appropriate for long-term
climate changes. Thus, noble gas measurements on 25 boreholes were used to quantify the
climate signal recorded in the Valréas Miocene aquifer. Palaeorecharge temperatures indicate
an increase of about 7°C during the Pleistocene-Holocene transition. The good correlation
between noble gas temperatures and 18O data provides a slope of the δ18O/temperature
relationship close to 0.22‰/°C (Fig. 4), clearly lower than present day seasonal or spatial
slopes. This highlights the inadequacy of modern analogues [23, 24] to interpret stable
isotopes in term of Pleistocene palaeotemperatures, and the need to locally calibrate the longterm δ18O/temperature relationship.

-6

δ18O‰VSMOW
-7
-8
-9

δ18O[‰]=0.22T[°C]-10
r=0.87

-10
0

2

4

6

8

10

12

14

16

18

NG Recharge temperature (°C)
FIG. 4 : δ 18O/Noble Gas recharge temperature in Valreas Miocene aquifer groundwaters.

5. CONCLUSIONS
This isotopic study demonstrates the continuous recharge of the Miocene aquifer from the
Last Glacial to present time. The depletion in heavy isotopes of the groundwaters with 14C
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ages of about 20 ka and higher in comparison to more recently recharged waters clearly marks
the climatic transition from the Pleistocene to the Holocene.
In contrast, the deuterium excess remains uniform throughout the record, suggesting that the
general cooling during the Late Pleistocene was not accompanied by a major change in source
of water vapour recharging the aquifer.
Our data point out that the long term δ18O/temperature relationship has to be locally calibrated
in order to reconstruct palaeotemperatures from stable isotope data. This can be done by the
noble gas results.
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OXYGEN ISOTOPE COMPOSITION AS LATE GLACIAL PALAEOCLIMATE
INDICATORS OF GROUNDWATER RECHARGE IN THE BALTIC BASIN
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Vilnius University and Institute of Geology, Vilnius, Lithuania
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Institute of Geology, Vilnius, Lithuania
Abstract. Several hypotheses were established to explain low G 18O values of groundwater which
have been found in the Estonian Homocline. Traces of depleted groundwater were found also in other
parts of the Baltic Basin near the shoreline. From data collected in this and previous studies, the G18O
values of groundwater in most aquifers are known to range from -7.7 to -13.9‰. However, the
groundwater in Estonia in the Cambrian-Vendian aquifer system has significantly lower G18O values,
which vary mainly from -18 to -22.5‰. The overlying Ordovician-Cambrian aquifer is also depleted
in 18O, but, as a rule, the degree of depletion is several per mille less than in case of the CambrianVendian aquifer. The thickness of the depleted water in Estonia reaches 450 m. At similar depths
beneath Gotland Island (Sweden Homocline), groundwater has significantly higher G18O values (from
-5.7 to -6.1‰). A hydrogeologic model, depicting conditions during the pre Late Glacial, and
accounting for hydraulic connections between the lake and river systems through taliks in permafrost,
was developed to explain the observed groundwater isotope data. According to the adopted model,
penetration of isotopically depleted surface waters could have reached depths of up to 500 m, with
subsequent mixing between subglacial meltwater and old groundwater of Huneborg-Denekamp time.
Traces of this penetration were discovered only near the shoreline, where G18O values vary from -12 to
-13.9‰ and 14C is below 4%. In the territory of the Estonian Homocline, the hydraulically close
connection via the Cambrian-Vendian aquifer between talik systems of the Gulf of Riga and the Gulf
of Finland existed through permafrost before the Late Glacial. This was due to subglacial recharge
during the recessional Pandivere (12 ka BP) and Palivere (11.2 ka BP) phases, which is also
associated with recharge of isotopically depleted groundwater.

1. INTRODUCTION
The Quaternary glacial history on formation of groundwater recharge of the Baltic Basin is
still uncertain. Several hypotheses were built up because very low G18O values of groundwater
have been found in Estonian Homocline. The first of them was related with the aquaglacial
recharge from Baltic Ice Lake (BIL) [8] and the second with cryogenic metamorphization in
the presence of permafrost during the Pleistocene [4]. In the first case the problem of the
mechanism of the penetration of glacial meltwater of BIL into the Cambrian-Vendian aquifer
remained unclear. It was supposed that it became possible owing to the existence of lowered
pressures in the aquifer during the glacial period, what further caused the instant penetration
of surface water from BIL through the aquitard clays of the Lontova Regional Stage [8].
However, taking into consideration the quite good screening properties of clays of the Lontova
Regional Stage (k0/m0 ranges within the interval from 10-7 to 5 × 10-6 d-1), the more intensive
areal penetration of the BIL water from above is hardly real. Besides, in the opposite case, it is
difficult to imagine in the large scale the mechanism of full exclusion of the “older”
groundwater from the Cambrian-Vendian aquifer. The low 14C concentrations below 3-4 pmC
could suggest that the age of the groundwater was about 26-34 ka BP, which indicated, that
the recharge by cold climate condition took place much earlier, at the time when the Estonian
territory was not covered by Late Glacial ice sheet. The model of paleo-recharge of the
Cambrian-Vendian groundwater formed during the epoch of Denekamp Interstadial in the
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western part of the Estonian Homocline, where aquitard clays of the Lontova Regional Stage
are replaced in facies by the terrigenous complex of the Voosi Formation deposits, was
proposed by R.Mokrik [4]. It follows from the aforesaid that the model of groundwater
forming in Cambrian-Vendian aquifer is complicated and requires further elaboration. In this
work there is considered more extended model on possibilities of subpermafrost
communication of aquifers with the isotopically depleted surface waters through the talik
zones before the Last Glacial period taking into account also later effects as subglacial
recharge after glacier degradation, BIL influence, modern water intrusion from the Baltic Sea,
modern recharge in terrestrial part of Baltic artesian Basin. This model firstly was analyzed in
[5, 6].
The Quaternary period in the Baltic region is characterized by a number of repeated
glaciations related with isostatic movements of the Earth’s crust caused by the load of
glaciers. In the epochs before the Menapian, Elsterian, Saalian and Late Weichselian Glacial,
there formed the permafrost zones, the depth of which could reach 450 m in the Estonian
Homocline. The surface permafrost before Late Weichselian Glacier froze the discharge areas
of the Ordovician-Cambrian and Silurian-Ordovician shallow aquifers. This freezing
increased the hydrostatic pressure of shallow groundwater and caused a squeezing depleted by
the isotopic composition of groundwater via taliks downwards to the Cambrian-Vendian
aquifer. The best conditions for groundwater to penetrate into the Cambrian-Vendian aquifer
existed only on the territory of the West Estonian Homocline and on the present Gulf of
Finland domain. During the Huneborg Stadial time (34–35 ka BP) the Cambrian-Vendian
aquifer could be recharged by arctic meteoric water. The Denekamp subsequent permafrost
(26 ka BP) initiated percolation into the Cambrian-Vendian aquifer above the layered
subsurface groundwater and the deeper underground freezing. The manifestation of such a
process is observed at present in the West Siberian Platform [3]: between underground ice and
freezing water the redistribution of salts occurred simultaneously with the forming of
underground ice, calcium carbonates and calcium sulphates, which have reached the limit of
saturation at low temperatures come out from the solutions. The calcium and bicarbonate
contents in the Cambrian-Vendian groundwater are decreased very much in comparison with
groundwater from the above layered zone of active water exchange. If the mean content of
bicarbonates varies in the interval of 380–500 mg/l in the zone of distribution of fresh
groundwater of the Baltic basin, in the Estonian Homocline it reaches 165–220 mg/l only. The
calcium content also decreases by 5-10 times in the Cambrian-Vendian aquifer, if to compare
it with non-cryogenic conditions. Calculation of the solubility indices by thermodynamic
reaction constants shows that calcite is undersaturated and could be precipitated during the
Pleistocene. A sharp increase of calcium content in groundwater is observed under the
conditions of shallow occurrence of aquifers near buried paleovalleys, where during the
Holocene due to atmospheric influence water was enriched with calcium, as well as during the
mixing with the basement calcium chlorides under conditions of intensive development, a
cone of depression arose as a result of operation of coastal water intakes. Besides, the calcium
content is increased at a depth of about 500 m in the mixing zone with saline water advancing
from the south.
2. ISOTOPE EVIDENCE IN THE BALTIC BASIN
The process of data collection on isotopes in groundwater of Baltic Basin was not very
purposeful, however many researchers worked here during two decades of years. On the basis of
results obtained by them and considering new data it is possible to characterize the isotope

92

significance for study of groundwater origin and forming in Baltic Basin. In diverse territories of
the Baltic Basin (in Estonia, Latvia, Lithuania, Russia, Poland) groundwater by different isotope
methods in the period 1972-1997 was studied by R. Mokrik [4]; M. Yezhova, V. Polyakov [8];
G. Bondarenko [1]; J. Banys, V. Juodkazis, J. Mazeika, R. Petrosius [2]; and others [7, 9].
Unfortunately, in recent years extension of isotope studies due to economical and other related
changes, including groundwater resources usage and management, in independent Baltic states
began to decrease.
According to available data and relevant publications, changes on δ18O in groundwater of the
Baltic Basin for main aquifers of active water exchange zone (up to 450 m depth) are
presented in Fig. 1.

FIG. 1. Oxygen-18 distribution (‰ SMOW) in the fresh groundwater of the Baltic Basin.

Conventional radiocarbon dating of groundwater in scale of Baltic Basin is quite controversial
due to complicated evolution of DIC system and mixing of groundwater originated from
different sources in regional flow systems during paleoclimatic changes, which have taken
place in Pleistocene and Holocene. Radiocarbon content in groundwater of active exchange
zone varies in wide range from almost 0 to 80-90 pmC. Radiocarbon content data plotted
depending on sampling depth show complicated and irregular view (Fig. 2).
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FIG. 2. Radiocarbon content (pmC) vs. sampling depth in the fresh groundwater of the Baltic Basin.

FIG. 3. Radiocarbon age (ka BP) vs. reduced altitude in the fresh groundwater of the Baltic Basin.
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If to plot corrected (according to statistical and carbonate dilution approaches) radiocarbon
age of groundwater depending on reduced altitude from 300 m above sea level, two type of
isotopically different groundwater could be distinguished (Fig. 3). They are: groundwater with
quite normal δ18O values and with radiocarbon age changing from modern to 18 ka BP
depending on reduced altitude according to linear relationship characterizing regional flow
system; and groundwater with δ18O values ranging from -12.5 to -22.5‰ and with
radiocarbon age 20-35 ka BP.
Using distribution of 14C content in groundwater in regional flow system apparent vertical
flow rate (sampling depth difference/radiocarbon age difference) was calculated (Fig. 4). The
highest vertical flow rate values are peculiar to modern watersheds. The lowest flow rate
values were observed in lowlands, where traces of depleted by 18O water were fixed many
times.

FIG. 4. Distribution of apparent vertical flow rate (m y-1) calculated according to
groundwater of the Baltic Basin.

14

C for fresh

3. MODEL OF GROUNDWATER ALTERATIONS IN QUATERNARY PERIOD
Differences in isotope and chemical composition and radiocarbon age of groundwater can not
be explained only basing on the subglacial recharge model. To explain the forming of zones
with mentioned δ18O and 14C values the approach of mixing of water originated from several
sources in different paleoclimatic conditions (Denekamp-Huneborg paleorecharge in
permafrost conditions from depleted surface water through talik zones approximately 34-26
ka BP; subglacial areal recharge by meltwater during Late Weichselian Ice retreating;
paleorecharge from Baltic Ice Lake approximately 10 ka BP; Holocene modern recharge by
meteoric water and from Baltic Sea) was adopted (Fig. 5).
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FIG. 5. Different mixed sources of groundwater projected onto δ18O-δ13C plot for fresh groundwater
of the Baltic Basin.

FIG. 6. Different mixed sources of groundwater projected onto 14C-δ18O (a) and 14C-δ13C (b) plots for
fresh groundwater of the Baltic Basin.

In first zone with higher water exchange rate groundwater recharged in Holocene by meteoric
water with δ18O values close to those of modern precipitation prevails. Glacial meltwater has
been drained from this zone by hydrographic systems (see Fig. 1).
In second zone with relatively slow water exchange in the lower part of section (especially, in
Southern Baltic) groundwater excluded from northern area southwards by penetrated
subglacial meltwater according to plug-flow mechanism during recessional Middle-North
Lithuanian phases (13-14 Ka BP) prevails. This water originated from lower part of section
has more positive δ18O values.
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FIG. 7.MT3D models of oxygen-18 distribution in the Cambrian-Vendian aquifer (a) at time of
maximum subglacial recharge, and (b) at present.
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In third zone with negative δ18O values of groundwater in mouths of river basins close to
shoreline due to mixing of Holocene water with one or another type of paleo-recharged water
depleted isotope composition (δ18O values range from -12 to -13.9‰) of groundwater has
remained. Most significant traces of mixed different recharge portions (Denekamp-Huneborg
paleorecharge; subglacial recharge; paleorecharge from Baltic Ice Lake close to northern
shoreline of Estonia; Holocene modern recharge, regional lateral flow of groundwater with
sodium chloride salinity from south) have remained in Estonian Homocline (Fig. 6).
It is assumed that during Denekamp-Huneborg time in pre Late Glacial permafrost
environments (26-34 ka BP) the groundwater in aquifers of cryolite zone could be
hydraulically communicated with the lake and river systems through taliks and could be
recharged by surface water depleted by 18O and 13C. The δ18O values could vary from -18.5 to
-22.2‰ and the δ13C values - from -18.8 to -21.7‰. The Cambrian-Vendian aquifer could be
also palaeorecharged in several different paleoenvironments later on: by subglacial meltwater
with age also close to ∼26 ka BP, or from Baltic Ice Lake (∼10 ka BP). Depleted δ13C values
of old groundwater (-19 to -21‰) in Eastern Estonia most likely depend on methanogenesis in
pre-Huneborg time. Paleorecharge of aquifer from Baltic Ice Lake became evident only locally
near buried valleys on the coastal area of the Gulf of Finland, while ice meltwater δ18O values
extend up to -25 or -35‰ and δ13C values were about -7‰. Most likely, that on the territory
of Estonian Homocline the hydraulically close connection via Cambrian-Vendian aquifer
between talik systems of the Gulf of Riga and the Gulf of Finland existed what had an
influence on groundwater recharge by isotopically depleted water. This northward flow
direction could be favourable because the surface falls towards ice sheet in Bothnia area.
The degradation of permafrost zones, which began since retreating of Late Weichselian Ice
sheet in Baltic region, led to further mixing of different recharge portions and to discharge of
aquifers with isotopically traced groundwater. During Pandivere recessional phase beneath the
ice formed high pressed meltwater flow determined the maximum subglacial recharge to an
aquifer. Preliminary simulations using MODFLOW and MT3D codes confirm this glacial
forcing. The unsteady state simulations model comprise all hydrogeological units of
sedimentary cover in Estonia (10 aquifers and aquitards). In model case meltwater driven out
from beneath the ice sheet continues to flow through all aquifers to the depth 450 m under
potential gradient. Discharge zone was found to be in southern Estonia. Simulated maximum
retreating ice pressure on the western and northern boundaries of Estonian Homocline was
presented from 1 to 0.6 km and at ice margins close the southern Estonia sub-surface pressure
was distributed to be as similar as existing today. The integrated groundwater velocities driven
by the heads in the aquifer are shown in Fig. 7.
In Cambrian-Vendian aquifer diffusion-dispersion and mixing of subglacially recharged and
residual groundwater of cryogenic metamorphism and laterally transported old deep
groundwater with sodium chloride salinity could be expressed also. These changes were still
active in Holocene period, when isostatic rise of territory continued, resulting in a stadial
evolution of the Baltic Sea to present contour of its extension.
Presented approach has begun to consider and will be examined in future by reconstruction of
groundwater flow in aquifers overpressured by the last ice sheet and undergone consequences
of deglaciation (isostatic rise, changes in hydraulic gradients and flow rates, reversal regional
flow directions, etc.) in detail basing on numerical modeling.
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4. CONCLUSION
The Late Glacial permafrost environments and ice cover retreating in the Baltic territory had
important influence to formation of the groundwater isotope composition. Much evidence
support the hypothesis that permafrost phenomenon which led to water circulation processes
into aquifers from surface water and from subglacial meltwater through talik zones as well as
areal paleorecharge during retreating phases here took place.
In future detailed modeling studies are still needed to establish the formation model of
groundwater in the Baltic region in the Late Pleistocene and Holocene.
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PALEOCLIMATIC VARIATIONS IN MAKNASSY BASIN
(CENTRAL TUNISIA) DURING THE HOLOCENE PERIOD
USING MULTIDISCIPLINARY APPROACHES
K. ZOUARI, N. CHKIR, B. OUDA
Laboratoire de Radio-Analyses et Environnement,
Ecole nationale d'ingénieurs de Sfax (ENIS), Tunis, Tunisia
Abstract. The signature of humid climatic episodes in the Holocene paleoclimatic history of Tunisia
are evident in outcroppings along riverbanks almost all over the Tunisian drainage network. Previous
multidisciplinary studies have already identified some sites where these remnants can contribute
valuable information for reconstruction of paleoenvironmental and paleoclimatic variations in the
presently hyper-arid zone of the Northern Sahara. Sedimentary deposits outcropping on Wadi Leben
and Wadi Ben Sellam banks, in the Maknassy Basin (Central Tunisia), have been sampled.
Multidisciplinary studies, including prehistory, sedimentology, mineralogy, ecology and
radiochronology have been conducted to improve palaeoenvironmental interpretations and to
determine a precise chronological history of humid episodes during the Holocene in Tunisia. This
paper deals with the interpretation of results obtained from the Maknassy Basin in comparison with
some other Tunisian sites in order to highlight Holocene humid episodes. Establishment of a precise
chronological framework is prerequisite to exploring potential relationships between the occurrence
of humid phases and recharge of aquifers located in this area.

1. MAKNASSY BASIN (SITE 1)
The Maknassy Basin, located in Central Tunisia (Figure 1), is characterized by a semi-arid
climate. Mean annual precipitation ranges between 180 and 200 mm/y and mean annual
temperatures are about 19°C. A mean annual flow deficit, calculated by the Turk formula, is
estimated at about 190 mm/y. However, groundwater reserves are important, and more than 7
springs and 15 boreholes supply approximately 20 million m3 of variable salinity water for
domestic use and irrigation [1,2]. Wadi Leben and its major tributary Wadi Sellam are the
principal channels of surface flow. Stream flow is permanent in several places due to springs
situated along the riverbank.
Quaternary deposits have been sampled along Wadi Leben and Wadi Ben Sellam riverbanks
over ten sections (Figure 1). The sedimentology is complex, characterized by lacustrine,
paludal, fluvial and even eolian material. Three terraces (T1, T2 and T3), generally nested and
occasionally superposed [3], constitute the classical geomorphological configuration of
riverbanks. An abundant fauna, relatively varied, demonstrates various ecological conditions.
The same species are present with distinct ratios, underlining different environments.
Terrace T3 is the largest one, especially in the centre of the basin. Three sections were studied
for this terrace (Figure 3): Aïn el Guettar Section (C1), at the major spring of the wadi, and C2
Section and the Meander Section (C3), respectively, located at 200 m and 2500 m downstream
of C1. According to radiochronological data, the oldest sediments of this terrace are
Pleistocene deposits [4].
Terrace T2, is characterized by smaller surface and thickness (11 to 12 m) was studied along
three sections (Figure 1): C4, on the left riverbank at 200 m upstream of C1, C5a and C5b,
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separated by 100 m, on the right riverbank of wadi Ben Sellam at 1000 m upstream of wadi
Leben confluence. Deposits are clayish blackish at the bottom, covered with poorly sandy
silts, and finally by a silted-gypsum level. No prehistoric remnants have been found in these
sediments. Two apparent ages (7 and 10 ka BP) for Helix samples of the terrace T2 (Table I),
in correct stratigraphic correlation, probably initially equilibrated with atmospheric carbon,
may be regarded as reliable (Figure 2). All sedimentology, mineralogy, bioremnants,
geochemical and isotopic results tend toward the same conclusions, i.e. a humid period dated
around 7-10 ka BP [4].

FIG.1. Location map of Maknassy basin (central Tunisia) and location of cross section on riverbanks
of Wadi Leben and Ben Sellam wadis (CI- C10) [4].

Table I. Radiocarbon dating of carbonate sampled on C4 and C5 section of Terrace 2
Section
C4
C5a

Elevation
(m)
2,4
2,1

Material
Helix melanostoma
Helix melanostoma

14

C ages
(y. B.P.)
7130±130
10440±170

Activity
(%)
41,20±0,70
27,30±0,60

Terrace T1, the thinnest (~6-8 m), was studied through four sections (Figure 1): C6 and C7,
on the left riverbank of wadi Leben, respectively located at 100 m upstream and 1600 m
downstream of C1, C8 on the right riverbank, at 1700 m downstream of Aïn el Guettar and
Section C1 and C9, on the right riverbank of wadi Ben Sellam, at 300 m downstream of the
C5a Section. Deposits are generally blackish silts at the bottom, covered with alternations of
clays, sands and sometimes silts and silted-gypsum levels. C7 section shows gastropod species
(<50%) in the silted blackish bottom level indicating fresh waters. The fauna is also composed
of euryhaline species: gastropods, ostracods (30-100%), foraminifers (<20%), and a few

101

charophytes (<10%). The upper part, made of eolian (and/or fluvial) sands, is azoic.
Palaeoecology shows a great diversity of species, it is noticeable that species representative of
brackish waters are more abundant than those living in fresh waters. This is in agreement with
former observations reported for Chotts area [5] and wadi el Akarit [6]. Sites of historical
interest, have been recognized at the top of the terrace T1, along the wadi Ben Sellam
including innumerable potsherds, which may be attributed to Vth and VIth centuries AD [3].
With regard to the Terrace 1, analysed gastropods, including Helix, have given youngest ages
(Table II), between 2 and 4.1 ka BP (Figure 3). Even if their stratigraphic correlations are
good, it is noticeable that samples including aquatic species always yielded older ages than the
strictly terrestrial ones (Helix). This suggests a slight disequilibria of water carbon compared
to atmospheric carbon probably due to contribution of fossil water. Radiocarbon dating allows
for identification of a second humid period between 2-4 ka BP.
These humid periods have already been identified in Northern Sahara but have been
considered as a single episode ranging in age between 3 and 10 ka BP (see [7], [8] and [9]).

Table II. Radiocarbon dating of carbonate sampled on C6, C7, C8, C9 section of Terrace 1
Section

Elevation
(m)
2
3,5
1,2-1,4
3,58-3,78
1,4
2,2

C6
C7
C8
C9

Material
Gastéropodes
Helix melanostomma
Gastéropodes
Helix melanostomma
Gastéropodes
Helix melanostomma

14

C ages
(y. BP)
4020±126
3020±108
4116±100
1992±200
3105±198
3270±100

Activity
(%)
60,62±0,96
68,7±0,9
59,9±0,75
78,04±1,95
67,94±1,68
66±0,80

C4

C5a

FIG.2. Radiocarbon dating of C4 and C5 section of Terrace 2 [4].
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C5b

C8

C9

C7
C6

FIG.3. Radiocarbon dating of C6, C7, C8 and C9 section of Terrace 1 [4].

2. OTHER SITES OVER TUNISIA
Geomorphological structures of almost all sites presented in this comparison (Table III: site
Nos 1 to 9, Figure 4) show great similarity in architectural aspects of the basins.
Sedimentological studies completed with 14C-dating applied to main stratigraphic
chronosequences have facilitated the investigation of humid periods during the last 12 000
years.
2.1. Wadi Mejerdha valley (Site 2)
The medjerda basin, mainly composed of early and mid quaternary loamy sediments has been
partly eroded by incision and meandering of the river. This area of incision has been refilled
during Holocene in several sedimentation phases. The main stratigraphic sequences of wadi
Medjerda flood plain within Ghardimaou basin allows to distinguish incision periods from
those of accumulation during the last 10 000 y BP [10]. Holocene period is marked by the
accumulation of thick fluvial deposits. In these, different soil horizons can be distinguished
from sedimented layers. 14C-dating, pottery fragments and field study allow to establish a
morphodynamic sequence with different phases focused on Holocene:
– Transition into Holocene is marked by fine accumulation of floodplain sediments. A big
number of snail shells indicate in situ remnant of an ancient settlement, 14C-dating yield
an age of 11160 and 11440 y. BP.
–

Period of morphodynamic stability permitted soil formation under more humid conditions.
Thick clayey layers with weak humic contents prove slow accumulation conditions which
end at about 2680 y. BP.

Sedimentology analysis of layers stratified between the two dates can not be attributed clearly
to arid phases. But it shows decreases of incision and a regression of the wadi flood plain.
This study allows to identify a humid period ranging between 3000-11000 y. BP but it does
not distinguish the two humid periods investigated in wadi Leben site.
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1

Maknassy basin

2

Madjerda basin

3

Oued Siliana valley

4

Gafsa basin

5

Sebkat Sidi El Hani ( oued
Mlames )

6

Sebkat Sidi El Hani ( Eolian
deposits)

7

Central and merididional SahelMahdia

8

Oued Akarit valley

9

Ain Atrous and Toumbar deposits

FIG 4. Holocene sites over Tunisia.
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Table III. Radiocarbon dating of holocene deposits all over Tunisia
n°
1

Localisation
Wadi leben and wadi ben sallem – Maknassy

C dating
Top: 7130 ± 130 y.BP
Base: 10440 ± 170 y.BP

Low Terrace (T1)

Top: 1992 ± 200 y.BP
Inter: 3020 ± 108 y.BP
Base: 3270 ± 100 y.BP
Top: 2680 y.BP
Base: 11440 y.BP
Top: 7980 y.BP
Base: 9830 y.BP

2

Wadi Medjerdha - Ghardimaou

Holocene terrace

3

Wadi Siliana

Holocene terrace

4

Meridional part of Tunisian steppe –
Gafsa

5

- Wadi bouzayene

Terraces

- Wadi Nebch
- Wadi Khsaf

Terraces
Terraces

Sbekhat Sidi El hani - Wadi Mlamès

High Terrace
Low Terrace

6
7

Sebkhat Sidi El Hani - Eolian deposit
Central and Meridional Sahel – Mahdia

14

Deposits
High Terrace (T2)

Top: 4180 ± 240 y.BP
Inter: 5900 ± 170 y.BP
Base: 8380 ± 695 y.BP
: 6910 ± 250 y.BP
Top: 7540 ± 230 y.BP
Inter: 9400 ± 190 y.BP
Base: 9600 ± 160 y.BP
Top: 2750 ± 130 y.BP
Base: 7130 ± 250 y.BP
4620 ± 130 y.BP
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- Wadi Guelet

Basin deposits on the
tableland
High terrace

Bottom: 3520 ± 105 y.BP

- Wadi Zrata

High terrace

Base : 5765 ± 200 y.BP
Top: 3600± 40 y.BP
: 5595 ± 500 y.BP
: 6700 ± 600 y.BP
Base: 8700 ± 200 y.BP
9000 and 8500 y.BP

8

Wadi Akarit - Gabès

Levelled stratigraphic profile

9

Aïn El Atrous and Toumbar – Chott Fejej and Jerid

Dead spring deposits

6585 ± 195 y.BP

Prehistoric remnants
typical of aterian industry
innumerable potsherds,
attributed to Vth and VIth
centuries AD

References

pottery fragments

[10]

flint fragments of
epipaleolithic and neolithic
age
-

[11]

Pottery, ruins,...

[12]

Byzantine and roman pottery
fragment

[12]

[4]

[3]

[13]
Mousterian site

[6]

[6]

2.2. Wadi Siliana valley (Site 3)
Holocene deposits constitute the most important morphology structures observed on Wadi
Siliana valley [11]. These deposits are cut on terraces with variable thickness and facies from
the upstream to the down stream of the basin. Several Holocene terraces are fossilised on snail
nests containing prehistoric remnants
– In wadi Oussafa section (one of the tributary of wadi Siliana), three snail settlements
concealed by colluviums have been identified in the Holocene terrace. One of them
contains prehistoric remnants of epipaeolithic and neolithic age
– In Gaafour site (left riverbank of wadi Siliana), several snail nests fossilised in surface
deposits. One of them contains some flint fragments, well identified as epipaleolithic and
neolithic age
Therefore, prehistoric remnants indicate that Holocene terraces could be older than
6 000/7 000 year BP.
Some Helix shells have been sampled and 14C-dated in order to determine with precision
deposits ages.
– The first sample was taken from the basal layer of Holocene terrace. It indicates an age of
9 830±230 y. BP.
– Two other samples were taken from a nearby Holocene terrace. The first one, taken from a
basal layer, indicates an age of 9630±180 y. BP which is in agreement with the first
sample. The second one, taken from the upper layer of the Terrace, indicates an age of
7980±250 y BP.
Radiocarbon dating has provided a more precise chronology than prehistoric remnants. A
humid episode has occurred in Wadi Siliana valley around 8000-10000 y. BP.
2.3. Meridional part of Tunisian steppe – Gafsa (Site 4)
Septentrional Sahara margin is marked by quaternary eolian deposits. This deposition has
various sedimentological characteristics and it has a great importance to reconstitute
paleoenvironmental conditions in desertic margins. Dune ranges are located on the northern
limb of mountains, near valley of great wadis that have brought abundant alluvium. Eolian
deposits on meridional part of Tunisian steppe have been studied in order to establish a
chronological stratigraphy [3]. This pluridisplinary approach (sedimentology, archeology,...)
has been supported by radiocarbon dating. Fluvial deposits presented on wadi terraces can be
dated through fossilised shells whereas eolian deposits can be dated through prehistoric sites
that crowned them. Radiocarbon dating is summarised as follow:
– Deposits on wadi Bouzayene (northern piedmont of Gafsa link) present several beds of
Helicides that have been dated at the base 8 380±695 y. BP, in the middle 5 900±170 y.
BP, and at the top 4 180±240 y. BP. This radiocarbon dates are coherent and allow to
attribute this terrace to Holocene period
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– Wadi Nebch (meridional piedmont of Gafsa link): Some shells sampled on hydromorphic
bed situated in the middle part of a terrace yield a date of 6 910±250 y. BP which is in
agreement with dates obtained on wadi Bouzayene. Eolian deposits, dated through a snail
settlement, have a 14-C age of 7 780 y. BP.
– Wadi Khsaf (septentrional piedmont of Gafsa link): A terrace, characterised by three
superposed capsian sites, has been dated: base layer has a date of 9 600±160 y. BP, middle
layer has a date of 9 400±190 y. BP and the upper layer has a date of 7 540±230 y. BP.
Like the wadi Bouzayene terrace, this terrace has been deposit on Holocene period during
2 000 years. Eolian deposits facing this terrace have been dated to 8 360±360 y. BP.
These radiocarbon dates indicate that a first terrace can be attributed to a humid period
ranging from 8000 to 10000 y. BP while a second terrace deposits range between 4000 and
8000 y. BP. These two period, following each other without a discontinuity, are included in
the humid period ranging from 4000 to 10000 y. BP.
2.4. Sebkhat Sidi el Hani – Wadi Mlames basin (Site 5)
This wadi is located on the low steppe of Sahel region (Eastern Tunisia). The high terrace is
constituted by alluvium valley containing several remnants of animals (bones, ostrich eggs,
shells), vegetation and anthropic presence (pottery, ruins,...) [12]. All these remnants witness a
sedimentation that occurred in a calm environment. This terrace has been dated through helix
shells samples. 14-C age is of 7130±250 y. BP. The low terrace dominates the landscape. It is
nested on the high terraces or on eolian deposits. Deposits that constitute this terrace are rich
in Helix fragment. From upstream to downstream of wadi, these deposits become thicker and
more stretched. Sampled helix indicate an age of 4620±130 y. BP. These dates are not
sufficient evidence to suggest the deposit period of these terraces but they confirm that humid
conditions have occurred in this valley around 4000 y. BP and around 7000 y. BP.
2.5. Sebkhat Sidi el Hani – Eolian deposits (Site 6)
The development of an eolian accumulation south-eastern Sidi Hani Sebkha (eastern Tunisia)
has been studied [12]. This accumulation is structured in a long cordon of 20 kilometres and is
called El Meslen lunette. It is crowned by a rich gypsum peat deposit giving an age of 6585±
195 y. BP or by a nested high terrace of wadi Mlames and El guettar containing pottery
fragments and dated to roman period of IV-V centuries (2750±150 y. BP) and Byzantine
period of VI century (7130±250 y. BP).
These results may be considered as resumption of humid conditions around 7000 y. BP and
around 3000 y. BP. These humid periods followed arid periods favourable to eolian deposits
and similar to present conditions.
2.6. Central and Meridional Sahel – Mahdia (Site 7)
The central and meridional part of sahel is a low and weakly uneven region. A complete
geomorphological study of this region has been done [13]. Radiocarbon analysis has been
used on some helix shells sampled from a little wadi crossing this region to the sea or to some
little sebkhat (endoreïc depression):
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– Wadi Guelet: 14-C age obtained on Helix shells sampled on the base of the terrace is
3 520±105 y. BP. It indicates that deposits have taken place during Holocene period.
– Wadi Zrata: 14-C date is obtained for a historic site situated on the surface of the terrace.
The 14-C date confirm that the Holocene terrace has ended its deposit before 7 765±200 y.
BP.
These two wadis are contemporary and allow to identify a humid period ranging from 3500 to
8000 y. BP.
2.7. Wadi Akarit (Site 8)

0
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14
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Ages C (ans B.P.)

Wadi Akarit is a perennial watercourse supplied by artesian springs from the deep aquifer of
the Complexe Terminal [14] This wadi runs through its own quaternary deposits that have
been eroded to a depth of about 15 m. It has been known for a long time for its Mousterian
and Caspian artefacts and for the quality of the section suitable for quaternary investigations
(Figure 5) [15]. Two common cores were investigated [6]. Major results concerning Holocene
period can be summarised as follows [8]:
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FIG.5. Holocene deposits in Wadi Akarit valley [9].
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– Glacial maximum (recent Würm) coincides with an arid episode. Sedimentology analyses
show dry climatic conditions characterised by enhanced eolian transport and by sporadic
fluvial floods with increased bottom transport of coarse material.
– An episode more humid than present-day may have occurred between 10 500 and 3 000 y.
BP. A sudden rise of aquifer is recorded at 10 500 BP. During early and mid Holocene,
ecological conditions fluctuated from fresh to eusaline waters, as deduced from biological
remains. Relatively low stable isotopes values indicate that salinity increases were due to
evaporation of continental waters.
2.8. Aïn Atrous and Toumbar deposits (Site 9)
These two dead springs are situated respectively, on Southern side of Chott Fejej and Chott
Jerid. The Southern Tunisian chott are large saline closed depressions. Present day water
supply to these Chotts is reduced to local rains and to vertical leakage of aquifers. Quaternary
deposits outcropping along paleoshorelines provide evidence of more humid hydrogeological
conditions A last rise of the aquifer occurred during the early Holocene. This is registered by
freshwater spring deposits of Aïn Atrous and Toumbar sites. Mollusc shell 14-C dating yields
an age of 8 500 y. Bp (Toumbar) and 9 500 y. Bp (Aïn Atrous) This rise of aquifer can be
related to humid episode observed on Wadi Akarit deposits.
3. CONCLUSIONS
Data of Maknassy Basin represent a precious element to reconstruct the paleoclimatic
evolution of Central Tunisia during recent Quaternary. The two highest terraces were
developed during two Holocene humid phases: the first one between 7 and 10 ka BP, the
second from 2 to 4 ka BP. These humid episodes have been highlighted on several sites from
northern to southern Tunisia: 2.7 ka BP and 11.2 ka BP on the river bank of Wadi Medjerdha
(North) [10]; ~10 ka BP on Wadi Siliana sediments (North-West) [11]; 3.5-5.6 ka BP on
Wadi Galet and 2.7 ka BP in Sebkhat Kelbia deposits (Sahel region-East) [13] and between
6 ka BP and 11 ka BP in Wadi Akarit sediments (South) [9].
Geomorphological structure of almost all wadis in the region is similar: generally nested and
occasionally superposed terraces of riverbanks. All radiocarbon data have been presented on a
schematic cross section (Figure 4). We suggest three humid periods, not all observed on the
same site. These humid periods have probably been separated by arid or semi arid short
pulsations [4], [16] and [7]. Humid periods may be related to recharge periods of aquifers.
Dead spring deposits of Ain Atrous and Toumbar (Southern Tunisia) may be related to a rise
of aquifer table [6]. Moreover, mean time transit of water dated by 14-C method on several
Tunisian aquifers ([4], [6], [8], [17])seems to be in good agreement with humid periods
investigated in this study.
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Abstract. An inverse ocean box modeling approach is used to address the question of what may have
caused decreased atmospheric CO2 concentration during glacial periods. The inverse procedure seeks
solutions that are consistent, within prescribed uncertainties, with both available paleodata constraints
and box model conservation equations while relaxing traditional assumptions such as exact steady
state and precise prescription of uncertain model parameters. Decreased ventilation of Southern
Ocean deep water, decreased Southern Ocean air-sea gas exchange, and enhanced high latitude
biological pumping are all shown to be individually capable of explaining available paleodata
constraints provided that significant calcium carbonate compensation is allowed. None of the
scenarios require more than a very minor (order 1 °C) glacial reduction in low to mid latitude sea
surface temperature although scenarios with larger changes are equally plausible. One explanation for
the fairly wide range of plausible solutions is that most paleo-data directly constrain the inventory of
paleo-tracers but only indirectly constrain their fluxes. Because the various scenarios that have been
proposed to explain pCO2 levels during the last glacial maximum are distinguished primarily by
different fluxes, the data, including ocean 13C concentrations, do not allow one to confidently chose
between them. Oceanic 14C data for the last glacial maximum, which can constrain water mass fluxes,
present an excellent potential solution to this problem if their reliability is demonstrated in the future.

1. INTRODUCTION
During the last four glacial maxima, atmospheric carbon dioxide concentrations were
depressed roughly 80 ppm relative to interglacial values [1]. Furthermore, ice core data show
a remarkable correlation between rapidly increasing inferred temperature and atmospheric
CO2 concentrations during deglaciations, suggesting some kind of causal link. Several
oceanographic mechanisms have been proposed, either individually or in concert, to explain
the decrease in atmospheric CO2 associated with glacial states. These include: increased
efficiency of the “biological pump,” in which net carbon uptake, especially by the high
latitude marine biosphere, is increased relative to upwelling fluxes [2,3], changes in the rate of
ventilation of deep water in the Southern Ocean [4,5], decreased global thermohaline
circulation [2,6], enhanced air-sea exchange in the northern Atlantic [7], decreased air-sea
exchange in the Southern ocean due to enhanced sea ice cover [8,9], increased solubility of
CO2 in colder seawater [10], and a mid-depth chemical divide separating water masses with
low and high CO2 concentrations [5]. Some studies claim to elucidate simple mechanisms
which explain decreased CO2 during glacial times [5,9], while others claim that all simple
mechanisms can be eliminated from consideration [11,12].
A common set of tools used to study the marine carbon cycle and its role in controlling
atmospheric CO2 concentrations are meridional box models of varying levels of complexity
[2,5,6,7,9]. These models generally consist of a series of conservation equations for tracers
such as total carbon, carbon isotopes, oxygen and nutrients. Parameters, such as the strength
of the global meridional overturning circulation, air-sea gas exchange coefficients for various
*
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surface boxes, the rate of particle sinking out of various surface boxes, and rates of
mechanical mixing between various boxes are set to specified values or sometimes varied
over a range of potential values to examine parameter sensitivities. Exact, or arbitrarily close
to exact, solutions are found, either algebraically, if the box model is simple enough, or by a
numerical iterative procedure. If a given set of parameter values allows the model equations to
be satisfied, while at the same time satisfying the paleodata constraints, the model is said to
explain the decrease in atmospheric CO2 associated with glacial states.
In this paper we use the recently published 7-box model of Togweiler (1999) [5], referred to
hereafter as T99, and explain low glacial atmospheric CO2 concentrations with several
different mechanisms by invoking a new method of solution. The philosophy behind this
method of solution can be summarized as follows:
•
•

Paleo-data are not exact. Thus, the model parameters and solutions are required only to
lie within specified lower and upper bounds based on available data constraints.
Paleo-box models are not exact. Thus, the model equations are required to balance only
to within an allowed residual misfit. This criterion can be thought of either as an explicit
statement that the model is not believed to be perfect, a rejection of strictly steady state
dynamics in favor of a ‘quasi-steady’ state, or some combination of the two.

We argue that previous methods of solution have been struggling to satisfy very stringent
constraints, some of which are actually not justified in view of the simplifying assumptions
inherent to any box modeling approach. Principal among these are assumptions of model
perfection and/or exact steady state dynamics as well as prescription of poorly known model
parameters, notably the sea surface temperatures (SSTs) and coefficients of CO2 gas exchange
at the air-sea interface.
These assumptions are often required in order ensure that the number of equations match the
number of unknowns. The glacial CO2 problem is, however, a fundamentally
underdetermined problem in which the state of the climate system must be inferred from a
limited amount of data and imperfect models. One way to handle underdeterminacy without
making unjustified assumptions is to use inverse methods [13]. These methods combine
observational and modeling constraints to estimate “to the best of our knowledge” the state of
the climate system. They deal with imperfect data and imperfect models by explicitly
specifying the uncertainties.
The objective of the present work is to show that a wide (presumably infinite) range of
solutions to the LGM CO2 problem can be found if the assumption of exact steady state is
relaxed and parameters, such as piston velocities, are treated as adjustable variables in the
model. Inverse methods yield a much wider range of solutions consistent with available
constraints than do simple methods based on the resolution of a set of equations with
matching number of unknowns because they do not require arbitrary assumptions about
missing data or model parameters. Moreover, these methods can be designed to automatically
search for optimal solutions consistent with available constraints within their range of
uncertainties instead of requiring the modeler to employ a painstaking “manual” search
through parameter space. The present study relies on an inverse method specifically designed
to solve the last glacial maximum (LGM) CO2 problem in its box modeling form. An estimate
of the state of the climate system during the LGM is searched for, with the requirement that it
is consistent with the box model conservation equations and the set of observational
constraints presented in T99. Imbalances in the model equations are tolerated as long as they
do not exceed small values chosen to represent a reasonable degree of non-steadiness. When
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these imbalances are tolerated, various solutions are found spanning a wide range of
mechanisms that could have caused the low CO2 levels during the LGM. In other words, the
available paleodata, including decreased atmospheric CO2, oxygenated deep water, and
carbon isotope distributions are consistent with various scenarios, including scenarios that
would probably be rejected if exact model constraints were imposed.
The paper is organized as follows. In section 2 we present the numerical machinery that we
have used to enable Toggweiler’s nonlinear seven box model to incorporate uncertainties in
both the paleodata constraints and the box model dynamics. In section 3 we present several
model solutions to the reduced glacial CO2 problem and, in section 4, our conclusions.
2. A NONLINEAR, INVERSE SEVEN BOX OCEAN BIOGEOCHEMICAL MODEL
This study is based on the seven-box model developed by Toggweiler and shown in Figure 1.
This model is one of the most complete box models of the oceanic CO2 system and has shown
significant skill in reproducing the paleogeochemical observations available for the LGM. It
can be downloaded from the ftp site kosmos.agu.org and, because it is written in FORTRAN,
can be incorporated in an inverse procedure based on standard optimization freeware. Our
choice to use a published box model makes the impact of the inverse method more salient as
our results can be directly compared to those of T99. The basic equations of the seven box
model have not been changed, only the method of solution is new. Several model parameters
have been recast as additional variables, however, since the inverse approach can handle
underdetermined problems. These new variables include volume fluxes in the ocean boxes of
the model, particle fluxes sinking from the surface of the ocean, temperatures in the upper
ocean boxes, salinity, piston velocities and the amount of total CO2 added to the carbon
system by calcium carbonate compensation. These variables were treated as fixed parameters
in T99, although the effects of convection in the polar box and particle flux sinking from the
low latitude box were explored in a systematic manner.
The objective of the present study is to show that a wide range of solutions exists which is
consistent with the glacial paleo-data and the conservation constraints contained in the 7-box
model. We cannot claim to have included all the observational and model constraints
available for the LGM, but rather investigate the LGM CO2 problem as posed in T99.
The procedure used to ensure that the inverse solution fits the data is to constrain every
variable of the box model to lie within predefined lower and upper bounds. These bounds are
chosen to represent uncertainties in the observations, pCO2 for instance is required to lie
between 180 and 200 µatm for all our LGM experiments. In the absence of direct
observations, the bounds can be chosen to represent prior knowledge of the tracer distribution.
Oxygen concentrations in the deep ocean, for instance, are constrained to be larger than 25
µmoles kg-1. Another characteristic of the inverse procedure is that it allows imbalances in the
tracer conservation equations while keeping these imbalances small compared to the
individual flux terms that comprise the equations. This result is achieved by using an
optimization procedure that minimizes the residuals of the conservation equations. The
procedure chosen here is an iterative one that belongs to the group of ‘minimax’ algorithms
[14]. At each step, the routine selects the maximum equation residual as the objective function
and then minimizes it, whence its name. In mathematical terms, the objective function, which
is a scalar, can be written at each iteration:
J = max ( |fi(x)| ), i=1,M
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FIG. 1. Schematic representation of the seven box non-linear carbon model adapted from the forward
carbon model of Toggweiler (1999) [5].

where M is the number of equations that constitute the box model, fi is the equation residual
number i, x is a vector that contains all the variables (the ‘state’ vector), and max is the
operator that finds the maximum number among a series of reals. With this notation, the
optimization problem can be written:
Find x that minimize J subject to lb ≤ x ≤ ub
where lb and ub are vectors containing the lower bounds and the upper bounds of the model
variables. Using the same mathematical formulation, the box model, as used in T99, would be
written:
Find x such that fi(x) = 0, i =1,M
In the latter case, the number of equations, M, must be equal to the number of variables in
order to have a well-posed mathematical problem. In the inverse formulation, the number of
equations is smaller than the number of variables, but this does not present a problem since
the state vector is constrained to lie within lower bounds and upper bounds, preventing
unreasonable solutions. The equations used in the inverse problem are basically those of T99,
namely temperature conservation in the deep ocean boxes, phosphate and alkalinity
conservation in all the ocean boxes, oxygen conservation in all the ocean boxes except the low
latitude box (where it is simply set to its saturation value), together with CO2, 13C, and 14C
conservation equations in all the ocean boxes and in the atmosphere box. Conservation of the
inventory of phosphate, alkalinity, total CO2, total 13C and total 14C is also imposed. Two
additional equations link the pH in the mid-depth box and the concentration of the carbonate
ion in the deep box to a function of Alkalinity and total CO2. These 54 equations, or more
precisely these 54 equation residuals, are expressed as functions of the 70 elements of the
state vector. These are volume fluxes between the ocean boxes, particles fluxes sinking from
the surface boxes, temperature, salinity, phosphate, alkalinity, oxygen and CO2 concentrations
in the ocean boxes, partial pressure of CO2 in the atmosphere box, δ13C and ∆14C ratios in the
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ocean and atmosphere boxes, piston velocities controlling air-sea gas exchange in each ocean
surface box, and the amount of CO2 added to the ocean/atmosphere carbon system through
dissolution of calcium carbonate. The equations that link pH in the mid-depth ocean box and
carbonate concentration in the deep ocean box are different from the other equations in the
sense that they are not conservation equations, but they are nonetheless treated in the same
way as the other equations.
One important issue in the inverse formulation of the box model, and in most inverse methods
[13], is the normalization of the residuals fi(x) of the tracer conservation equations. The
residuals must be weighted so that the minimization procedure does not minimize some of
them down to infinitesimal levels while leaving others at unrealistically large levels. This
problem can arise for instance because residuals are expressed in different units for different
tracers, as is the case when temperature residuals are compared with alkalinity or CO2
residuals. In the present calculation, all the equations were systematically normalized by
reference fluxes in order to ensure that the minimization procedure treats all the constraints
equally. Details regarding the normalization procedure can be found in [15].
These normalization factors can be thought of as representing non-steady state terms in the
tracer conservation equations. The amplitudes of these terms then correspond to the
conservative assumption that the non-steady state terms would take 10,000 years to cause
changes of the order of those observed during the glacial-interglacial transitions. In reality, the
climate system is known to have been subject to much more rapid temporal fluctuations
during glacial periods, such as Dansgaard-Oeschger and Heinrich events [16]. An example of
how small the allowed residuals are is provided by the fact that the residual carbon fluxes
going into and out of box d are of the order of 0.02 GtC/year. However small they are, these
residuals are nonetheless fundamental to the results presented in this study. They provide the
model enough freedom to find a wide range of solutions that would otherwise be likely to be
rejected if exact tracer conservation were imposed. Viewed in this way, the residuals in our
model play the same role as the time-dependent terms in the open modeling approach of [17]
in which small imbalances between riverine input and sediment burial are sufficient to
radically change the solution to which their model converges. Interestingly, the order of
magnitude of the rate of change in the inventory of PO4 tolerated in our study (about 3x1012
moles in 10,000 years) is of the same order of magnitude as the rate of change obtained by
[17] for a doubling of the thermohaline cell (about 1015 g in 50,000 years, or 2x1012 moles in
10,000 years).
An alternative interpretation of the equation residuals is that they constitute an explicit
allowance for the limitations of the box model. In this interpretation, much larger residuals
could be tolerated because the 7-box ocean model is a very crude representation of the real
global carbon system. In this case, the small amplitude of the tolerated residuals shows that
the assumptions made in the present study are rather conservative.
The minimization of the cost function is carried out using a simulated annealing algorithm.
For a reference in an oceanographic context, see [18]. The minimization package employed
here, is a freeware initially developed by researchers in econometrics [19]. This particular
algorithm was chosen because it ensures that no individual residual is too large and because it
requires very few assumptions regarding the form of the function to be optimized. Further
information about the minimization procedure can be found in [15].
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3. SOLUTIONS
The modern, preindustrial (or interglacial) high atmospheric CO2 solution, shown in Figure 2,
is within numerical precision the same as in T99. Note that this solution is also similar to the
modern, pre-industrial solution presented by [9], referred to hereafter as SK00, using a 6-box
model. Starting with such an interglacial/modern preindustrial solution, several mechanisms
have been suggested for how the ocean model should be perturbed in order to produce the ~80
ppm decrease in atmospheric CO2 associated with glacial conditions. Here we present four
different model experiments, three of which are consistent with both model dynamics and the
observational constraints associated with glacial periods plus one unsuccessful attempt. All
these experiments involve significant CaCO3 dissolution, which is parameterized in the model
by the addition of a uniform amount of CO2 in all the ocean boxes and the addition of twice
this amount of alkalinity equivalents. These experiments are:
A. Reduced ventilation of Southern Ocean deep water
B. Reduced air-sea gas exchange at high southern latitudes
C. Enhanced high latitude biological pumping
D. Decreased global SST

FIG. 2. Modern, preindustrial reference solution (M) found using the inverse model.

Each of these solutions is obtained with a significant, imposed change in the control variables
that characterize the individual scenario, small, automated changes to the other ocean model
parameters and minimal allowed equation residuals. Although changes in parameters other
than the control variables are individually small, they are often required in order to achieve
consistency with the principal change imposed in each scenario. In the reduced ventilation
scenario for instance, failing to allow small changes in transport variables other than southern
ocean ventilation would lead to an artificial reduction in the range of possible solutions. In
that case, one would not be searching for a general reduced ventilation solution for the LGM,
but a very specific LGM solution in which, T is exactly 20 Sv, flm is exactly 40 Sv, etc. If such
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FIG. 3. An LGM solution (A) with reduced ventilation of Southern Ocean deep water found using the
inverse model. The solution is similar to that of (Toggweiler 1999) [5], but does not require as large
a surface temperature decrease. The CO2 and alkalinity values shown do not take into account the
addition of 60 µmol kg-1 and 120 µmol kg-1 respectively by CaCO3 dissolution.

a solution could not be found to be consistent with the low pCO2 levels of the LGM, one
might wrongly conclude that the reduced ventilation scenario is not consistent with paleodata. Below, we briefly present each of the LGM solutions in turn.
A. Reduced ventilation of Southern Ocean deep water
In this solution, shown in Figure 3, reduced mixing between the surface and deep ocean in
high southern latitudes, combined with a dissolution of CaCO3 that raises the mean total CO2
of the ocean by 60 µmoles/kg and otherwise very limited changes, is able to explain low
glacial period atmospheric CO2. This solution was found using the modern solution as an
initial state and, unless otherwise specified, allowing the inverse model to vary model
parameters within a 10% range. Ocean transports were allowed to vary between 0 and 60 Sv.
Deep ocean δ13C was initialized to resemble the reconstruction of [20], however the low middepth δ13C values in his reconstruction were found to be inconsistent with the total inventory
of 13C in the reservoirs of the model. The value of δ13C in box a was therefore allowed to
increase up to 1‰. An alternative, more rigorous, approach would have been to recompute the
modern ocean solution in order to make it consistent with the inventory implied by the Boyle
reconstruction [20], but the present approach was preferred because it allows direct
comparisons of our solutions to the solutions found by T99. This choice has no impact on our
conclusions. Surface δ13C was constrained to be 2.7 ± 0.3‰ in the low latitude box (l). Note
that all of our solutions are presented without the ‘terrestrial biosphere effect’, which is
expected to reduce δ13C values by approximately 0.35 ‰ [5]. Therefore, as in T99, no CO2 of
biospheric origin was added to the ocean/atmosphere inventory. Finally, in order to satisfy the
constraint of higher pH at mid depths during the LGM [21], the mid-depth (box a) pH is
constrained to be consistent with alkalinity and total CO2 with a value of 8.3±0.1. The
paleodata constraints applied to this, and all other, LGM solutions presented in this paper are
summarized in Table I.
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Table I. Paleodata constraints imposed on all LGM experiments
Atmospheric
Carbon
(ppm)
Oceanic Oxygen
(µmol Kg-1)

Atmospheric partial pressure of CO2
must be order 80 ppm lower than
preindustrial values. [1]
The deep water must remain oxygenated
(T99)
13

δ13C (‰)

Mid-depth pH
(box a)

The mid latitude vertical δ C gradient
must be order 50% higher than for the
modern control. The enhanced gradient
must be driven by a decrease in the deep
ocean. [20]

Mid depth pH must be relatively high
[21]
The expected ~1 ‰ glacial salinity
increase has not been included in order
Salinity
to keep our results consistent with T99.
This does not effect our conclusions.
This uncertainty range is extrapolated
=
Deep CO3
from T99, Table 6. Values actually
(box d)
remain between 87.2 and 90.1 in all
LGM scenarios.
Low latitude surface concentrations
Phosphate
must remain low (T99)
Must remain within 10% of their
prescribed initial values. Exceptionally,
All other
parameters with initial values at or near
parameters
zero are given small absolute limits. For
(unless specified
example mixing between surface boxes
otherwise in text)
must remain between 0 and 2 Sv and
∆14C within 50‰ of its initial values.

180 ≤ pCO2 ≤ 200
O ≥ 25 in all ocean boxes
-6.47 ≤ δ 13Catm ≤ -6.87
-0.2 ≤ δ 13Cd ≤ 0.0
-0.1 ≤ δ 13Ca ≤ 1
0.35 ≤ δ 13Cm ≤ 0.77
-1.0 ≤ δ 13Cp,s,n ≤ 4.0
2.9 ≤ δ 13Cl ≤ 3.2
8.2 ≤ pHa ≤ 8.4
34.6 ≤ S ≤ 34.8

83 ≤ CO3= ≤ 93
0 ≤ Pl ≤ 0.4

0.9Xinit ≤ X ≤ 1.1Xinit

Solution A is not markedly different from the reduced ventilation LGM solution presented in
T99, except that it does satisfy the paleo-constraints without requiring a large change in the
surface ocean temperatures. Whereas T99 required reduction of low to mid latitude SST’s by
4°C at LGM, our solution has no significant change (Table II). Of course this does not mean
that we cannot find a solution with a larger drop in SST. Indeed, the inverse model does find a
solution with a strong reduction in temperature in the low-latitude surface box (not shown).
We conclude only that a large temperature decrease is not required. The concentration in total
CO2 goes up by 75 µmol kg-1 in the deep ocean box because of the reduced ventilation of this
box. This value does not include the rise of approximately 60 µmol kg-1 associated with the
dissolution of CaCO3. Because the inventories of tracers are not exactly conserved, the ratio
of the input of alkalinity over the input of total CO2 turns out to be 2.13:1 instead of the
generally employed 2:1 ratio. This small deviation from the theoretical ratio is associated with
a decrease in CO3= of only 0.9 µmol kg-1 in the deep box and thus does not significantly affect
the depth of the lysocline.
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Table II. Modern – LGM temperature changes (˚C) employed in previous studies and
scenarios A, B, C. The mid to low latitude values are shaded
SK00

T99

A**

B**

C**

~3*

~2*

-0.4

1.0

0.9

Southern box (s)

5

2

0

1.0

0.9

Low latitude box (l)

5

4

-0.3

1.0

1.0

~4*

2

0.1

0.7

1.0

Polar southern box (p)

Northern box (n)

* Temperature was not allowed to drop below the freezing point of surface sea water.
** Temperature was not constrained. Solutions were also consistent with larger temperature anomalies. Note that
attempts to find an LGM solution driven only by SST decreases were unsuccessful.

Solutions that would be consistent with the low PCO2 values of the LGM atmosphere without
CaCO3 dissolution were also searched for but with no success. This does not mean that such a
solution does not exist, but that the search algorithm failed to find one. However, in view of
the number of trials that we carried out, our intuition is that such a solution is unlikely to
exist. This suggests that CaCO3 dissolution plays a key role in lowering atmospheric pCO2.
Note that the small departures from the modern reference solution required for variables other
than the transport variables, such as the 0.4°C temperature difference in box (p), would be
very difficult to detect using paleo-data. In fact, they would even be difficult to detect if the
modern ocean were to be represented by a crude inverse 7-box model. We conclude that a
reduction in ventilation of the deep ocean at high southern latitudes is one possible scenario
consistent with all of the paleo-constraints we employed. However, such a scenario is not
required by either the data or the model, as demonstrated by our other solutions.
B. Reduced air-sea gas exchange at high southern latitudes
Solution B, shown in Figure 4, is similar to the solution of SK00 in which extensive Antarctic
sea ice during the LGM is postulated to have drastically restricted air sea fluxes of CO2 in
high southern latitudes. In order to mimic this effect, rather than changing the actual area of
gas exchange, which would require that the topology of the model itself be changed, we have
instead allowed the model to adjust the local exchange coefficient (piston velocity). An
overview of piston velocities employed in our scenarios, alongside those from T99 and SK00,
is shown in Table III. Since the exchange coefficient is always multiplied by the surface area
in the model, this has exactly the same effect as reducing the surface area available for
exchange. The model was started from the modern solution M as an initial condition and the
gas exchange rates were allowed to vary within 0.5 to 10 m/day. Except for the dissolution of
CaCO3, which increases average total CO2 by 54 µmol.kg-1 and total alkalinity by 108 µeq.kg1
, the most significant change found by the model with respect to the modern solution is the
reduction of the piston velocity at the surface of the southern polar box from 3 m/day to 0.5
m/day. This gas exchange value of 0.5, the lowest we have allowed the model to adjust to, is a
decrease by a factor of 6 relative to our modern value. By comparison, the change in sea-ice
extent proposed by SK00 corresponds to a reduction in gas exchange at high southern
latitudes in their LGM solution by a factor of 100 relative to the modern value. In our
experiment, the flux of CO2 from the surface polar box to the atmosphere is reduced by only a
factor of 2 relative to the modern solution, the five-fold reduction in piston velocity being
partly compensated by an increase in the air-sea gradient of pCO2 these regions.
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FIG. 4. An LGM solution (B) with reduced air-sea flux in the Southern Ocean found using the inverse
model. The solution is similar to that of Stephens and Keeling(2000) [9], but involves a smaller gas
exchange perturbation relative to the modern and a smaller surface temperature decrease. The CO2
and alkalinity values shown do not take into account the addition of 54 µmol kg-1 and 108 µmol kg-1
respectively by CaCO3 dissolution.
Table III. Piston velocities (m day-1) in previous studies and scenarios A, B, C
SK00**
Polar southern box (p)

6.6 (5.9)
0.066 (0.059)

M & T99*

A

B

C

3.00

2.72

0.50

2.72

Southern box (s)

7.8 (6.5)

3.00

3.16

3.15

2.71

Low latitude box (l)

4.1 (3.6)

3.00

3.19

2.58

2.92

Northern box (n)

6.9 (5.9)

3.00

3.29

4.31

2.70

* T99 employs a uniform value of 3 m/day in all boxes for both modern and LGM experiments.
** SK00 report their air sea flux parameterization as a CO2 “invasion rate” of 0.15 and 0.05 moles m-2 yr-1 µatm-1
at high and low latitudes respectively. In order to convert to m day-1, as expressed here, requires dividing by
the solubility of seawater, which is a function of temperature and salinity. The values presented here have
been calculated using solubility calculated from the surface water properties employed by SK00 for their
modern control solution. The values in brackets include the temperature reductions they impose for LGM,
namely a uniform 5 °C cooling not to exceed the freezing point of seawater. The value in bold, represents the
factor of 100 degrees in ice-free area which distinguishes the SK00 ‘possible glacial’ state.

It is interesting to note, that the coefficient of air sea exchange is a parameter to which the
model is quite sensitive, yet it is at the same time extremely poorly known, both for the
modern ocean and especially for the LGM. T99 employs a uniform value of 3 m/day while
SK00 use quite different values (Table III). The difference between these two published high
latitude gas exchange flux coefficients is more than a factor of two. It is known that the
coefficient has a strong dependence on wind speed, and a rather weaker dependence on SST.
Calibrations against these physical parameters are summarized by Wanninkhof [22], who
suggests a first order wind speed dependence, for long term, climatological winds, of k =
0.39u2 with an uncertainty in the coefficient 0.39 of about 25%. The temperature dependence

122

is smaller than that for wind, partly due to counteracting temperature effects on gas diffusion
coefficients (the Schmidt number dependence) and the chemical enhancement factor [22].
Nonetheless, the temperature dependence represents roughly an additional 10% uncertainty in
piston velocity. Thus, for the modern ocean, the piston velocity can only reasonably be
prescribed to within about 35% uncertainty. The generally accepted uncertainty in modern airsea CO2 fluxes, which includes uncertainties in both piston velocity and the air-sea CO2
partial pressure difference, is of order 100% [23].
For the LGM, when wind speeds were likely to have been significantly higher the situation is
even more undetermined. For example, if, for a given region, modern average wind speed is 5
m s-1, and the LGM average was 7 m s-1, the piston velocity at LGM in this region, as a result
of the necessity of squaring these values, would be approximately double its modern value,
based on wind speed change alone. Of course regional wind speeds may have been less during
the LGM, meaning that for any one surface box at LGM, piston velocity probably cannot be
prescribed with an uncertainty of less than 100%. This range of uncertainty, combined with
the possibility of large temporal and regional variations, suggest that the range of piston
velocities tolerated in this study is plausible, and that studies which prescribe piston velocity
values exactly possibly miss a large range of relevant parameter space.
Allowing for the uncertainty in piston velocities at LGM, together with some CaCO3
dissolution, is thus sufficient to enable the inverse model to find a LGM solution consistent
with the paleodata and model which we have employed. In contrast to the SK00 solution,
which incorporates a 5°C decrease in low to mid latitude SSTs, our solution contains only a
1°C decrease (Table II), although solutions consistent with larger SST certainly cannot be
ruled out.
C. Enhanced high latitude biological pumping
The possibility of an enhanced LGM biological pump in which net carbon uptake by the
marine biosphere is increased relative to upwelling fluxes and subsequently sequestered in the
deep ocean via particle fluxes is well known [2,3,24,25]. Our Enhanced biological pump
solution, C, is shown in Figure 5. The experiment was initialized with the modern solution M
with the exception of the δ13C values, which were constrained, as in previous runs, to match
the LGM values. In addition, the biological particle fluxes out of the surface ocean boxes
(p,s,n and l) were provided allowable ranges of 0.5 to 10 molesCm-2yr-1. The principal
difference between this solution and the modern solution, apart from higher values of total
CO2 and alkalinity of respectively 53 µmolkg-1 and 106 µeqkg-1 due to CaCO3 dissolution, is
an enhanced particle flux in the high northern and southern latitude boxes. The particle flux
found by the inverse model in polar ocean box, p, is 6.7 molesCm-2yr-1 compared to the
modern value of 1 moleCm-2yr-1 and in the northern ocean box, n, 5.7 molesCm-2yr-1 instead
of 3 molesCm-2yr-1, about double that in the modern value. Relative to modern conditions
temperature in all the surface ocean boxes decreases by 1ºC or less (Table II), although
solutions with larger temperature drops are equally acceptable. Note that this enhanced
biological pumping solution does not cause anoxia in the deep ocean and does satisfy the
imposed LGM δ13C constraints, including increased δ13C vertical gradients driven by lighter
values in the deep ocean. Thus, when one allows for reasonable uncertainty in model
parameters and small imbalances in model equations, an increase in biological activity in the
Southern Ocean, combined with reasonable CaCO3 dissolution, is sufficient to produce an
LGM solution consistent with the prescribed paleodata constraints.

123

FIG. 5. An LGM solution (C) with enhanced biological carbon pumping at high latitudes found using
the inverse model. This solution satisfies observational constraints on the distribution of δ13C and
allows for oxygenated deep water. The CO2 and alkalinity values shown do not take into account the
addition of 53 µmol kg-1 and 106 µmol kg-1 respectively by CaCO3 dissolution.

D. Reduced SST
It is well known based on the temperature dependence of the equilibrium partial pressure of
CO2 in surface seawater that cooling the ocean surface alone can account for a significant
fraction of the decrease in atmospheric CO2 during glacial times. We therefore sought a
solution consistent with the paleo-constraints, including the low pCO2 in the atmosphere,
which would not differ much from the modern solution, except that much lower temperatures
would be tolerated in the ocean boxes, together with reasonable amounts of CaCO3
dissolution. No such solution was found by the model. Although this does not constitute proof
that such a solution does not exist, it does suggest that other mechanisms are probably
required to satisfy all the constraints. The problem with this scenario seems to be not so much
a difficulty lowering pCO2 in the atmosphere, which can easily be done by combined lower
ocean temperatures and CaCO3 dissolution, but the difficulty in doing so while keeping
carbonate close to modern levels. Apparently, lower temperatures do not allow a sufficient
increase in CO2 in the deep ocean to compensate for the large rise in alkalinity produced by
CaCO3 dissolution. Because of this, the difference between alkalinity and total CO2 is too
high in the deep ocean and results in unreasonably high CO3= levels. One conclusion to be
drawn from this attempt is that, even within the context of the wide range of solutions
available to the inverse model, it seems unlikely that a solution forced by ocean temperature
changes alone exists. It is interesting to note that we have also sought a solution with minimal
change from modern parameters, i.e. with CaCO3 dissolution providing the only mechanism
for CO2 drawdown. No such solution was found to be consistent with all the paleoconstraints, apparently for similar reasons as in the low temperature experiment.
4. CONCLUSIONS
We present our conclusions in two parts. First with respect to the use of inverse modeling
techniques and, second with respect to the cause of glacial-interglacial changes in atmospheric
pCO2.
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The T99 box model is not the only model amenable to solution with inverse techniques. The
model was chosen because it is one of the most complete box models of the oceanic CO2
system, because it has shown significant skill in reproducing the paleogeochemical
observations available for the LGM, and because the author has generously made it publicly
available by ftp. There are some aspects of the model which, from the point of view of inverse
modeling, could be improved. In theory, solutions would be found with greater ease if mixing
terms between every box were retained, whereas the T99 model sets several inter-box mixing
terms (between boxes m and a, n and a, and m and d) identically to zero. Allowing small
amounts of mixing to occur is both more reasonable physically, and would also allow the
inverse procedure to more easily find solutions.
The curious reader may wish to insert one of our solutions into the T99 model as an initial
condition and check if the model converges. The model does converge, but to a solution
different from the one we produce (usually the main differences are in the 13C values). At first
this may seem to invalidate our solutions. We argue that this is not the case. In fact, it
highlights the importance of the inverse method. A researcher employing a trial and error or
parameter space mapping approach with the forward model would not find these solutions
because the model cannot deviate from exact steady state. In the forward modeling approach,
relaxing the steady state assumption requires that the time-dependant terms are modeled
explicitly as in the open ocean approach of [17]. Note that the inverse modeling methodology
can also be applied to time-dependent problems using data assimilation techniques developed
in meteorology and physical oceanography. The difficulty involved in such a task is merely a
technical one and is the subject of ongoing research. One obvious advantage of using a time
dependent model would be that non-steady state terms would be explicitly modeled rather
than incorporated in the equation residuals. In this case the equation residuals would likely be
decreased relative to those that we have tolerated, though they should not be expected to
vanish completely since no model is perfect. Even the most sophisticated time-dependent
general circulation models have errors.
One obvious question to ask is whether our solutions are dependent on having used a simple
box model. We believe that more sophisticated models, such as 3 dimensional box models, or
even general circulation models, will produce similar results, and possibly even widen the
range of potential solutions. This is because for each box added, the model will be provided
additional degrees of freedom. That is, the system will contain more unknowns, while the
number of data constraints may remain unchanged or be only slightly increased. For instance,
if one were to add a box to represent the terrestrial biosphere, rough estimates of the terrestrial
carbon input to the ocean during LGM that have been published in the literature would
provide one additional weak constraint. However, the very stringent constraint that the
oceanic inventories of total CO2 and alkalinity can vary only through CaCO3 dissolution
would then be released. The system would thus become more underdetermined despite the
increase in complexity of the model, making solutions easier to find, not more difficult.
Finally, there are probably data constraints for the LGM that we have not taken into account in
the current study. As the field of paleoceanography grows, the appearance of new, and tighter
constraints is inevitable. New data constraints which may conflict with the solutions presented
in this paper, will only require that the model be rerun incorporating the additional constraints.
Only if the model proves incapable of finding a new solution satisfying such hypothetical new
constraint, would any of the three scenarios we have explored need to be rejected.
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In conclusion, the paleo CO2 problem is not fully determined by available paleo-data or paleobox models. Several plausible solutions exist, including increased ventilation, increased
biological pumping or decreased gas exchange in the Southern Ocean. Our model scenarios
satisfy all the paleo-constraints considered in T99, including carbon isotope distributions,
oxygenated deep water, and mid-depth pH reconstructions. The model reconciles the reduced
polar air-sea flux scenario proposed by SK00 with atmospheric levels of δ13C during the LGM
and the biological pump scenario proposed by many researchers with the distribution of δ13C
in the glacial ocean. It also finds solutions similar to those proposed by T99 and SK00 without
requiring the large low to mid latitude SST changes (4 and 5 °C respectively) employed in
those studies. All the parameters modified by the inverse procedure, other than the parameters
central to each experiment, are so slightly changed that they are unlikely to be detectable in
the glacial ocean or, arguably, in the present day ocean. The available paleo-constraints does
not discriminate between these three scenarios, all are equally acceptable.
One explanation for the fairly wide range of plausible solutions is that most paleo-data
constrain the inventory of paleo-tracers rather than their fluxes. 13C data, for instance, tell us
what the inventory of this isotope was during the LGM in the various basins of the ocean, but
they do not directly tell us the rate at which this tracer was exchanged between the reservoirs.
This point is particularly obvious if one releases the constraints on conservation of total
inventories of phosphate, alkalinity, and CO2 isotopes, and the constraint on carbonate ion
concentration in the deep ocean box (in some sense, the constraint on CO3= in the deep ocean
is also a constraint on the inventories because it constrains the depth of the lysocline). We
began the present study without these constraints and found that almost any scenario,
including the modern solution, was consistent with the paleo-data provided that very minor
changes in the circulation were tolerated. This is because all that is required to lower pCO2 in
the atmosphere is either a decrease in total oceanic CO2 levels, or an increase in alkalinity. In
such solutions, the glacial δ13C profiles can easily be reproduced by small adjustments to the
ocean circulation [26]. Of course, constraints on global inventories cannot be released, but this
example does show that the fluxes of volume and tracers are, for the most part, not directly
constrained by the paleo-data. The data constraints that we have employed, primarily
constrain inventories, yet the model solutions are best distinguished from one another by
differences in fluxes.
The only robust feature in all the inverse calculations presented here is the dissolution of
CaCO3, which is presumably caused by the transfer of CO2 form the atmosphere box to the
deep ocean box. Adjustments in carbon fluxes between the various reservoirs are then
required to keep glacial CO3= levels close to their interglacial values. The details of these
adjustments cannot be determined from the constraints used in the model. Thus,
discriminating between the various plausible scenarios may require new observations that
directly constrain oceanic fluxes. Oceanic 14C data, which can constrain water mass fluxes, or
Barium data, which may constrain particle fluxes, could be the answer if their reliability is
demonstrated in the future. These data have the potential to determine which scenario, or
which combination of the scenarios, can maintain constant carbonate levels in the deep ocean
despite calcium carbonate dissolution. Whether such a scenario would also provide a
definitive explanation as to how the transfer of CO2 from the atmosphere to the deep ocean
occurred in the first place is still unclear.
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ISOTOPES AS TRACERS OF THE OCEANIC CIRCULATION:
RESULTS FROM THE WORLD OCEAN CIRCULATION EXPERIMENT
(Abstract)
P. SCHLOSSER, W.J. JENKINS, R. KEY, J. LUPTON
Lamont-Doherty Earth Observatory, Palisades, New York, United States of America
During the past decades, natural and anthropogenic isotopes such as tritium (3H), radiocarbon
(14C), 3He, or the stable isotopes of water have been used in studies of the dynamics of natural
systems. Early applications of tracers to studies of the ocean were directed at determination of
circulation patterns and mean residence times of specific water masses, as well as estimates of
mixing coefficients. These exploratory studies suggested that tracers can add significantly to
our understanding of the oceanic circulation. In order to fully exploit this potential, the first
global tracer study, the GEochemical Ocean SECtions Study (GEOSECS), was launched.
From the GEOSECS results it was immediately apparent that very close coordination of tracer
programs with physical oceanography studies is required for full utilization of tracer data.
During the 1980s plans for the World OCean Experiment (WOCE) were developed. As part of
its Hydrographic Program (WHP), especially during the one-time survey, a set of tracers were
measured on a global scale with unprecedented spatial resolution (both lateral and vertical).
The original plan included a larger number of tracers (CFCs, 3H/3He, 14C, 39Ar, stable isotopes
of water, helium isotopes, 228Ra, 90Sr, 137Cs, 85Kr) than could actually be measured
systematically (CFCs, 3H/3He, 14C, H218O/H216O, helium isotopes). Nevertheless, the resulting
data set, which presently is under evaluation, exceeds those obtained from pre-WOCE tracer
studies by a wide margin.
In this contribution, we describe the existing WOCE data set and demonstrate the type of
results that can be expected from its interpretation on the basis of a few selected examples.
These examples include: (1) the application of tritium and 3He to studies of the ventilation of
the upper waters in the Pacific Ocean, (2) the spreading of intermediate water in the Pacific
and Indian oceans as derived from the distribution of 3He, and (3) the evaluation of global 14C
maps with respect to the bottom water circulation in the Pacific Ocean. Although most of the
presented results are preliminary, they demonstrate the potential of the WOCE tracer data set
for obtaining insights into the oceanic circulation that were not possible on the basis of preWOCE data sets.
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BIOGEOCHEMICAL PROXIES IN SCLERACTINIAN CORALS USED TO
RECONSTRUCT OCEAN CIRCULATION
T.P. GUILDERSON∗, M. KASHGARIAN
Center for Accelerator Mass Spectrometry,
Livermore, California, United States of America
D.P. SCHRAG
Laboratory for Geochemical Oceanography, Department of Earth and Planetary Sciences,
Harvard University,
Cambridge, Massachusetts, United States of America
Abstract. We utilize monthly 14C data derived from coral archives in conjunction with ocean
circulation models to address two questions: 1) how does the shallow circulation of the tropical
Pacific vary on seasonal to decadal time scales and 2) which dynamic processes determine the mean
vertical structure of the equatorial Pacific thermocline. Our results directly impact the understanding
of global climate events such as the El Nino-Southern Oscillation (ENSO). To study changes in ocean
circulation and water mass distribution involved in the genesis and evolution of ENSO and decadal
climate variability, it is necessary to have records of climate variables several decades in length.
Continuous instrumental records are limited because technology for continuous monitoring of ocean
currents has only recently been available, and ships of opportunity archives such as COADS contain
large spatial and temporal biases. In addition, temperature and salinity in surface waters are not
conservative and thus can not be independently relied upon to trace water masses, reducing the utility
of historical observations. Radiocarbon (14C) in sea water is a quasi-conservative water mass tracer
and is incorporated into coral skeletal material, thus coral 14C records can be used to reconstruct
changes in shallow circulation that would be difficult to characterize using instrumental data. High
resolution ∆14C time-series such as these, provide a powerful constraint on the rate of surface ocean
mixing and hold great promise to augment onetime surveys such as GEOSECS and WOCE. These
data not only provide fundamental information about the shallow circulation of the Pacific, but can be
used as a benchmark for the next generation of high resolution ocean models used in prognosticating
climate change.

1. OVERVIEW
Instrumental and climate proxy records document an increase in surface temperatures over the
last ~125 years [1] as well as a recent change in the frequency and intensity of El Nino Southern Oscillation (ENSO) events [2,3]. A fundamental question is whether or not the
observed variation in climate characteristics such as temperature or El Nino frequency is a
consequence of human activities or natural variability. To study changes in ocean circulation
and water mass distribution involved in the genesis and evolution of ENSO and decadal
climate variability, it is necessary to have records of climate variables such as sea surface
temperature or precipitation several decades in length. Such records do not currently exist
because technology for continuous monitoring of ocean currents (eg. satellites and buoy
arrays) have only recently been available and historical observations (ships of opportunity)
have large spatial and temporal gaps.
∗
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We have focussed our research toward two primary goals: the first is a better quantification
and documentation of the redistribution of surface waters in the tropical and sub-tropical
Pacific and the second is a better understanding of the sources of the water which upwells in
the equatorial Pacific. In a zonally averaged and simplified sense, there exists an upper
oceanic Hadley Cell in the Pacific: subduction occurs in the sub-tropics during the winter
season and this water ventilates the tropical thermocline where it upwells and returns to the
subducting regions through surface flow [4]. These questions are important because modeling
studies have shown that changes in the thermal structure of the equatorial thermocline can
influence decadal variability of ENSO. In fact, of all the parameter sensitivity studies which
have been conducted with the coupled Zebiak and Cane model, changing the temperature
structure of the thermocline has the strongest influence on model behavior [5]. Building on
observational evidence of Deser et al.,[6] it has been hypothesized that temperature anomalies
originating at the sea-surface in the northern hemisphere subtropics can be propagated via this
sub-surface pathway and interact with the equatorial thermocline, changing the character and
sensitivity of ENSO [7,8]. Tritium and 3He tracer data indicate that the ventilation time-scale
of the tropical thermocline is on the order of decades [9]. It is a logical extension to
hypothesize that the intergyre exchange between the subtropical subduction zones and the
tropical thermocline could determine the decadal-scale climate character of the tropical
Pacific.
1.1. Oceanographic setting
The tropical ocean-atmosphere system exhibits a systematic and relatively irregular
interannual variability, the dominant mode of which is the atmosphere’s Southern Oscillation
and its ocean companion, El Niño [10]. The tropical ocean and atmosphere are intimately
coupled through the interaction of the surface winds and the underlying SST field. The mean
southeasterly trade winds combined with surface heating results in a buildup of warm surface
water in the western tropical Pacific, the Pacific “warm pool.” The accumulation of warm
water at the western margin of the Pacific Ocean drives tropospheric circulation by creating
deep convection aloft. In the east, the trade winds induce shoaling of the thermocline and
outcropping of colder isotherms, primarily of the Equatorial Under Current. This east-west sea
surface temperature (SST) gradient is accompanied by a concommitant sea-height slope of
several 10s of centimeters and a basin-wide slope to the thermocline: deeper in the west and
shallower in the east. When the trade winds relax or even fail, the warm water normally
constrained to the western margin migrates back down the geopotential slope. At such time
the normally cold eastern equatorial Pacific is warmer than normal due to a reduction or even
cessation of upwelling and a deepening of the thermocline. Indonesia (and Australia)
experiences drought whereas the normally arid central equatorial Pacific may receive several
meters of rain (Figure 1). Corresponding changes also occur under the South Pacific
Convergence Zone and the inter-tropical convergence zone in the eastern Pacific.
Contemporary research has determined relationships or patterns associated with the
displacement of the major convective centers such as the Indonesian Low. Variations in the
location and intensity of the Indonesian Low impacts the redistribution of sensible and latent
heat as well as potential precipitable water within the atmosphere. This "wholesale"
redistribution affects the structure of the planetary waves and thus is able to orchestrate farfield temperature and precipitation responses. In this fashion, the tropical Indo-Pacific is
linked to the extra-tropics in both hemispheres via teleconnections.
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FIG. 1. A schematic of the nature of the coupled tropical ocean-atmosphere system. Upper panels
depict non-El Nino (“normal” or La Nina) precipitation and sea surface temperatures (left) and El
Nino conditions (right). Warm water in the western equatorial Pacific localizes deep convection
which exports latent and sensible heat to both hemispheres. The corresponding winds have both a
meridional (Hadley Cell) and zonal (Walker Circulation) component, which includes the surface
trade winds. Middle panels are the respective SST and precipitation anomalies observed during the
1982/1983 ENSO. Lower panel is equatorial subsurface data from the TOGA/TAO array (courtesy of
PMEL, NOAA) and exemplifies the shift in thermocline tilt and depth during an ENSO cycle that
conspires to suppress upwelling in the eastern equatorial Pacific.

1.2. Radiocarbon in the ocean
The distribution of radiocarbon (14C) in the surface ocean is a sensitive indicator of ocean
circulation. Radiocarbon is produced in the stratosphere by the collision of nitrogen atoms
with thermal neutrons produced naturally by cosmic rays or artificially by atmospheric nuclear
bomb testing. Atomic 14C is rapidly oxidized to 14CO2 in the atmosphere and is introduced
into the surface ocean via gas exchange. The flux of radiocarbon to the deep ocean is
accomplished by convective processes, and by settling of particulate matter. Because the
residence time of water in the deep ocean is long enough to allow for significant radioactive
decay (14C half-life = 5730 y), the deep ocean is depleted in 14C relative to the surface ocean.
This contrast makes the distribution of radiocarbon in the surface ocean particularly sensitive
to vertical mixing and subsequent lateral exchange.
Since the 1950s, excess production of 14C from nuclear weapons testing and its subsequent
invasion into the surface ocean has augmented the difference between the surface and the
deep ocean. Over this time frame radioactive decay and biological processes have minimal
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impact on surface water ∆14C, and as a consequence ∆14C is a quasi-conservative tracer which
effectively “tags” water masses. The use of 14C as a global ocean circulation tracer was a
primary objective of the study of the distribution of natural and bomb-produced 14C in the
Geochemical Ocean Sections Study (GEOSECS) of the 1970s [11] and of the present day
World Ocean Circulation Experiment (WOCE [12]). Radiocarbon measurements of coral
skeletal material which accurately records ∆14C of ΣCO2[13,14] have added important
information to water sampling programs. The 14C in the coral aragonite skeleton reflects
seawater radiocarbon content at the time of deposition and as such measurements in corals
make it possible to reconstruct the radiocarbon content of the surface ocean back to pre-bomb
and pre-industrial values[13,14]. High-resolution coral-based time-series have clearly
identified a time-varying surface water gradient of post-bomb 14C from the equator toward the
temperate latitudes with a total dynamic range in excess of 220‰. The distribution represents
upwelling of low 14C water from the lower thermocline in equatorial regions, with migration
of the 14C rich surface water toward higher latitudes. Using coral time-series we have
demonstrated that for the surface ocean, where radiocarbon gradients are highest and transport
is rapid that temporal variability is of the same order as spatial variability a fact lost in
discrete analyses like GEOSECS or WOCE.
2. ANALYTICAL METHODS
After identifying both in terms of an oceanographically significant context, and potential
quality (eg. length, continuity) of the potential coral record, the coral is cored with an
underwater drilling apparatus. Coral cores (nominally 8mm diameter) are cut into ~1cm slabs,
cleaned in distilled water, and air-dried. Visual inspection is performed to identify regions
infilled or disturbed by boring organisms. X-radiographs are taken in order to clarify the
skeletal architecture and to document density variations. After identifying the major vertical
growth axis, the coral is sequentially sampled at 1-mm (or 2-mm) increments with a lowspeed drill. Splits (~1 mg) are reacted in vacuo in a modified common acid-bath
autocarbonate device at 90°C and the purified CO2 analyzed on a gas source stable isotope
ratio mass spectrometer (±0.05‰ 1-σ). Strontium to calcium ratios are also determined on
~1mg splits using an inductively coupled plasma atomic emission mass spectrometer (ICPAES) following the methodology of Schrag [15]. Analytical precision based on an in-house
homogenized coral standard is ±0.2% equivalent to ~0.3°C.
For the data that we have generated, the remaining sample splits (nominally 8-10 mg) are
placed in individual reaction chambers, evacuated, heated, and then acidified with
orthophosphoric acid at 90°C. The evolved CO2 is purified, trapped, and converted to graphite
in the presence of cobalt catalyst in individual reactors [16]. Graphite targets were measured
at the Center for Accelerator Mass Spectrometry, LLNL [17]. Radiocarbon results are
reported as age-corrected ∆14C (‰) as defined by Stuiver and Polach [18].
Coral chronology has historically relied upon the presence of annual high- and low-density
band couplets[19] or the seasonal variability in coral δ13C which has been interpreted to reflect
surface irradiance[20]. Independent chronologies based on these two methods on the same
coral specimen tend to agree within a few to 6 months [21]. Such an age-model is not
adequate for high-resolution ∆14C records where one of the ultimate goals is to compare the
observed time-series and those simulated in high-resolution ocean models. We create a
preliminary age-model using sclerochronology (ie. banding) and δ13C variations, but in order
to obtain the best timescale and because we are not interested in the coral δ18O and [Sr/Ca] as
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an independent measure of temperature[15], we refine our age-models by correcting the
preliminary age-model through δ18O and [Sr/Ca] comparisons with instrumental records of
SST and or precipitation (Figure 2). Because the oxygen isotopic composition of the coral
18
responds to not only temperature but salinity, or more accurately δ Ow variations, it is
necessary to use both the δ18Ocoral and [Sr/Ca]coral data to derive an accurate age-model
depending on the phasing of the local SST and salinity (precipitation) seasonal cycle. In fast
growing corals where there is strong seasonality in either precipitation and or temperature, the
corresponding age-model can have an error on the order of ±1 month.
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FIG. 2. Refined coral chronology through the use of G18O and available instrumental data. A
preliminary G13C - sclerochronology model was created and then optimized by matching peaks and
troughs in G18O corresponding to SST, and to some extent salinity variations [15].

3. CORAL TIME-SERIES RESULTS AND DISCUSSION
Corals act like strip-recorders continuously recording the radiocarbon content of the waters in
which they live and thus it is possible to use records derived from these biogenic archives to
study lateral mixing [22] and vertical exchange processes [23,24]. Although the idea of using
corals as recorders of the 14C content of waters is not new, our application of sub-annual
multi-decadal studies is novel. Previous coral-based studies tended to be based on annual and
bi-annual sampling [13,14], or a few-years of sub-annual samples [25]. This difference in part
due to the advantages afforded by accelerator mass spectrometry (throughput, and sample
size) and the foreknowledge that in order to study seasonal dynamic processes (eg. upwelling
or winter-time Ekman pumping) that coarse sampling could bias or miss the desired signal.
We use sub-annually resolved records to gain a window into subsurface processes when our
site is chosen for this purpose.
Our work in the Pacific has focussed on sites within the equatorial wave-guide, the extratropics, and most recently the Indonesian region (Figure 3). In a general sense, one can think
14
of the sea-surface temperature as reflecting ∆ C. The upwelling in the eastern tropical Pacific
exposes water from the equatorial undercurrent, a subsurface water mass that flows west to
east bounded approximately by the 24 and 26 potential density surfaces (isopycnals, kg-m-3).
This water is derived from subduction of surface water in the sub-tropics and water entrained
from greater depths in the tropical thermocline. The sub-tropics water brings higher bomb-
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produced 14C levels from the sea surface down into the undercurrent. The entrained
component mixes colder, low-14C water into the undercurrent, and augments the contrast in
'14C between the undercurrent and the sea surface. This water is then advected to the warm
pool where it mixes with high 14C water from the subtropics.
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FIG.3. Location of coral sites where we or others are actively working on developing 14C time-series.
Mean annual sea surface temperature and general surface current pattern is also shown.

High resolution coral '14C studies by Moore et al. [26], and Guilderson et al. [22],
demonstrate the utility of 14C time series in corals to study the dynamics of ocean circulation
over multi-decadal time scales. Our continued objective is to document 14C variability in the
surface ocean in the Pacific by making measurements on additional coral samples, and to
determine how that variability relates to shallow circulation and mean vertical structure of the
tropical Pacific. We have completed post-bomb (~1950 to present) time series from Nauru
(166°E 0.5°S) and Guadalcanal (167°E, 7°S) in the western tropical Pacific; Rarotonga (21°S,
160°W) and the Big Island of Hawai’i (20°N, 156°W) in the subtropics; and a multi-decadal
record from Galapagos (90°W, 0°) in the eastern equatorial Pacific (Figure 4). In general, the
subtropics (Rarotonga, Hawai’i) have higher '14C reflecting longer mean residence time of
surface water in the gyres and higher air-sea exchange. '14C in eastern equatorial Pacific
surface waters (Galapagos) are lower and due to the subsurface pathway of the Equatorial
Undercurrent and entrainment of deeper thermocline waters which feed the upwelling in this
region. Radiocarbon values in the warm pool region (Nauru, Guadalcanal) are intermediate
between the higher subtropics and those in the east.
Our data show both the long-term increases in '14C reflecting oceanic uptake of bomb
derived 14C and high amplitude seasonal to interannual variations associated with changes in
circulation. The post-bomb '14C maxima in the subtropics occurs in the early 1970s whereas
at Nauru, Guadalcanal, and Galapagos it is delayed by 10 years. The delay is a consequence of
the subsurface history of waters upwelling in the east and the subsequent advection and
mixing of this water in the west. Superimposed upon these long-term trends is seasonal to
interannual variability, which reflects ocean dynamic processes. At Nauru and Guadalcanal
these high amplitude variations reflect the cross-basin advection of surface waters in the
tropical Pacific in conjunction with ENSO whereas the Galapagos '14C record reflects
variations in upwelling intensity. Variability in the subtropics primarily reflects vertical
exchange concomitant with winter-time Ekman pumping.
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FIG. 4. High-resolution coral-based ∆ C timeseries in the Pacific reflect the invasion of bomb-14CO2
(slow trend) and ocean dynamic processes (higher frequency variations).

Our own work on corals from the tropical Pacific is best illustrated using a coral record from
Nauru Island. The temporal variability in the coral from Nauru is comparable to the spatial
variability from tropics to mid-latitudes described by WOCE and GEOSECS. The temporal
variability at Nauru is not a local or coastal signal due to upwelling around the island as it
does not correlate with seasonal changes in wind stress that might drive coastal or islandinduced upwelling. If upwelling near coastlines were an important effect, this would require
that large volumes of water enter the mixed layer from great depths (i.e. lower thermocline),
as vertical gradients in radiocarbon are relatively small above the thermocline. Since air-sea
isotopic equilibration (gas exchange) occurs too slowly to account for large variability over
time scales shorter than one year (it is roughly an order of magnitude slower than the seasonal
cycle), a dynamical process internal to the ocean must be responsible.
The general pattern of interannual radiocarbon variability is strongly associated with ENSO,
as seen in the comparison with the Nino-3 index (Figure 5). During ENSO warm events
(including during the pre-bomb period), the ∆14C value at Nauru increases, and continues to
rise for several months this is followed by a large and rapid decrease, and then a return to
mean values. In a simple sense, this pattern can be understood from a conceptual model of
ENSO. As a warm event begins, the upwelling of deep, radiocarbon-poor water from the
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upper thermocline is diminished, causing an increase in ∆14C in the eastern pacific.
Amplifying this factor, the transport time of eastern Pacific water to the Nauru site is longer
as tradewinds decrease in strength, allowing for more invasion of bomb-radiocarbon from the
atmosphere. If westerlies develop along the equator at the western margin, this will mix in
off-equatorial waters with much higher radiocarbon content, also causing an increase in ∆14C
values at Nauru. The large drops in ∆14C following the ENSO warm events are consistent
with the re-establishment of the tropical waveguide following an El Nino event. In this
situation one expects an increase in upwelling, and an increase in the strength of westwardflowing currents, basically bringing more water with lower radiocarbon into the eastern
Pacific sea surface, and then transporting that water more rapidly to the west with less time to
exchange with the atmosphere.
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FIG. 5. ∆14C time-history from Nauru Island in the Western Equatorial Pacific and the Nino-3 SST
anomaly index. Interannual variability at Nauru reflects a redistribution of surface waters in concert
with ENSO. During an El Nino event, equatorial tradewinds slacken which reducd the amount of low14
C eastern equatorial Pacific water advected into the warm pool region. In addition the reduction in
sea surface height affords increased infiltration by higher-14C northern subtropic surface waters.

4. FUTURE DIRECTIONS AND IMPACT
The tracer data that we generate can identify specific changes in the shallow circulation that
occurred prior to the implementation of moored arrays instituted in the mid 1980s, and would
be difficult to characterize with existing instrumental data. An obvious extension of studies
such as those briefly documented here is to constrain fractions of water-masses mixing in a
particular region, or with into particular water-mass.
In addition, comparison of model results with observations of radiocarbon and other tracers is
an effective way to identify problems or deficiencies in models, and ultimately leads to
improved modeling skill [27,28] particularly with respect to vertical exchange processes
which are relatively poorly represented in most ocean models. Thus although the data
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provides fundamental information on the shallow circulation in and by itself, the true strength
is a combined approach which is greater than the individual parts; the data helps uncover
deficiencies in ocean circulation models and the model results place long ∆14C time series in a
dynamic framework which helps to identify those locations where additional observations are
most needed. The time history of ∆14C is a direct record of the invasion of fossil fuel CO2 and
14
bomb 14C into the oceans. Therefore the ∆ C data that are produced in studies such as ours
can be used to study the ocean uptake of fossil fuel CO2 in coupled ocean-atmosphere models
[28,29].
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ENVIRONMENTAL CHANGE STUDIES IN THE CASPIAN SEA AND THE
NORTH-EAST ATLANTIC OCEAN
P. POVINEC, B. OREGIONI, J. GASTAUD
International Atomic Energy Agency,
Marine Environment Laboratory, Monaco
Abstract. Caspian Sea and NE Atlantic water profiles were investigated for radionuclide content.
Radionuclide data on the water samples collected in 1995 and 1996 in the Caspian Sea show a rapid
exchange of water masses in the two deep basins (the Central and Southern Basins). The main source
of radionuclides is global fallout. In the NE Atlantic Ocean elevated concentrations of 3H and 14C were
observed at medium depths (2000–3000 m) which could be explained by high latitude injection
processes.

1. INTRODUCTION
Isotopic tracers have proved to be useful tools for the investigation of changes with time in
the marine environment. Isotopic investigations could help the development of suitable
models to explain past environmental observations and help to protect marine ecosystems
against anthropogenic impacts.
IAEA-MEL in the framework of marine radioactivity studies has participated in several
expeditions to the Atlantic, Arctic, Indian and Pacific Oceans to sample seawater, sediment
and biota. The expeditions covered a wide range of marine radioactivity surveys to study the
distribution of key radionuclides (3H, 14C, 90Sr, 129I, 137Cs, U, Pu and Am isotopes) in the
world oceans, changes in their concentrations with time and to investigate marine
environmental change using isotopic signals in the marine environment.
Environmental change studies carried out by IAEA-MEL will be illustrated by two examples:
the Caspian Sea and the North-East Atlantic Ocean.
2. THE CASPIAN SEA
To explore the potential of isotope techniques in the study of water balance and water
dynamics in the Caspian Sea and the aspects related to changes in the sea level, two
research/training cruises were carried out in 1995 and 1996 under an IAEA technical cooperation project [1]. During these cruises, oceanographic parameters (such as salinity,
seawater, temperature) were measured and seawater samples were collected for laboratory
analysis of 90Sr, 137Cs and 239,240Pu.
In the two principal basins, the Central and Southern Caspian Basins, the behaviour of
Pu, 90Sr and 137Cs appeared quite different (Fig. 1). 239,240Pu delivered by fallout in
surface water decreased from the Northern Basin to the Southern Basin and penetrated to
deeper water, as expected for this particle reactive element. The concentrations in the
intermediate layers of the Central Basin are higher than in the Southern Basin, which is
reflected by their inventories. The observed concentrations and transport of water masses
between the two main basins may be explained by these data.
239,240
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FIG 1. 90Sr, 137Cs and 239,240Pu profiles in the Central and Southern Basins (1996).

The concentration level of strontium in the water mass which appeared to be higher than
expected from global fallout could be a result of a significant contribution from soil
remobilization and river run-off. The excess of strontium was shown by the lower ratios of
239,240
Pu/90Sr and 137Cs/90Sr. In the Central basin, the similar vertical distribution of 90Sr in the
water column is probably due to transport of surface water to greater depths. This gave a
higher inventory compared to the Southern Basin where the concentration decreased with
depth.
The caesium concentrations were in agreement with the level expected from global fallout. In
the Southern Basin, the activities clearly show a decrease with depth. Similar trends at the
same depths for strontium and caesium demonstrate the typical behaviour for these
conservative fallout radionuclides which move essentially in true solution.
Although the turnover time of water in the Caspian Sea is of the order of 200 years, both deep
basins appear to be rapidly ventilated, as was shown by a small decrease in radionuclide
concentrations with depth. The main source of radioactivity in the Caspian Sea is global
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fallout and subsequent river run-off from catchment areas. At the stations visited, there were
no signs of dumping of radioactive wastes. However, more detailed studies are necessary to
better understand deep water formation in the basins which is expected to occur during the
winter season. As well as the development of an appropriate model for the radiological
assessment of the Caspian Sea which would require further sampling of seawater and also
sediment and biota.
3. THE NE ATLANTIC OCEAN
In the North-East Atlantic Ocean, a ǻ14C profile in the water column of samples taken at 46°
05'N; 17° 10' W has shown a remarkable peak at medium depths between 2000 and 3000 m.
A similar profile was obtained for 3H as can be seen from Fig. 2. The persistence of a
minimum in ǻ14C and 3H data for North-West Atlantic waters at around 1000 m depth were
also visible in GEOSECS data as well, although the present maxima (between 2000 and 3000
m depth) are much higher and comparable to surface levels [2]. However, such clear medium
depth maxima were not observed in TTO data for the North-East Atlantic (there were no
GEOSECS stations in the NE Atlantic Ocean).

FIG. 2. 3H and 14C profiles in the NE Atlantic Ocean.
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It is a known fact that the high latitude North Atlantic areas (north of 42°) which coincide
with the water mass formation areas of the North Atlantic Deep Waters (NADW) are an
important sink for atmospheric CO2 [3]. High latitude injection processes could therefore be
responsible for the observed evolution of ǻ14C and 3H concentrations below 1000 m,
downwelling high surface radionuclide concentrations to medium depths. This subduction
mode water regime, when water masses labelled by global fallout are transported from the
surface to medium depths has also been observed for 90Sr and 137Cs radionuclides. Surface
waters may be directly transported into the deep interior of the Atlantic via conveyor
circulation, also known as thermohaline circulation [4].
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Abstract. A 5-m long core of bottom sediments from the Kara Bogaz Gol Bay of the Caspian Sea, 4m and 2-m cores from the Issyk Kul Lake of the Thian Shan Mountains, and a 4-m core from the Aral
Sea were examined for evidence of climatic and environmental changes in the catchment basin of the
Central Asia Region. The distribution of 18O and 13C in the bulk carbonates, 2H in the pore water,
radiocarbon age, oxygen and hydrogen isotopes in the lake water, abundance of CaCO3, MgCO3, and
the basic salt ions of Na+, K+, Cl-, SO42- in the cores were measured. The isotope and
hydrogeochemical data of the Kara Bogaz Gol Bay sediments prove a historical scenario for the basin
which suggests that fresh water has been discharged to the Caspian Sea during the Bay’s humid
episode across the Central Asia Region (~ 9 Ka BP). Isotope and geochemical evidence indicate that
the sedimentation of the upper core segment has taken place during the last ~2.2 Ka BP in the
environment of sea water recharged from the Central Caspian Basin. The period of between 4.3 and 6
Ka BP, which relates to the core depth interval of between 170 cm and 260 cm, demonstrates the most
dramatic change in the sedimentation rate in the Issyk Kul Lake. It means that active melting of the
mountain glaciers and warming of climate has happened just in this period. The swamp plant peat
layers at depths of 230 cm and 130 cm indicate that during 3.5-3.7 Ka BP and 1.6-1.8 Ka BP the Aral
Sea dried and broke up into a number of lakes and swamps. Sediment cores taken from the bottom of
the Kara Bogaz Gol Bay, Lake Issyk Kul and Aral Sea show periodic rise and fall in water levels
during the last ~10 000 years. Two peat layers within the sediment core of the Aral Sea and dated at
1.6-1.8 Ka BP and 3.5-3.7 Ka BP demonstrate that this reservoir also periodically dried.

1. INTRODUCTION
While studing bottom sediments from the central and southern basins of the Caspian Sea, a
reversal in main direction of the river runoff to the sea in the past was discovered [1, 2]. Since
the beginning of the Holocene, runoff to the Caspian Sea has been mainly derived from the
northern Volga-Ural basin. Previously, the Aral Sea catchment basin was the principal
drainage area, which was at that time situated in the humid zone. As such, the Aral-Caspian
basin can be considered as a single catchment covering both humid and arid zones. By
studying bottom sediments from the Aral Sea, Lake Issyk Kul and Kara Bogaz Gol Bay we
explore new evidence which proves that past environmental changes occurred in the region
due to climatic variations.
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The Aral Sea catchment basin is situated within the Turanian Lowlands and is bounded by the
inner slopes of the surrounded highlands. The upper water level of the sea is limited by the
mount Kugunek sill (+58 m a.s.l.). The sill is the origin of the Uzboy River which discharges
excess water from the Aral to the Caspian Sea. The Issyk Kul catchment basin is located in the
Thian Shan mountains at altitude of ~1600 m a.s.l. Lake Issyk Kul is also a closed reservoir. It
has a volume that is roughly two times larger, and a depth that is roughly ten times larger than
that of the Aral Sea. The upper limit of the lake water level is determined by the sill (+15 m)
on the right bank of the Chu River that discharges to the Aral Sea basin (Fig.1, Table I).

FIG. 1. Aral-Caspian catchment basin and position of the studied closed reservoirs.

Table I. Hydrological characteristics of the studied reservoirs
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2. CORING, SAMPLING AND MEASUREMENTS
Three 4 to 5 m-long cores of bottom sediments taken from the Kara Bogaz Gol Bay, Lake
Issyk Kul and Aral Sea at water depths of 0.5 m, 250 m, and 23 m respectively, were analyzed
in laboratories of the above authors and interpreted from the point-of-view of establishing
relationships between climate change and water balance of the closed reservoirs in the same
catchment basin. Distribution of oxygen-18 and carbon-13 in bulk carbonates, deuterium in
pore water, radiocarbon dating, oxygen and hydrogen isotopes in lake water, abundance of
CaCO3 and MgCO3 and the major salt ions Na+, K+, Cl-, SO4- in sediments were studied.
Oxygen and carbon isotopes were measured by conventional mass-spectrometry and reported
with respect to the PDB standard (NBS-17 distributed by the IAEA Analytical Services) with
analytical precision of ±0.1 ‰ for G18O and ±0.2 ‰ for G13C. Oxygen and hydrogen isotopes
in water samples were analysed by mass spectrometry and reported with respect to V-SMOW
standard distributed by the IAEA. Radiocarbon age of sediments was determined by
conventional methods. Major salt forming ions Na+, K+, Cl-, SO4- were measured by means of
extraction from dried samples. Distilled water was poured over the dried sample at room
temperature and at a sample-to-water weight of 1:5. Then the value of Na+ and K+ in solution
were determined using flaming photometry and Cl- was measured by titration. For
determination of carbonate mineral contents, the samples were processed with hydrochloric
acid to transfer the readly soluble carbonate fraction into solution. The concentration of Ca++
and Mg++ in the solution were determined by titration.
3. RESULTS AND INTERPRETATION
3.1. Kara Bogaz Gol (Black Throat Lake)
Due to limited temporal resolution of our experimental data, we focus here on interpretation
of the long-term changes in sedimentary properties. Fig. 2 presents information obtained by
isotope and chemical analysis of the sediment samples and by their geological description.
The lithology represents alternated layers of silty clay and sandy silt with localized inclusions
of salt crystals. Three stages in changing sedimenation environment can be marked within the
core section. The data related to its deepest part from 5.2 to 4 m shows that sedimentation
occurred in a reservoir which was being actively replenished by fresh river water starting at
~9 Ka. In fact, positive values of G2H = +6 ‰, characteristic of a nearly dessicated lake, are
depleted up to -6‰ at 4-m depth. The values of K+, Na+, Cl-, SO4--, CaCO3 and MgCO3 within
that depth interval are typical for river water. Oxygen and carbon isotopes demonstrate their
relationship with continental carbonates. Precipitation of carbonates in lake water in
equilibrium with atmospheric CO2 at ~+22oC gives G13C=+3‰. The second stage of
sedimentation covers the core interval from 4 to 1.7 m. The measured parameters over this
interval suggest that sedimentation occurred in a more actively replenished fresh water
environment. Here G2H values in pore water decrease to ~-18‰. The values of G13C, Na+, Cl-,
SO4-- decrease and those of G18O, K+, CaCO3 and MgCO3 increase due to inflow of terrigenic
carbonates by freshwater. A narrow variation in the measured values suggests that the lake
outlfow may have been regulated by discharge to the Central Caspian basin. Precipitation of
carbonates in equilibrium with atmospheric CO2 at ~+10 oC and G13Corganic = -20‰ gives
G13C=+3.5‰. In contrast, the uppermost part of the core from 1.7 to 0 m is characterized by
negative values of G18O in carbonates. G2H values in pore water are close to their modern ma-
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gnitude and are equal to about -6 ‰ for the Bay. The content of Na+, Cl-, SO4--, CaCO3 rises
and the amount of K+ and MgCO3 also decreases. Combined, thesefeatures indicate that
sedimentation of the upper core segment took place during the last ~2.2 Ka an environment
influenced by marine water recharged from the Central Caspian basin.
It appears from the above evidence that the Kara Bogaz Gol Bay was a high-throughflow lake
during the middle Holocene. Its name in local Turkmenian dialect, meaning ‘Black Throat
Lake’, seems to be more appropriate in this sense than its present name ‘Bay’. Due to its small
capacity and 4-m high sill (relative to its present state) located at a distance of 11 km from the
shore of the Caspian Sea, the lake becomes open for inflow and outflow of surface water
depending on the sea level. Prior to ~2.2 Ka, water levels in the Central basin were lower than
in Kara Bogaz Gol and the lake was recharged by its catchment basin. After that, the situation
was reversed.
3.2. Lake Issyk Kul (Hot Lake)
Issyk Kul is a typical high-mountain lake of tectonic origin. Its water level is governed by
inflow from about 50 rivers and springs mainly of glacial origin. Our previous isotope studies
have shown that about 10-20% of total precipitation over the catchment is derived from local
lake vapour [3]. Water level of the lake is continuously changing. For instance, the lake level
dropped by 130 cm between 1965 and 1985, and since 1985 has been slowly rising. In order to
study palaeoclimatic effects in the basin, two sediment cores of roughly 4-m and 2-m in length
were extracted and analyzed from waters depths of 250 m and 650 m, respectively.
The results of isotope, chemical and textural analysis of sediments, including radiocarbon
dating of adult shells of the ostracode Candona sp. are presented for one core in Fig.3. Three
specific periods in sedimentation history are distinguished here. The deepest part of the core
from 4.3 m to 2.6 m is characterized by rather uniform textures and low values of δ18O, Sr/Ca,
total organic carbon, monohydrocalcite and slightly increasing content of CaCO3 and MgCO3
to the upper direction. Such parameters are indicative of steady state sedimentation process,
and minor water level fluctuations due to continuous overflow of excess water to the River
Chu. The sediment parameters of the second stage of lake evolution between 6 and 4.3 Ka (or
from 2.6 to 1.7 m) are consistent with decreasing lake levels, including increase of salinity and
decrease of sedimentation rate. Such conditions are further evidenced by an increase of δ18O,
Sr/Ca, CaCO3 values and decrease of MgCO3 content. The properties of the uppermost part of
the core show that changes in water level caused periodic overflow of the excess water to
River Chu. Overall, since about 2.9 Ka, water level of the lake has undergone a notable
decrease. The values of sedimentation rate, δ18O, Sr/Ca and variation of organic carbon
content in sediments further support that conclusion. The amplitude of water level rise is
limited by the occurrence of a 6-km wide and 12-m high sill (relative to present state) that
separates the River Chu from the lake on its western side. During humid episodes of climate,
or periods of active melting of the moutain glaciers, the lake capacity was shortly filled in up
to the sill level. After that, excess of water discharged to River Chu. The existence of 10-12 m
terraces situated around the lake also support this conclusion. Discharge of lake water over the
sill is thought to have occurred before ~6 and periodically after ~4.3 Ka BP. A cooling period
from 6 to 4.3 Ka is likewise accompained by reduced glaciar melting, decreased runoff, and a
reduction in lake sedimentation rates and and lake water levels.
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3.3. The Aral Sea
From evidence gathered during studies of coastal terraces and bottom sediments, four
transgressive and three regressive episodes are distinguished in the Holocene history of the
Aral Sea. The rise of the sea level during the transgressions was fixed at elevations of +57,
+54.5, +53.5 and +53 m a.s.l. The regression drops were observed at elevations of +44, +43
and +35 m a.s.l. This implies that at least once in the early Holocene the Aral Sea discharged
to the Caspian Sea, and twice or three times during this period it became nearly dried up.
Evidence of drying episodes include the occurrence of two layers of swamp plant peat and a
salt layer within bottom sediments collected in water depths of 20-25 m [3].
During a field expedition organized by Moscow State University in 1980, a 4 m-long core of
bottom sediments at 23 m depth in central part of the sea was taken. Lithological descriptions,
carbonate content determinations and 14C dating were also carried out. Radiocarbon age of
Cardium shells, swamp plant and dispersed organic carbon and bulk carbonates in 36 samples
of the core were accurately measured at the Water Problems Institute [4] in order to compare
radiocarbon ages obtained for different carbon compounds of the same sediments. Table II and
Fig.4 demonstrate comparative results of C-14 ages of bulk carbonates, Cardium shells and
organic carbon for the Aral core. The data show that Cardium shells and swamp plant peat
ages appears to be in harmony. However, dispersed organic matter deviates slightly from the
above values. Considerable dispersion is observed in bulk carbonate ages due to the presence
of dead terrigenous carbon.
TABLE II. Radiocarbon ages of bulk carbonates (CaCO3), carbonates of cardium shells
(CaCO3*), carbon of total dispersed organic matter (TOC) and carbon of swamp plant peat
(TOC*) in the Aral bottom sediments
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FIG. 4. Radiocarbon ages of bulk carbonates (1), carbon of dispersed organic matter (2) and shell
carbonates and carbon of swamp peat (3) in the Aral sediments.

FIG. 5. Lithology, bulk carbonate content and sedimentation rate of the Aral core taken at 23 m depth
in the central part of the sea.

Figure 5 demonstrates lithology, bulk carbonate content and sedimentation rate of the Aral
core. Three stages of sedimentation regime are divided within the core. The deepest part from
4 to 2.5 m was formed during the early Holocene under low sedimentation rates and
decreasing sea water levels. The swamp plant peat layer of 20 cm thickness at 2.3 m depth
indicates that the sea dried and broke up into a number of isolated lakes and swamps by about
4.5 Ka BP . The subsequent sea level rise and fall culminated in a second drying event at
about 2 Ka. This date was fixed by a series of thin layers of the swamp plant peat identified in
the sediment core. Sedimentation of the uppermost part of the core after ~1.3 Ka occurred
under a regime of variable runoff, a condition recorded in the alternation of silty clay and
sandy silt layers.
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A specific feature is noted in the relationship between sedimentation rate and sea water level.
The Aral Sea is a shallow reservoir. Its maximum depth in 1960 was 60 m. Until 1990 the sea
level droped by ~15 m during which time the water area decreased from 65 000 to 40 000 km2
and sea volume reduced from 1000 to 400 km3. Over that time salinity increased from 10 to
24‰. Increase of the sea level to its maximum value (+58 m a.s.l. or 65 m depth) extends the
water area 3- to 4-fold and increases the water volume by 2- to 3-fold. During these high level
stands, the source of sediment (Amu Darya, Syr Darya, other rivers and costal area) becomes
more distal. The observations in Fig.5 show a general increase in sedimentation rate from
bottom to top in the core which indicates that there has been a tendency towards sea level
decrease since about 7 Ka.
4. ARAL - CASPIAN EVENTS
A general picture of hydroclimatic change in the Aral-Caspian catchment during the Late
Pleistoncene-Early Holocene is presented in Fig. 6. Latitudinal shifts in climatic zones in the
region during this time have been discussed previously [1, 2]. The data presented here for
Kara Bogaz Gol, Issyk Kul and the Aral Sea bottom sediments appear to provide additional
support for interpretation of the paleoclimate and paleohydrology of the region, and support
and expand on the interpretations of our previous work.

FIG.6. Effect of latitudinal shift of the zone of humid climate in the Aral-Caspian basin: (a) drainage
basin change from the Volga-Ural to the Amu Darya-Syr Darya; (b) regression of the Caspian and
transgression of the Aral Sea during the transition time.
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5. CONCLUSION
The results presented herein demonstrate that climate change in the Aral-Caspian catchment
was the main factor governing variations in the hydrological cycle over the region. More
detailed studies over longer time-intervals using sedimentary archives from lakes and seas
appears to be a promising direction for future water resources research in this and other arid
zone basins.
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CO2 MEASUREMENTS IN MARITIME AIR
OVER THE NORTHERN INDIAN OCEAN
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Abstract.14C in the carbon dioxide of air overlying the Northern Indian Ocean was measured during
the spring of 1993 to 1995 and 1997 to 1999. Considerable variations of 14C over this region have been
observed during this period, which reflect both regional and interannual variations. The interannual
variations of 14C of the tropospheric CO2 over this region is found to correlate with the El
Niño/Southern Oscillation (ENSO) events, with positive excursions of 14C before the onset of warm
phase of ENSO.

1. INTRODUCTION
The tropospheric 14C/12C level almost doubled during early 1960s from its natural values, due
to injection of 14C from large-scale testing of thermonuclear bombs. These tests were
performed mainly in the northern hemisphere. The tropospheric ∆14C attained a peak value of
900 to 1000‰ in the northern hemisphere between 1963 and 1964 [1, 2] and 640‰ in the
southern hemisphere during 1965 [3, 4]. After the global moratorium of atmospheric nuclear
testing following the Test Ban Treaty of 1963, the tropospheric 14C is decreasing mainly
through air-sea exchange of CO2, transfer to the biosphere and dilution with 14C free fossil
fuel CO2, with an approximate exponential trend. The bomb 14C pulse in the atmosphere has
been successfully used as a transient tracer for studying the global carbon cycle dynamics, e.g.
for studying air-sea gas exchange, tracing transfer of CO2 from surface to deep layers in
oceans, and for monitoring fossil fuel emission [5]. Tropospheric ∆14C measurements in the
maritime air over the Arabian Sea and the Bay of Bengal have been made during early to late
springs of 1993 to 1999 (Fig.1), as part of our ongoing studies on air-sea CO2 exchange over
the Northern Indian Ocean using radiocarbon [6, 7, 8, 9]. From our measurements over the
Arabian Sea and the Bay of Bengal done during the 1990’s it is demonstrated here that the
interannual variations of 14C in the troposphere are also possibly controlled by the complex
coupled ocean atmosphere interactions, during strong El Niño/Southern Oscillation events.

FIG. 1. Cruise tracks for maritime CO2 sampling over the Arabian Sea and the Bay of Bengal,
between 1997 and 1999. Area sampled between 1993 and 1995 over the Arabian Sea is shaded.
* Email: koushik@prl.ernet.in.
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2. EXPERIMENTAL
Tropospheric CO2 was sampled for 14C measurements onboard research vessels ORV Sagar
Kanya during 1993 and FORV Sagar Sampada during 1994 to 1999 (except 1996). The
apparatus used for the sampling is shown in Fig.2. Two of these systems were installed on the
front deck of the research vessels and operated simultaneously. Air was sucked in through a
greaseless compressor, and allowed to bubble through two plastic bottles kept in series, each
containing 250ml of 2N NaOH solution, free from inorganic CO2. A third bottle containing
250ml of distilled water was fitted at the end, to trap any escaping NaOH aerosols. Air was
allowed to bubble through the NaOH solution at 5 lit.min-1, for about 2 to 3 days to collect
enough CO2 (around 5lit), required to prepare adequate amount of benzene for 14C analysis.
Sampling was done only while cruising between stations and when the ship was about 200 km
away from the coast. This is to avoid contamination from the ship’s emissions and proximity
to coastal CO2 emissions. For a given year, we collected about 3 to 4 samples during 1993 to
1995 and between 8 to 10 samples (which include some duplicates) during 1997 to 1999.

FIG.2. Sampling of tropospheric CO2 for
through NaOH solution.

14

C analysis, by dynamic pumping of atmospheric air

In the laboratory the resultant Na2CO3 solution was acidified with dilute H3PO4 (30% v/v) in a
vacuum system. The liberated CO2 was purified and converted to benzene for 14C analysis,
through the formation of Li2C2 and acetylene, using TASK benzene synthesizer [10].
Considerable isotopic fractionation of carbon in CO2 is observed during absorption of CO2 in
NaOH solution [11]. However, dynamic pumping of atmospheric air in NaOH solution can
minimize this fractionation effect. The extent of this fractionation depends on the sampling
rate of CO2. 13C/12C ratios were measured in an aliquot of CO2 used for benzene synthesis,
using a PDZ Europa Geo 20-20 stable isotope mass spectrometer. The13C/12C ratios are
expressed as permil deviation (δ13C ‰) from the V-PDB standard. Typical 1σ precision on
δ13C is ±0.05‰. The δ13C values of CO2 used for benzene synthesis range from –8 to –20‰
(Table I) generally depleted than the normal atmospheric values (–7.7 to –8.0‰) measured
over Seychelles (4°40′S, 55°10′E) between 1991 and 1997 [12]. The δ13C values have been
used only for fractionation correction of 14C activities. The benzene samples were assayed for
14
C using a Packard 2250CA Liquid Scintillation Counter in low-level count mode. NBS
Oxalic Acid-II (SRM 4990C) has been used as standard. The 14C activities are reported as
permil notation (∆14C‰) following standard conventions [13], after normalizing to isotopic
fractionation of δ13C = –25‰ and correcting for decay. Typical 1σ precision on ∆14C for a
single sample is ±5 to 8‰. The results of isotopic measurements and error-weighted means
for each year are given in Table 1. Out of 12 duplicate analyses, 9 samples fall within the
errors of measurement. Five anomalous ∆14C values are rejected.
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TABLE I
Lab code
(PRLCH)
194
196
201
204
240
315
316
326
327
328
329
351
398
392
399
393
400
394
395
396
397
424
425
426
427
428
429
430
431
432
433
434
435
437
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Sampling track
∆14C±1σ
σ
δ13CPDB
Begin
End
(‰)
(‰)
(Lat°N,Long°E) (Lat°N,Long°E)
ORV Sagar Kanya cruise SK–83 (Apr – May, 1993) Arabian Sea
SK–83-A1
15.0, 73.0
12.5, 67.0
–15†
124.0 ± 6.0
SK–83-A2
12.5, 67.0
13.0, 68.0
–15.1
119.1 ± 5.2
SK–83-A3
–15.3
118.8 ± 4.7
13.0, 68.0
12.5, 69.5
†
121.0 ± 8.0
SK–83-A4
–15
Mean = –15.2
120.3 ± 2.8
FORV Sagar Sampada cruise SS–117 (Jan – Feb, 1994) Arabian Sea
SS–117-A1
6.0, 74.0
8.0, 73.0
–15†
104.0 ± 5.0
SS–117-A2
8.0, 73.0
13.0, 64.8
–16.4
135.2 ± 5.0
SS–117-A3
13.0, 64.8
12.8, 71.6
–14.6
109.5 ± 5.5
Mean = –15.5
116.6 ± 3.0
FORV Sagar Sampada cruise SS–132 (Apr – May, 1995) Arabian Sea
SS–132-A1
11.0, 75.0
13.0, 64.5
–11.5
101.3 ± 4.7
SS–132-A2
13.0, 64.5
5.7, 56.2
–18.0
121.6 ± 5.7
SS–132-A3
5.7, 56.2
6.2, 64.4
–8.0
104.2 ± 5.0
SS–132-A4
6.2, 64.4
8.0, 75.0
–8.2
91.6 ± 6.7
Mean = –11.4
105.1 ± 2.7
FORV Sagar Sampada cruise SS–152 (Feb – Mar, 1997) Bay of Bengal
SS–152-1A
–7.7
*75.7 ± 7.0
7.2, 76.0
3.9, 78.1
SS–152-1B
–9.3
105.8 ± 7.7
SS–152-2A
–9.0
119.9 ± 8.6
3.9, 78.1
8.5, 86.0
SS–152-2B
–8.8
120.1 ± 6.5
SS–152-3A
–13.6
111.5 ± 7.4
8.5, 86.0
16.3, 82.3
SS–152-3B
–15.0
99.8 ± 7.6
SS–152-4AB
16.3, 82.3
7.4, 83.8
–13.6
99.8 ± 6.7
SS–152-5AB
7.4, 83.8
0.0, 80.0
–7.1
*82.1 ± 6.4
SS–152-6AB
0.0, 80.0
0.0, 80.0
–13.8
112.3 ± 8.5
SS–152-7AB
2.2, 79.0
–10.8
106.5 ± 7.7
Mean = –10.9
109.3 ± 2.6
FORV Sagar Sampada cruise SS–164 (Mar – Apr, 1998) Arabian Sea
SS–164-1A
–14.1
95.7 ± 7.7
12.0, 74.2
16.5, 69.0
SS–164-1B
–17.1
100.3 ± 6.4
SS–164-2A
–13.9
83.4 ± 7.5
16.5, 69.0
19.8, 64.6
SS–164-2B
–14.9
*56.3 ± 6.7
SS–164-3AB1
–17.0
*119.8 ± 6.8
19.8, 64.6
17.2, 60.7
SS–164-3AB2
–17.0
106.5 ± 6.7
SS–164-4A
–16.1
104.5 ± 6.3
17.2, 60.7
14.3, 54.9
SS–164-4B
–19.6
105.1 ± 6.2
SS–164-5AB
13.3, 53.2
3.9, 56.8
–10.7
93.0 ± 6.9
SS–164-6A
–16.5
99.0 ± 7.1
3.9, 56.8
6.2, 64.3
SS–164-6B
–17.3
93.4 ± 6.0
SS–164-7A
–10.2
95.7 ± 6.2
6.2, 64.3
12.9, 64.5
SS–164-7B
–17.9
89.1 ± 6.6
Mean = –15.6
97.3 ± 2.0
Sample
code

TABLE I (cont.
Lab code
(PRLCH)
466
467
468
469
470
471
472
473
474

Sampling track
δ13CPDB
Sample code
Begin
End
(‰)
(Lat°N,Long°E) (Lat°N,Long°E)
FORV Sagar Sampada cruise SS–172 (Feb, 1999) Bay of Bengal
SS–172-1A
–12.6
17.5, 85.9
17.0, 91.1
SS–172-1B
–10.6
SS–172-2A
–13.1
16.9, 91.1
13.4, 88.9
SS–172-2B
–8.2
SS–172-3AB
13.4, 88.9
13.0, 93.0
–14.0
SS–172-4AB1
–13.2
10.8, 93.2
6.5, 91.7
SS–172-4AB2
–13.2
SS–172-5AB
6.5, 91.7
5.0, 86.0
–15.1
SS–172-6AB
5.0, 86.0
8.0, 76.0
–9.3
Mean = –12.1

∆14C±1σ
σ
(‰)
89.3 ± 7.3
94.5 ± 8.3
84.2 ± 5.4
85.2 ± 5.9
95.1 ± 5.1
91.7 ± 5.0
88.7 ± 5.4
80.5 ± 4.8
*67.5 ± 4.7
88.1 ± 2.0

*Rejected for mean calculation, due to possible fractionation or contamination.
† δ13C not measured, mean value of –15‰ have been used for ∆14C calculation.
Data for 1993–1995 are from [9]. A and B are duplicate samples for the same cruise track. AB
denotes duplicate samples combined due to insufficient CO2 trapping. SK and SS represent Sagar
Kanya and Sagar Sampada respectively.

3. TRENDS OF 14CO2 OVER THE NORTHERN INDIAN OCEAN
The ∆14C values given in Table 1 are the mean obtained along a cruise track. The mean value
for a given year represents the springtime ∆14C, averaged over a wide area of the ocean basin.
Amplitudes of seasonal 14C oscillation in tropical maritime atmosphere are <5‰ [14].
Therefore, springtime ∆14C values are expected to be close to the annual mean within the
limits of uncertainty.

FIG. 3. Tropospheric ∆14C measured from the Northern and the Southern Hemisphere sites (dots) [1].
Inset, is the plot of average tropospheric ∆14C measured over the Arabian Sea (filled circles) and the
Bay of Bengal (open circles).
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The ∆14C values of tropospheric CO2 over the Northern Indian Ocean show deviations from
the normal exponential decreasing trend. This reflects either regional difference of 14CO2 over
this region or interannual tropospheric 14CO2 variations resulting from anomalous oceanatmosphere CO2 exchange or terrestrial flux of CO2. ∆14C measured in 1997 over the Bay of
Bengal is equal to or higher than that over the Arabian Sea in 1995. Rate of ∆14C decrease
over the Arabian Sea was slower between 1995 and 1998, than that between 1993 and 1995.
To resolve the interannual 14C variations over the Northern Indian Ocean, we have compared
the time scale of atmospheric 14C decrease and its relative deviation from a smooth trend,
determined for each year as described below.
The exponential decreasing trend of the tropospheric 14CO2 at any given location can be
characterized by its decay (or e-folding) time constant τ. The average e-folding time is about
16 years in the northern hemisphere [15] and about 17 years in the southern hemisphere [3].
The e-folding times were calculated for different years by choosing 1980 as the base year
from the relation,
∆14Ct = ∆14C1980e–∆t/ τ
where ∆14Ct is the measured value in a given year (t) and ∆t is time since 1980. Here ∆14C1980
is taken as 265‰, from the tropical maritime tropospheric 14C measurements at Izaña, Canary
Islands, Spain (28°N, 16°W, 2376m asl) [1]. This value agrees well with ∆14C value of
260±5‰ for 1980, measured in dendro-dated tree rings of teak grown at Thane (19°14′N,
73°24′E) near the Arabian Sea coast [16]. The e-folding times over the Northern Indian Ocean
range from 16.0 to 18.8 (±0.5) years (Table 2), with a mean of 17.0±0.2 years. This compares
well with the e-folding time of 16.6 years reported earlier for this region [9], obtained relative
to the base year 1970 with ∆14C1970 = 550‰ and applying Suess effect correction of –
0.68‰.yr-1. To resolve the interannual variations, the 14C data have been detrended by
removing an exponentially decaying trend. The residual of ∆14C obtained after detrending is
given by,
∆14Cresidual = ∆14Ct – ∆14C1980e–∆t /17.0
The residual ∆14C values (with 1σ errors) are summarized in Table 2. Apparently, the ∆14C
values of the Arabian Sea are less than over the Bay of Bengal. A part of this regional
variation can be explained from the contrasting upwelling characteristics of the Arabian Sea
and the Bay of Bengal. Arabian Sea being a perennial source of CO2 from upwelling of CO2
rich deep water [17], the regional atmospheric ∆14C will be lower due to evasion of 14Cdepleted CO2. The Bay of Bengal being a sink of atmospheric CO2 [18], such regional
depletion of tropospheric 14C will be lower. Regional upwelling induced 14C depletion was
documented from tree ring ∆14C measurements from northwestern Thailand [4] and from
coastal South Africa [19].
TABLE II

1993 / Arabian Sea

∆14Ct
(‰)
120.3 ± 2.8

τ
(year)
16.2 ± 0.5

∆14Cresidual
(‰)
–4.5 ± 3.0

1994 / Arabian Sea

116.6 ± 3.0

16.6 ± 0.5

–2.7 ± 3.0

1995 / Arabian Sea

105.1 ± 2.7

16.0 ± 0.5

–5.9 ± 3.0

1997 / Bay of Bengal
1998 / Arabian Sea
1999 / Bay of Bengal

109.3 ± 2.6
97.3 ± 2.0
88.1 ± 2.0

18.8 ± 0.5
17.7 ± 0.4
16.9 ± 0.4

9.4 ± 3.0
3.7 ± 2.0
–0.7 ± 2.0

Year (t) / Region
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However, considering the close proximity of the Arabian Sea and the Bay of Bengal, rapid
zonal mixing is expected to quickly smooth out any such variation. More data are needed to
verify the presence of any zonal gradient of tropospheric ∆14C across these two basins. This
regional depletion can be confirmed by simultaneous ∆14C measurements over the two basins.
The ∆14Cresidual for the Arabian Sea during 1998 is nearly 10‰ higher than that during 1995,
similar to the ∆14Cresidual difference for the Bay of Bengal between 1997 and 1999. The
anomalous high values of residual ∆14C during 1997 and 1998 coincide with the very strong
El Niño/Southern Oscillation (ENSO) event of 1997-‘98. The ENSO events are characterized
by anomalously warm sea surface temperature in the equatorial Pacific. These events cause
significant perturbation in the global carbon cycle, through changes in the ocean-atmosphere
CO2 exchange and terrestrial CO2 fluxes [20, 21]. A reduction in the depth of the thermocline
in the equatorial Pacific which causes significant reduction in the upwelling of CO2 rich deep
waters during the El Niño events, reducing the sea-air efflux of CO2 to 30–80% of a normal
year [22], resulting in negative CO2 anomaly in the atmosphere. Reduction in rainfall over
tropical rainforests result in increase of net respiration of the terrestrial biosphere, enhancing
the biospheric CO2 flux [23], which offsets the ocean induced negative CO2 anomaly. For the
last three decades, such arid conditions would favor release of CO2 from oxidation of 14C rich
fast cycling soil organic matter [24]. The El Niño events are accompanied by anomalous
atmospheric circulation patterns, with higher tropopause height and higher stratospheretroposphere exchange [25], which can favor enhanced transport of stratospheric air with
higher ∆14C [26] to the troposphere. All these phenomena, e.g. reduction of 14C depleted CO2
from oceans, biospheric release of 14C enriched CO2, and enhanced mixing with stratospheric
air, are conducive to an enhanced level of 14CO2 in the troposphere during the El Niño events.
In Fig. 4, the 14C anomalies over the Northern Indian Ocean are compared with the Tahiti–
Darwin Southern Oscillation Index (SOI) [27] and the Multi-variate ENSO index (MEI) [28].

FIG. 4. Anomalies of 14C over the Arabian Sea (hatched bars) and the Bay of Bengal (open bars). The
gray bars are SOI averaged over 5 months and the solid curved line is the bimonthly multi-variate
ENSO index (MEI). Negative SOI or positive MEI values represent the El Niño condition.
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It is important to note in Fig.4 that the highest positive ∆14C anomaly of 1997 was observed
about 8 months prior to the development of peak El Niño condition during November 1997.
From the inversion of atmospheric concentration and stable isotopic composition, it has been
shown that interannual variability of the tropical CO2 fluxes are significantly correlated with
southern oscillation index, with flux anomalies leading the SOI anomaly by 4 to 9 months
[29]. The negative CO2 flux anomalies from oceans are synchronous or lead early months of
the El Niño events by few months and positive anomalies from lands occur toward the end of
these events. Thus it is possible to explain the early occurrence of the positive ∆14C anomaly
by the onset of the reduction of 14C-depleted oceanic CO2 fluxes. If the El Niño induced
atmospheric 14C excursion is confirmed from other tropical sites, it will be of considerable
interest to compare these 14C anomalies with the tropical CO2 flux anomalies.
4. EVIDENCES OF POSSIBLE MODULATION OF TROPOSPHERIC 14CO2 BY ENSO
There are some reports on possible ENSO modulation of tropospheric 14CO2 both during the
pre-nuclear and the post-nuclear era. It has been demonstrated that ENSO influences regional
differences in tree ring 14C from Washington State and Arizona, USA, during 1930 to 1955
[30]. Periodicities in the 2–6.4 year range observed in the spectrum of annual high precision
tree ring 14C data (1511 to 1954 AD) from Pacific northwest, Washington, USA have been
associated with ENSO related thermohaline circulation change [31]. In the post nuclear
period, modulation of 14CO2 on regional scale by ENSO events was observed in atmospheric
CO2 samples collected in the equatorial Pacific region between 1991 and 1993 [32]. A very
regular quasi-biannual variation has been observed in the recent data of 14CO2 from the
southern hemisphere, which has a possible association with the El Niño phenomenon [33]. At
the high latitudes of the northern hemisphere, slower decrease of tropospheric 14CO2 was
observed over Abisko, Sweden (68°20.5′N) and Svalbard, Spitsbergen (78°04′N) during the
ENSO years between 1982 and 1987 [34].
5. CONCLUSIONS
The spatial and temporal variations of tropospheric ∆14C values observed over the Northern
Indian Ocean between 1993 and 1999 show:
(a) During the 1990’s ∆14C has been decreasing at the rate of 5‰.yr-1 on an average. The
decrease corresponds to average e-folding time of about 17 years for the removal of
tropospheric 14C over this region, assuming ∆14C1980 to be 265‰.
(b) The rate of this decrease is not uniform. The observed ∆14C over this region was about
7‰ higher than the expected trend, during the very strong El Niño event of 1997–’98.
(c) ∆14C in air overlying the Arabian Sea appears to be lower than that over the Bay of
Bengal (by about 5‰, comparing the ∆14C values of non-ENSO years 1995 and 1999).
This is due to the fact that the Arabian Sea is a perennial source of CO2, from the
upwelling of 14C-depleted CO2 rich water. More measurements are needed to confirm this
regional depletion of 14C in the air overlying the Arabian Sea.
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Abstract. Information on seagrass paleo-ecology is very scarce because detailed seagrass paleorecords are virtually lacking. The endemic Mediterranean seagrass Posidonia oceanica conjugates two
unusual features that allow the reconstruction of the past history of the plant at two different time
scales. On the one hand, the study of the leaf sheaths that remain attached to the rhizomes after leaf
abcision (lepidochronology), allows to differentiate up to 30 yearly cycles. On the other hand, radiocarbon dating of peat-like deposits derived from Posidonia oceanica rhizomes and roots (‘mattes’),
reveals a chronological organic record of the plant spanning several thousands of years. Changes in the
isotopic signature (G13C) of the sheaths along Posidonia rhizomes from a meadow off Medes Islands
(NW Mediterranean, Spain), were highly correlated with changes in annual leave production and with
water transparency. These relationships and the isotopic analysis of sheath debris from several
Posidonia peats along the Spanish Mediterranean coast are used to make some preliminary inferences
about long-term meadow history. Several phenomena potentially difficulting the interpretation of the
information contained in Posidonia peats are critically discussed. It is concluded that a detailed study
of P. oceanica peats will open new vistas in Mediterranean paleo-ecological and paleo-environmental
research.

1. INTRODUCTION
Our knowledge of terrestrial and aquatic freshwater angiosperm plant communities of the latePleistocene and the Holocene ages is considerable due to the wealth of fossil remains preserved
in sedimentary deposits [1]. Paleorecords of the only angiosperms that have invaded the
submarine realm, seagrasses, are virtually lacking because the appropriate preservation
conditions apparently have been very rarely met and because, with a few exceptions, seagrass
pollen lacks exine, the outermost coat of the pollen grain. The endemic Mediterranean seagrass
Posidonia oceanica (L.) Delile, however, conjugates two unusual features that allow
investigation of the past history of the plant at different time scales. In many seagrasses it is
possible to distinguish yearly cycles through the observation of various characteristics of the
sheaths (lepidochronology; [2]) and sheath scars along the rhizome [3]. Several features of the
biology of Posidonia such as number of leaves, leaf production, plastochron, seasonality,
vertical growth, or rhizome production, can be reconstructed for periods spanning up to 3
decades with a seasonal resolution. Moreover and, exceptionally, Posidonia oceanica
belowground organs accumulate in the sediment forming organic peat-like deposits, so-called

163

‘mattes’, several meters in thickness. Previous studies using radio-carbon techniques have
revealed that these peats, largely sheath- but also root- derived recalcitrant organic matter,
constitute an unique organic record spanning several thousands of years, which stratigraphy
accurately reflects its chronology of formation [4,5,6]. The Posidonia peats thus offer
unprecedented possibilities to perform detailed studies of seagrass-dominated paleoenvironments.
In this study such possibilities are explored combining lepidochronology and radio-carbon
dating with the analysis of stable carbon isotopes in order to obtain clues about the physical
surroundings and the growth history of Posidonia oceanica meadows along the spanish coast.
To this end, the relationships between the number of leaves produced per year, water
transparency, and the stable carbon isotope composition of P. oceanica have been studied at a
decadal scale in recent sheath material using lepidochronology. With this information, a few
preliminar inferences about changes in Posidonia oceanica biological and environmental
features over a time-scale of thousands of years are made using radio-carbon dating and
carbon isotopic analysis in Posidonia peats.
2. MATERIALS AND METHODS
For the short-term (decadal) approach, 12 vertically growing rhizomes of P. oceanica were
collected in the Natural Reserve of the Medes Islands, NW-Mediterranean, Spain, over an
area of ca. 250 m2. Sheaths were counted and grouped by years using lepidochronology [2].
The rhizomes were divided in separate segments, each bearing the sheaths formed over oneyear periods. In this study we have assumed that the number of sheaths produced per year
(which equals the number of leaves produced) is positively related with plant aboveground
annual production. The possible use of sheath biomass as a proxy for production was
discarded because sheath biomass can be affected by erosion and decay processes.

FIG. 1. Geographical location of the sampling sites. Posidonia oceanica peats were sampled at 4
locations: Port lligat (PLL), Medes Islands (MD), El Campello (CP), and Tabarca Island (TB).
Additionally, Posidonia rhizomes were collected in Medes Islands.
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Table I. Main features of the various P. oceanica peats studied
Age range
Site

(years B.P.)

Thickness
sampled
(cm)

G 13C
o
( /oo)

SEM

N

Max.
o
( /oo)

Min.
o
( /oo)

Range
o
( /oo)

PLL
MD

710
1310

-

1600
3330

123
200

-12.7
-13.7

0.41
0.69

5
10

-11.3
-13.2

-13.8
-14.2

2.5
1.0

CP-A
CP-B
CP-C
TB-A
TB-B
TB-C

670
540
530
210
210
310

-

1490
1340
1240
1330
1020
1060

200
200
200
170
140
140

-15.5
-14.7
-14.6
-13.8
-16.1
-16.3

0.77
0.45
0.39
1.22
0.28
0.20

5
5
5
5
4
4

-14.1
-13.0
-13.6
-12.4
-15.3
-15.7

-17.4
-15.5
-15.8
-15.1
-16.6
-16.6

3.3
2.5
2.2
2.7
1.3
0.9

SEM: Standard error of the mean
Adapted from [6]

Table II. Average accretion rates and G13C values for the various
P. oceanica peats studied

Site

Accretion
rates
(cm year-1)

G13C
(o/oo)

SEM

N

PLL
MD

0.088
0.079

-12.7
-13.7

0.41
0.69

5
10

CP
TB

0.203
0.114

-14.8
-15.4

0.31
0.34

15
13

SEM: Standard error of the mean
Adapted from [6]

For the pluri-millenarian approach, Posidonia oceanica peats were sampled in 4 locations
along the Spanish Mediterranean coast (Figure 1; Tables I and II). In Port Lligat, a peat core
was obtained by means of a floating drilling platform that combined pneumatic percussion
and rotation. A jagged drilling head was specially dessigned to adequately penetrate into the
fibery peat minimizing material compaction. Only the first section (123 cm length) of the ca.
5 m core obtained, was sectioned into 1 cm slices. Five of these slices were selected for radiocarbon dating and isotopic analysis (see further). Data from the rest of the core will not be
reported in this work. From each of the selected 1 cm slices, the organic fraction retained by a
>1mm mesh sieve (that consisted in 100% P. oceanica detritus) was separated and
fractionated again into sheath-, root-, and rhizome-derived material. The rest of the peats were
sampled by horizontally coring naturally-cut faces of P. oceanica peat using a corer operated
by SCUBA divers. Details on the sampling sites and sampling procedures are described
elsewhere [6]. Only sheath material was selected off the samples for analytical procedures.
Root-derived organic material was discarded because downwards growth of the roots may
lead to incoherences between radio-carbon age and stratigraphic position in the peat. All
P. oceanica samples (recent and old material) were oven-dried at 70 oC until constant weight
and ground to a fine powder in a glass morter prior to elemental and isotopic analysis.
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2.1. Isotopic analysis
The carbon stable isotope ratios were determined by mass spectrometry (Finnigan Delta S
Isotope RMS – Conflo II interface; total analytical error was 0.13 ‰). Isotopic ratios are
expressed in the common notation:
R − Rstd
δ 13C o / oo = sa
⋅ 1000
Rstd
where R is the isotopic ratio 13C/12C of the sample (sa) or of the standard (std) VPDB.

( )

2.2. Age determination

The age of the millenary samples was established by determining the 14C content of the
samples using high-precision accelerator mass spectrometry (National Ocean Sciences AMS
Facility, Woods Hole Oceanographic Institution). For each of the 5 samples dated, the carbon
dioxide from the combustion of ca. 1 mg of powdered P. oceanica sheath material was
reacted to graphite using a Fe/H2 catalytic-reduction. Graphite was analyzed on the
accelerator along with the NBS Oxalic Acid I (NIST-SRM-4990) standard and with a process
blank sample (graphite powder, Johnson-Mathey 99.9999%). Ages are calculated using the
internationally accepted modern value of 1.176 ± 0.010 x 10-12 [7] and a final 13C-correction
was made to normalize to a δ13CVPDB value of -25 ‰. Ages are reported as radio-carbon ages
(years before present; 1950) following the convention outlined in [8, 9].
2.3. Water transparency data series

Annual mean water transparency (Secchi depth) was calculated by averaging daily
measurements available for the same period in the proximity of Medes Islands (J. Pascual,
unpublished data).
2.4. Numerical procedures

Relationships between the studies variables were explored using simple regression procedures
[10] and time series analysis (STATISTICA Kernel release 5.5, '99 Edition, STATSOFT, Inc,
OK, USA).
3. RESULTS AND DISCUSSION
3.1. Recent archives

Lepidochronological dating of the Posidonia oceanica vertical rhizomes allowed the
identification of 14 complete years (from 1979 to 1992). The effect of light intensity on the
stable carbon isotope composition of seagrasses has been repeatedly demonstrated either by
field sampling along a bathymetrical gradient [11], in situ shading experiments [12], or
mesocosms experiments [13, 14]. The pattern found in the mentioned experiments (i.e. lower
δ13C values at lower irradiances) is corroborated in the present study by the good correlation
between the annual average carbon isotopic composition of the sheaths and the corresponding
average Secchi depths (δ13C = -17.40 + 0.24 x Secchi; , R = 0.78, P = 0.003, N = 14; Fig. 2).
This pattern is a consequence of a differential enzymatic discrimination against 13C during
photosynthesis of the individuals growing at different light intensities (lower discrimination at
higher irradiances; see review by [15]. Coherently, a good correlation between δ13C values
and the annual leaf production of the plant was found (number of leaves = -16.44 + 0.40 x
δ13C, R = 0.75, P = 0.002, N = 14; Fig. 3).
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FIG. 2. Relationship between annual average water transparency (Secchi depth) and the carbon
stable isotope composition of Posidonia oceanica sheaths. Sheat age was determined using
lepidochronology.
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FIG. 3. Relationship between annual average leaf production (number of sheaths) and the carbon
stable isotope composition of Posidonia oceanica sheaths. Sheat age was determined using
lepidochronology.

3.2. Millenary archives
A departure point for determining the potential of P. oceanica for paleo-reconstruction
purposes, is the assessment of the maximum period of time that can be expected to be spanned
by continuous Posidonia peats. In this study the oldest sample was that in the base of a 2 mthick peat wall in Medes Islands, revealing a ca. 3400 yr BP organic record (Table I).
That peat wall in Medes Islands continued 2 more meters downwards, potentially duplicating
the actual age observed. Direct observations reported in early works on Posidonia meadows
describe natural cut faces of Posidonia peats as thick as 6 m, probably continuing deeper
down the sediment [16]. Assuming a constant accretion rate of the organic material, a 6 mthick peat could be as old as 10 000 years. Accretion rates, however, have been found to be
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highly variable within the same peat wall (A, B, C, replicates where separated only 50 cm
from each other) or between peat walls of different sampling sites ([6] and present work,
Table II, Fig. 4). It has been suggested that the most ancient Posidonia continuous peats
cannot be older than ca. 11 000 yr BP [17]. In that time, the last glacio-eustatic regression of
the Mediterranean Sea took place, hypothetically enabling the present Posidonia oceanica
meadows to initiate the last colonization and, therefore, the buildup of the peats.
The isotopic composition in the different peats studied showed a considerable geographical
variability, the average value being -14.2 ‰ and the range 6.1 ‰, (Tab. I). Significant
differences between the sites located around the parallel 42.5ºN (PLL and MD) and those
around the parallel 38.5ºN (CP and TB) were found (-13.2 ‰ and -15.1 ‰, respectively;
P<0.01). A significant latitudinal gradient has been observed in the isotopic composition of
seagrasses [15]. However, the pattern observed here, i.e. higher isotopic discrimination in the
sothernmost sites, is in contradiction with that latitudinal gradient and with most of studies
relating latitude, irradiance, and δ13C ([15] and references therein). Local variability is likely
to account for this contradiction. This hypothesis is supported by the lack of correlation found
accross the studied sites for peat accretion rate, suggesting that within certain geographical
limits, the effects of local factors on seagrass biology can override those of environmental
changes at a larger geographical scale [6].
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FIG. 4. Radiocarbon-age distribution along the various Posidonia oceanica peats studied. A, B, and C
are replicates separated ca. 50 cm from each other. Present time is referred to 1950.
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One typically local factor that is critical for seagrass growth is water transparency [18].
Taking into account the relationship found between Posidonia sheaths δ13C and Secchi depths
(Fig. 2), the present carbon isotopic compositons of the studied peats suggest that water
transparency has been, in the average, higher in the northern areas than in the southern areas
of the Spanish Mediterranean coast (3 or more meters clearer). Posidonia oceanica reacts to
decreasing water transparency (and/or to incresing sedimentation) by increasing the vertical
elongation rates of its rhizomes [18, 19, 20].
This results in potentially higher peat accretion rates. This fact can be one of the reasons
explaining the higher peat accretion rates observed in the peats from the south (CP, TB)
respect to those in the peats from the north (PLL, MD). Also, as derived from the positive
relationship between sheaths carbon isotopic composition and annual leaf production, it can
be hypothesized that such an effort in increasing the vertical elongation of the rhizomes, may
lead to a reduction in the investment in total leaf productivity as reported elsewhere.
The robustness of the inferences made in paleo-reconstruction studies using P. oceanica
peats, can be compromised by various phenomena. Below, we critically consider the several
phenomena potentially hindering a correct interpretation of the δ13C profiles along the peat
wall.
3.2.1. Changes in the carbon isotope signature of the carbon source
Seagrass meadows grow in shallow coastal areas. The input of terrestrially-derived debris into
the meadows can be highly variable depending on the local meteorological and hydrological
characteristics (e.g. precipitation and sea current pattern). The CO2 released during the
decomposition of terrestrial organic matter is relatively depleted in 13C respect to the marine
autochthonous CO2. This is due to a higher discrimination against 13C during photosynthesis
of most terrestrial (C3) vegetation. It follows that terrestrial organic inputs may lead to
changes in the isotopic signature of the carbon source for seagrass photosynthesis. This may
be regarded as an advantage when the aim pursued is the reconstruction of the periodicity in
terrestrial runoff. To discriminate between changes in this isotopic ‘background level’ and the
changes accounted for by plant physiological processes, the isotopic signature of the
dissolved inorganic carbon (DIC), needs to be known. This can be done with the aid of the
carbonate parts of e.g. calcareous benthic algae, foraminifera, sponges, bryozoans, bivalves or
gastropodes associated with seagrass meadows. Although isotopic disequilibrium exists
during carbonate precipitation from the surrounding DIC, δ13C values of organogenic
carbonates serve to extract accurate information on DIC-δ13C values at the time deposition
took place [21].
3.2.2. Erosion and redeposition
Alterations of the accretion or depositional chronology of Posidonia oceanica peats by
erosion and redeposition of peat layers or by changes in the sedimentary regime of the area,
may result in abrupt or incoherent changes in sample ages and isotopic values, hampering
reconstruction tasks.
3.2.3. Diagenetic effects
To which extent the carbon isotopic signature of P. oceanica tissues remains constant long
after plant death, is another major question to be addressed. Diagenetic processes possibily
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may produce changes in detrital 13C/12C ratios. During the early stages of the decomposition
process, the relative proportion of the various carbon compounds of the plant debris changes
due to differences in decomposition susceptibility. In spartina alterniflora a slight δ13C
decrease in bulk plant material has been observed as a consequence of the preferential loss of
isotopically heavier polysaccharides remaining the relatively 13C-depleted lignin-derived
carbon [22, 23]. In the case of decomposing seagrass detritus, however, no significant changes
were observed [24]. Studies on long-term diagenetic effects conclude that in typical marine
sediments, a diagenetic 13C-depletion in organic matter up to 2.8 ‰ may take place [25, 26].
Other workers, however, consider that diagenesis effect on δ13C values of organic matter
below the bioturbation zone may be negligible [27, 28]. In general, none of the works cited
above have observed any systematic difference between the isotopic composition of the
sedimentary organic matter and its natural precursor (phytoplankton). Moreover, a diagenetic
effect would be expected to result in an gradual change of the isotopic signature, and, so far,
this has not been observed neither in those works or in the present one. A possible solution to
overcome potential problems derived from diagenetic effects, could be the use of seagrassspecific recalcitrant compounds for isotopic analyses (e.g. seagrass sheaths lignin; [29, 30]).
This will minimize early diagenetic effects and avoid ‘isotopic noise’ from non-seagrass
material (e.g. micro-decomposers associated with seagrass detritus).
3.2.4. Paleo-meadow depth
The depth limit for seagrass distribution strongly depends on the light arriving to the canopy.
Posidonia oceanica meadows extend from nearly the water surface to depths of 35-40 meters,
where the photosynthetic compensation point is attained. As discussed before, the most
obvious cause of changes in light availability (at least in the Medes Islands) is the change in
the turbidity of the water surrounding the meadow. Such changes would result in cyclic or
random changes in plant productivity.
Changes in paleo-meadow relative depth due to eustatic sea level changes, however, would
lead to recognizable trends in light availability, as a consequence of changes in the length of
the water column acting on light extinction. Several phenomena may account for long-term
changes in meadow depth, mainly: (1) organic accretion, (2) compaction, (3) subsidence, and
(4) sea-level changes. (1) The growth of P. oceanica results in the elevation of the meadow
bottom as the organic material derived from rhizomes and roots accumulates together with
sediment. The elevation rate has been estimated to be around 0.1 cm yr-1 (0.061-0.414 cm yr-1;
[4, 5, 6, 31]). This estimate is substantially lower than very early ones suggesting a rate of 1
meter per century [16]. The latter estimate may be closer to the potential elevation rate of the
peat, as it does not consider long-term perturbations affecting meadow growth or survival. (2)
The compaction of the peat, as expected from all sedimentary formations, may be enhanced
by decay of the organic matter in the peat. It has been shown that the organic material of the
peats undergoes a very slowly decay process (decay rate from 0.00008 to 0.00036 yr-1; [6]). In
time, the lower layers may gradually collapse as a consequence of the weakening of the
structure and of the weight of the overlying layers, concurring with typical compaction. Such
a process has been described for peats [32]. Although in the seagrass peat the proportion of
sediment is much higher, a certain degree of compaction can be expected. This would be
evidenced by a negative exponential relationship between strata age and relative position
within the peat. Such a relationship is not found, however, in the various peats studied. The
high proportion of sediment forming the matrix of the peat, the hard nature of the organic
material and the low susceptibility to be affected by gravity forces, will probably keep
compaction in Posidonia oceanica peats at an almost negligible level. (3) Subsidence is a
relatively local phenomenom resulting from the interplay of a complex set of geological
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processes. A local geological study would be required to assess the magnitude of these
processes in the study site. (4) Since the end of the last glacioeustatic sea level rise (ca. 5000
yr BP), the level of the Mediterranean Sea seems to have experienced only very small
fluctuations, in the order of a few centimeters [33, 34]. Depth gradients of 40 m have been
shown to be needed to result in a ca. 5 ‰ change in the seagrass isotopic signature [11]. So
the relative depth changes associated to sea level fluctuations are not likely to have been be a
potential source of changes in production or in δ13C values for the tiem period considered.
3.2.5. Sampling procedures
Using the corer diameter (15 cm) and the accretion rates estimated for the sampled peats
(0.079-0.414 cm yr-1; [6]), it can be roughly calculated that every sample was pooling the
material of ca. 35-190 years. The result is the smoothing of changes in the isotopic signal
preventing the identification of phenomena occurring with a frequency higher than 35-190
years. That was the case for the present peats estudied except for the case of PLL, where a
drilling platform was used.
4. CONCLUDING REMARKS
In conclusion, as is true for other palaeo-reconstruction studies based on the analyses of
chronologically-deposited materials, the interpretation of the information recorded in
Posidonia oceanica peats must be tackled with caution. Posidonia oceanica peats, however,
have a clear advantage to pure sediment cores. Bioturbation, erosion and re-deposition
phenomena, are unlikely to have serious effect on the chronology of the strata due to the firm
nature of these peats. In addition, its abundant presence along the Mediterranean sea offers the
possibility of making comprehensive and comparative studies on Mediterranean coastal
environments. Much longer Posidonia oceanica organic records may be obtained by means of
vertical deep vibro-coring as has been done for mangrove millenary deposits [35]. The
detailed analysis of the Posidonia cores may provide the necessary chronological resolution to
study local and global changes in key environmental and biological variables during the
Holocene. Moreover, it will give the unprecedented opportunity to assess the persistence of
seagrass-dominated communities during several thousands of years. We conclude that the
combined analyses of various isotopic signatures of the plant material (e.g. δ13C, δ18O and
δ15N) and associated fossil fauna (e.g. foraminiferans, ostracods, and molluscs) in Posidonia
oceanica peats, will open new vistas in Mediterranean paleo-ecological and paleoenvironmental research.
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Abstract. Dissolved noble gases in groundwater are used to reconstruct paleotemperature, but also
yield information about "excess air", a component of dissolved gases in excess of solubility
equilibrium, derived from dissolution of trapped air in the ground. A good characterization of the
excess air component is necessary not only to obtain reliable noble gas temperatures, but also to
investigate the potential of excess air as a proxy for past environmental conditions. Two excess air
related quantities can be derived from groundwater noble gas data sets: The initial air/water ratio and
the pressure exerted on the entrapped air. Under recharge conditions typical for many aquifers, the
excess of dissolved gases, expressed by the relative Ne excess ¨Ne, is mainly determined by the
hydrostatic pressure on the entrapped air. Thus, we suggest that ¨Ne is essentially a measure of the
amplitude of water table fluctuations in the recharge area. Comparing data sets from three aquifers in
temperate, humid latitudes and three aquifers in tropical, semi-arid regions, we find that ¨Ne is
generally higher in the tropical aquifers, possibly related to larger water table fluctuations in these
aquifers characterized by deep unsaturated zones. Whereas ¨Ne shows little temporal variation in the
mid-latitude aquifers, there is a strong signal of higher ¨Ne in the paleowaters of the tropical aquifers
as compared to water recharged under modern climate conditions. This finding may indicate a higher
variability of recharge in the past at the studied tropical sites.

1. INTRODUCTION
The temperature dependence of noble gas solubilities in water has successfully been used to
reconstruct ground temperatures during the last glacial maximum (LGM) from noble gas
concentrations in groundwaters (see [1, 2] for reviews). In comparison to other paleoclimate
proxies, the noble gas paleothermometer has the advantage of providing absolute temperature
estimates, but the disadvantage of low temporal resolution which is inherent to the
groundwater archive. The importance of the method thus lies in the quantification of the
temperature shift between the LGM and the Holocene. However, the calculation of the noble
gas temperature (NGT) is complicated by the empirical finding of an excess of dissolved
gases relative to solubility equilibrium with the atmosphere in virtually all groundwaters.
Traditionally, correction for this "excess air" [3] component has been accomplished by
iterative subtraction of atmospheric air from the measured noble gas concentrations [4, 5]. In
certain aquifers, this procedure does not yield satisfactory results [6, 7]. In order to derive
paleotemperatures from such records, a model of elemental fractionation of the excess air by
partial diffusive re-equilibration has been proposed [6].
Yet, rigorous inverse modeling has shown that even the refined model does not provide an
adequate description of the data [8]. As a solution to this problem, we have proposed a model
explaining excess air as the result of closed-system equilibration of groundwater with
persistent entrapped air [9]. Also using an inverse modeling technique [10], we could show
that the new model performed best in fitting several noble gas data sets, that it has physically
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meaningful parameters, and that fits to the data yield plausible values for these parameters.
These results provide a new basis for the interpretation of noble gas data, in particular with
respect to the excess air component, which is increasingly being viewed as a potentially
useful paleoenvironmental proxy rather than a disturbing effect in the calculation of NGTs.
Relationships between the amount of excess air and the lithology of the recharge area as well
as the precipitation rate have been observed [11]. A peak of excess air in an aquifer in
Namibia has been attributed to the water table rise during a transition to a wetter climate [12].
Here, we first discuss the closed-system equilibration model for excess air and the physical
meaning of its parameters. We then apply the model to several published and new noble gas
data sets from paleogroundwaters, look for systematic patterns of the excess air parameters,
and try to relate the observed patterns to plausible environmental factors.
2. THE MODEL
The traditional assumption that excess air is formed by complete dissolution of small air
bubbles trapped in soil pores [1, 3] can be expressed by the following model equations for the
concentrations of dissolved atmospheric gases i [10]:
Ci (T ,S, P, Ad ) = Ci (T ,S, P) + Ad ⋅ zi
*

(1)

where Ad is the concentration of dissolved dry air, and zi are the volume fractions of the individual gases in dry air. The moist air solubility equilibrium concentrations Ci* are functions of
temperature T, salinity S, and atmospheric pressure P, given by Henry's law:

C*i (T,S, P ) =

(P − e (T ))zi
piatm
=
Hi (T, S)
Hi (T ,S)

(2)

where Hi(T,S) are the Henry coefficients and e(T) is the saturation water vapor pressure.
The conceptual idea of our model for the formation of excess air [9] is that during a rise of the
water table bubbles of soil air are trapped in some pores and pressurized by hydrostatic
overload and surface tension. However, this entrapped air does not completely dissolve, but
instead reaches solubility equilibrium with the surrounding water under the enhanced
pressure. The water eventually reaches the fully saturated zone, whereas the gas bubbles
remain trapped in their pores. During fluctuations of the water table, the gas phase is periodically replaced by soil air, which is assumed to be identical to atmospheric air.
In the initial situation we have a water volume Vw with gas concentrations Ci*(T,S,P), i.e., in
atmospheric solubility equilibrium at the conditions in the recharge area. The finite trapped
gas volume Vg0 contains moist air under a total pressure Pg > P. The STP-volume of dry air in
the trapped gas per unit mass of water is given by:
A=

Vgo

⋅

Pg − e(T )

(3)
P0
where P0 is the standard pressure (1 atm). In summary, the initial state of the system is
completely described by five parameters: T, S, P, Pg, and Vg0/Vw. Note that only the ratio
Vg0/Vw is relevant, not the absolute volumes.

ρ(T ,S)Vw

Complete dissolution of the entrapped air A would lead to an unfractionated excess air
component corresponding to Ad in eq. 1. However, if the trapped air is only partly dissolved, a

175

final state is reached in which a gas volume Vg remains, which is in solubility equilibrium
with the constant water volume Vw under the constant total pressure Pg. Thus, in the final state
the partial pressures pi of all gases in Vg are related to the dissolved gas concentrations Ci in
Vw by Henry's law:
pi = Hi (T ,S) ⋅Ci

(4)

Since we describe a finite, closed system (Vw + Vg), the total number of moles ni of all gases
within the system must be the same in the initial and the final state:
0

0

ni,w + ni,g = ni,w + ni,g

(5)

In order to derive an equation for the dissolved gas concentrations in the final state from this
condition of mass conservation, it is useful to introduce the following definitions:

v≡

Vg
Vg0

, q≡

Pg − e
P−e

, and F ≡

v
,
q

(6)

where v is the ratio of the gas volumes in the final and initial state, q is the ratio of the dry gas
pressure in the trapped gas to that in the free atmosphere, and F describes the reduction of the
volume of entrapped air (A) due to partial dissolution (v) and compression (1/q). By spelling
out eq. 5, using eqs. 2, 3, 4, and 6 as well as the ideal gas law, we obtain the model equations
that describe the final gas concentrations in the water phase:

Ci (T ,S, P, A,F ) = Ci* (T, S,P ) ⋅

1 + A zi C*i
(1 − F )Azi
*
* = Ci +
1 + FA z i Ci
1 + FA zi Ci*

(7)

Note that only the combined parameter F = v/q is needed to define the excess air component,
not v and q individually. From the physical requirement that the sum of the partial pressures
of all gases in the trapped volume equals the total pressure, we can derive (by using eqs. 2, 4,
6, and 7) an implicit equation that couples the parameters q, v, and A:
zi
Ci*
zi
v z
1+ A i
q Ci*
1+ A

q=
i

(8)

Once F is determined from fitting eq. 7 to the data, both q and v can be calculated from eq. 8.
Any pair of the parameters A, F, q, and v fully determines the amount and composition of
excess air, the most intuitive choice being A (§ volume of entrapped air) and q (§ pressure
exerted on the entrapped air).
The decomposition of F into v and q is of interest for the physical interpretation of the excess
air parameters. To illustrate this, it is useful to examine some limiting cases. A trivial case is
F = 1, when eq. 8 implies also q = v = 1. This means that there is no pressure excess and no
dissolution, thus, no excess air at all. Another simple case is F = 0, when eq. 7 reduces to eq.
1, i.e., complete dissolution. The important point to note is that for any given concentration of
entrapped air (any value of A), eq. 8 prescribes the pressure q that is needed to achieve
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complete dissolution (v = F = 0). This limiting pressure is essentially the pressure needed to
hold all nitrogen contained in Vg0 in solution in the water volume Vw.
Another, not so obvious but very interesting, limiting case is that A approaches infinity (very
large reservoir of entrapped air). In this case, we find from eq. 8 that v approaches 1, i.e., the
gas volume remains constant independent of the pressure q. Eq. 7 reduces to:
Ci = Ci*

Pg − e
1
= qCi* =
C* = Ci* T, S,Pg
F
P−e i

(

)

(9)

This means that all concentrations are enlarged by the constant factor q, corresponding to
atmospheric equilibrium at the increased pressure Pg. Thus, eq. 9 describes a pressure effect,
or equilibration with an infinite air reservoir (e.g., the free atmosphere) at increased pressure.
Apparently, eq. 7 is a very general description of the concentrations of dissolved gases in
groundwater, describing all possible cases between no excess air (F = v = q = 1), pure excess
air (F = v = 0, A and q linked by eq. 8), and a pure pressure effect (A = , v = 1).
Interestingly, noble gas data from groundwater samples can often be described quite well by a
pressure effect, i.e., using only T and P as free parameters. However, the solutions obtained
from a pure pressure model tend to yield unrealistically high values for T and P. In contrast,
the closed-system equilibration model (eq. 7) with T, A, and F as free parameters usually
yields realistic values for all parameters. Sometimes, however, the fitting procedure converges
to the "pressure effect" solution with large A. Fits with large A tend to behave numerically
unstable, because any large value of A produces a similarly good fit (measured by χ2), and
because of a strong correlation of the parameters A and T. Empirically we find these problems
for solutions with A > 0.1 cm3STP/g (corresponding to an air/water volume ratio > 1:10 at
STP). Although such solutions provide the best fit to the data, they appear to be rather
accidental, because usually slightly worse but still acceptable fits with lower and more realistic A-values exist. Care should therefore be taken in interpreting results with large values of A.
In the literature, the excess air component is often expressed by the relative Ne excess, ¨Ne
(%) = (CNe/C*Ne - 1).100. In the case of complete dissolution of entrapped air (eq. 1), ¨Ne is
directly related to the excess air parameter Ad. In general, however, the relationship between
¨Ne and A is not straightforward. Nevertheless, ¨Ne is a very useful measure of the size of
the excess air component. In particular, it is practically an observable quantity, nearly
independent of the choice of the correct model for excess air and the exact calculation of T,
because the equilibrium concentration C*Ne does not strongly depend on temperature.
3. RESULTS AND DISCUSSION
In order to investigate systematic patterns of the excess air parameters, we applied the closedsystem equilibration model to six groundwater noble gas data sets, three of them representing
temperate northern latitudes, and three representing semi-arid tropical locations. These
paleorecords originate from: 1) Belgium, Ledo-Paniselian aquifer, about 51°N, 4°E; 2)
France, Miocene aquifer in the Valreas Basin, about 44°N, 5°E [13]; 3) USA, Maryland,
Aquia aquifer, about 39°N, 77°W [14, 15]; 4) Niger, Continental Terminal aquifers in the
Basin of Iullemeden, about 13°N, 3°E; 5) Brazil, Piaui Province, Serra Grande and Cabeças
aquifers, about 7°S, 41°W [6]; 6) South Australia, J-K aquifer in the southwestern Great
Artesian Basin, about 27°S, 134°E [16]. With the exception of the classical data set from
Brazil, taken from [6], these are unpublished data. Full accounts of the paleoclimatic implica-
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tions of these data sets will be given elsewhere. Here, we focus on the excess air component
and its possible relationship to environmental conditions.
The six data sets comprise a total of 188 samples from 164 wells. 18 of these samples could
not well be fitted by eq. 7 (p < 0.01 in the F2-test), apparently mostly due to degassing during
sampling. The remaining data were checked for outliers of A, F, v, q, or ¨Ne. Samples for
which one of these quantities deviated by more than three standard deviations from the mean
of the respective data set were excluded. This step eliminated 7 samples with very high ¨Ne
(§ 200 % and higher) that are likely the result of air contamination, and 4 samples with high
values of A (§ 0.2 cm3STP/g and higher) that may be artefacts of the fitting procedure. Yet,
still 9 samples with A > 0.1 cm3STP/g remained, that exhibited the problems described above
(large correlation and uncertainty for A and T). We also excluded these samples in order to
avoid a possibly artificial bias.
Thus, we are finally left with 150 samples from six different sites as a basis for our analysis of
the excess air systematics. The results are summarized in Table 1 and visualized in Figs. 1 and
2. An intriguing pattern is revealed by Fig. 1, showing ¨Ne as a function of A. The samples
from the semi-arid tropical sites align close to the line for unfractionated excess air (F = 0)
and are characterized by low values of A and F, but high values of ¨Ne. In contrast, the
samples from aquifers in temperate regions tend towards high A and F but low ¨Ne. This
pattern is also evident in the mean values of the parameters for the different sites (Table I).
Table I. Mean values of excess air parameters for the studied aquifers
Data set
Belgium
France
USA
Niger
Brazil
Australia

N
23
22
26
34
19
26

A
0.042 ± 0.030
0.018 ± 0.008
0.035 ± 0.017
0.017 ± 0.008
0.016 ± 0.005
0.018 ± 0.013

F
0.65 ± 0.28
0.57 ± 0.16
0.76 ± 0.05
0.41 ± 0.13
0.37 ± 0.16
0.34 ± 0.23

q
1.15 ± 0.08
1.23 ± 0.09
1.16 ± 0.04
1.48 ± 0.24
1.51 ± 0.22
1.41 ± 0.20

v
0.76 ± 0.32
0.69 ± 0.17
0.87 ± 0.06
0.57 ± 0.13
0.53 ± 0.17
0.48 ± 0.29

¨Ne
19 ± 10
35 ± 14
21 ± 4
64 ± 33
71 ± 34
57 ± 26

Mean values and standard deviations of the results for the individual samples are listed.
N is the number of accepted samples.
A is given in cm3STP/g, ¨Ne in %, the other parameters are dimensionless.
The results for Belgium, USA, and Brazil slightly differ from those listed in [9], because a more
rigorous data selection has been applied here.

Figure 1 clearly shows that there is no simple relationship between ¨Ne and A. In contrast,
Fig. 2 reveals a strong linear link between ¨Ne and q. The explanation for these observations
is that the effective excess of dissolved gases (e.g., ¨Ne) is not limited by the available reservoir of entrapped air (A), but by the pressure exerted on this reservoir (q). In most cases, the
pressure appears to be too low to induce complete dissolution (F = 0 line in Fig. 1). In fact, if
entrapped air occupies 1 % of the pore space (A § 0.01 cm3STP/g), an excess pressure of
about 0.5 atm (q = 1.5) is needed to induce complete dissolution (at 12 °C). The data of
Table I show that typical values of A range between 0.02 and 0.04 cm3STP/g. Thus, excess
pressures up to 2 atm would be needed to completely dissolve this entrapped air. Surface
tension can produce such pressures only for bubble sizes < 1 µm. For a typical sandy aquifer,
capillary forces are of minor importance, and the pressure excess can be interpreted as due to
hydrostatic overload. Thus, water level rises of up to 20 m would be needed for complete
dissolution, which are obviously impossible in many recharge zones where water tables are
only a few meters below the surface.

178

Hence, if the A-values found in this study are typical, we have to conclude that partial
dissolution is the rule rather than the exception compared to complete dissolution or even the
model of diffusive re-equilibration, which often implies very large initial excesses of
dissolved gases. The literature on air entrapment in soils [17-20] suggests that entrapped air
typically occupies several percent of the pore space, with some values ranging as high as
50%. The perhaps most reliable data from careful experiments suggest that only a few percent
of the pore space contain immobile air that can persistently be trapped [20]. This result is
consistent with the A-values found here.
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FIG. 1. The relative Ne excess ¨Ne versus the initial concentration of entrapped air (A). The (dashed)
lines represent solutions of eq. 7 for the indicated values of F, and T = 20°C, P = 1 atm, S = 0‰.
Most samples have F >0, indicating only partial dissolution of the entrapped air. Samples from
aquifers at temperate latitudes are indicated by circles, samples from tropical aquifers by squares.

The most important conclusion from Fig. 2 is that the observable quantity ¨Ne obtains a
direct physical interpretation: it is essentially a measure of the pressure in the entrapped air.
This pressure is always larger than the atmospheric pressure (q > 1), and if the overpressure is
ascribed to the hydrostatic load of infiltrating water, then ¨Ne should be a measure of the
amplitude of water table fluctuations. This interpretation sheds new light on the observed
differences between tropical and temperate sites. Typical q-values are § 1.2 for the aquifers
from temperate, humid regions, and § 1.5 for the aquifers from semi-arid, tropical sites
(Table I). Explaining these values by hydrostatic pressure due to water table rises implies
typical fluctuations of 2 and 5 m, respectively. Although we have no records of the water
levels at our study sites, there are arguments for larger fluctuations in the semi-arid aquifers.
On the one hand, recharge in such climates is episodic, on the other hand, the unsaturated
zone tends to be much deeper than in humid regions, offering a higher potential for large
water table rises. An open question is whether ¨Ne might be especially sensitive to water
table fluctuations of a particular periodicity (e.g., seasonal or interannual).
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FIG. 2. The relative Ne excess ¨Ne versus the pressure on the entrapped air relative to the
atmospheric pressure (q). The dashed lines represent solutions of eq. 7 for the indicated values of A
(in cm3STP/g) and T (in °C), as well as P = 1 atm, S = 0 ‰. ¨Ne depends mainly on q, and only to a
much lesser extent on A and T.

If ¨Ne is related to water table fluctuations, it may be a proxy for the variability of recharge,
and hence of precipitation, in the past. This interpretation provides a theoretical foundation
for the attribution of a peak in the record of ¨Ne in an aquifer in Namibia to the water table
rise during a transition to a wetter climate [12]. In our data sets, we also find some systematic
variations of ¨Ne with groundwater age. As an example, Fig. 3 shows NGT and ¨Ne as
functions of the concentration of radiogenic He for the study site in France. A strong
correlation between He and 14C-ages [13] shows that He is a good proxy for age in this
system. The samples with radiogenic He concentrations above about 4.10-8 cm3STP/g are of
Pleistocene age, as indicated also by a colder NGTs. The Holocene samples have ¨Ne-values
varying between 5 and 40 %, whereas the range for the Pleistocene samples is 30 to 65 %.
Although the variability in both groups is quite high and the two ranges overlap, it is possible
that the difference reflects actual changes of the recharge conditions, such as higher variability during the late Pleistocene. An interesting detail is that the highest ¨Ne-values seem to
form a peak, reminiscent of the stronger peak observed in Namibia [12]. Although not exactly
at the same time, the peaks occur close to the time of the climatic transition in both records.
However, similar features were not found in the other records studied here.
Although a detailed discussion of each record is not possible here, a general indication of
climatic effects on the excess air may be obtained from correlations between NGT and ¨Ne
(Fig. 4). It is not expected that NGT directly influences ¨Ne, but it can serve as a proxy for
overall climatic conditions and to discern between Holocene and Pleistocene samples. In
general, within each record high NGTs correspond to Holocene samples and low NGTs to
Pleistocene samples, although there are some exceptions (e.g., the record from Australia may
span several glacial-interglacial cycles [16]). Figure 4 shows that for the records from
temperate regions, the correlations between NGT and ¨Ne are rather weak and have different
signs. In contrast, all three tropical sites show strong and very similar decreases of ¨Ne with
NGT, presumably reflecting climate-related changes in recharge conditions, such as higher
and/or more variable precipitation during cooler climate periods in the past.
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FIG. 3. Noble gas temperature (NGT) and Ne excess (¨Ne) in the aquifer from France (Valreas Basin)
as functions of radiogenic He (a proxy for groundwater age). The transition between Holocene and
Pleistocene samples occurs around 4.10-8 cm3STP/g [13].
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FIG. 4. Correlation between ¨Ne and NGT for the different aquifers. Regression lines and their slopes
(in % °C-1) are indicated. All three tropical aquifers show strong correlations.
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The results of Fig. 4 are in excellent agreement with the only previous study comparing
excess air in different aquifers [11], which found no relationship between NGT and ¨Ne for
limestone aquifers of the UK, a certain decrease of ¨Ne with NGT for a sandstone aquifer in
the UK, and a strong decrease of ¨Ne with NGT for a sandstone aquifer in Niger. Thus, in
particular the strong relationship between ¨Ne and some climatic factor in tropical, arid to
semi-arid regions appears to be a consistent feature. The data are not conclusive as to whether
this factor could be precipitation. Wilson and McNeill [11] found an increase of ¨Ne with
mean annual precipitation when comparing different aquifers, but ascribed this effect to
different lithologies and inferred a decrease of ¨Ne with precipitation when comparing data
from the same lithologies. We think that lithology should not have a major influence on ¨Ne,
because it may control A, but not q. Although the aquifers discussed in our study all have
similar lithologies (sands and sandstones), they cover a large range in ¨Ne. Moreover, we
expect ¨Ne to depend on water table fluctuations and thus on the variability of precipitation
rather than on its mean value. However, in semi-arid climates with a distinct rainy season,
higher variability of precipitation may be equivalent to higher mean precipitation.
4. CONCLUSIONS
The parameters of the model of excess air formation by equilibration of groundwater with a
finite reservoir of entrapped air under increased pressure and closed conditions have a clear
physical interpretation. The parameter A describes the volume of entrapped air per unit mass
of water, and q describes the increase of pressure relative to the atmospheric pressure.
Moreover, the widely used measure of the size of the excess air component, ¨Ne, is strongly
related to q and thus is mainly a measure of pressure on the entrapped air bubbles. This leads
us to the assumption that ¨Ne might reflect fluctuations of the water table and hence the
variability of recharge and precipitation.
Although both A and q are quite variable in all investigated data sets, there are systematic
differences between aquifers from tropical and temperate latitudes. The data from tropical
aquifers yield relatively low values of A and high values of q, whereas those from temperate
latitudes give high A and low q. In some data sets there are indications for differences in q
between Pleistocene and Holocene samples, most prominently all aquifers from semi-arid
tropical sites indicate a strong decrease of ¨Ne with NGT. A more detailed discussion of the
tropical records is needed to substantiate the conjecture that the changes of ¨Ne indicate
climatic changes such as a higher variability of precipitation during cooler periods in the past.
In summary, it appears that the excess air component does carry valuable information about
past environmental conditions, which is however difficult to read due to natural variability
and incomplete understanding of the controlling processes. Further detailed investigations
both on the laboratory and field scale are needed to firmly establish relationships between
excess air parameters and environmental conditions.
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Abstract. To date the global distribution of isotopes in modern precipitation has been characterized
almost exclusively from the IAEA/WMO GNIP database, although patchiness of GNIP station records
in both time and space has limited the potential of isotope hydrology and climate applications in some
areas. Herein, we discuss the prospect of utilizing GCMs for simulating global isotope distributions as
a supplementary tool for modern and paleoclimate isotope studies to bridge this gap. Such models
currently generate reliable zonal isotope fields, and it is anticipated that future enhancements in finescale resolution of GCMs, and incorporation of land-surface feedbacks and topography will allow for
future development of a global reanalysis data set ground-truthed by GNIP. Compilation of time-slice
maps of past isotope distribution in precipitation from archival records of meteoric waters also offers
significant potential to ground-truth paleoclimate simulations extending back tens to hundreds of
thousands of years.

1. INTRODUCTION
Water isotope data provide key information about past and present global climate and the
global water cycle. The oxygen-isotope records obtained from carbonates in sediment cores
from the world oceans, for example, yielded the first indisputable evidence of repeated
Quaternary glacial-interglacial cycling, as well as shorter-term climate variability, as
expressed by the interplay between the changing isotopic composition of ocean water and its
temperature. Even more compelling quantitative evidence for past changes in global water
balance and climate at temporal scales relevant to humanity is found in the stable isotope
chronologies preserved in non-marine archives, ranging from detailed time-series of paleoprecipitation stored in glaciers, to the variably-resolved records of meteoric waters preserved
in ground water, speleothems, lake sediments, tree rings and other materials.
Crucial isotopic records of very recent and ongoing hydrologic and climatic change also exist
in the form of contemporary observational data, derived from sampling and isotopic analysis
of meteoric waters over the past few decades. These data provide fundamental information
about the global water budget that is not directly accessible or testable using other means.
Foremost among such observational records, and a primary international resource, is the data
base of the Global Network for Isotopes in Precipitation (GNIP), a long-running joint venture
of the International Atomic Energy Agency and the World Meteorological Organization,
dedicated to the documentation of the distribution of isotopes in global precipitation (e.g., see
[1]). The GNIP database has long been used for calibrating isotopic indicators of paleoclimate
from various natural archives. Moreover, and perhaps more importantly, it constitutes the only
comprehensive source of data for evaluating the modern global isotope field generated by
atmospheric general circulation models (GCMs) equipped with water isotope diagnostics.
Although simulations of the distribution of global precipitation and bulk water fluxes can be
readily evaluated using more conventional data, the incorporation of isotope tracers provides
an inherently more critical evaluation of a GCM’s water cycle because of the need to account
*

Isotope Hydrology Section, International Atomic Energy Agency, P.O. Box 100, Vienna,
Austria.
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for the differing behaviours and abundances of three water isotopomers (1H1H16O, 1H2H16O,
1 1 18
H H O), that is, to balance simultaneously both mass and isotopes.
Prompted by the growing ability and potential of isotopic GCMs and the increasing
availability of data, studies of isotopes in the hydrologic cycle are turning increasingly from
identification of classical isotope effects and climatological norms to mapping and modelling
of actual isotope climate (and paleoclimate). This shift in focus reflects growing appreciation
of the unique information that water isotope data contribute to the analysis and understanding
of global climate dynamics.
This article briefly reviews some of the key issues relevant to the evolving field of isotope
climatology, focussing on consideration of the fidelity with which isotopic GCMs can
simulate the global isotope field, the current state of observational data with which to evaluate
such simulations of contemporary global isotope climate, and the opportunities for using
paleo isotope data to assess simulations of the global isotope field under differing climates of
the past.
2. MODELLING GLOBAL ISOTOPE CLIMATE
Isotopic GCMs first appeared in the 1980s as coarsely-resolved versions of the Laboratoire de
Météorologie Dynamique and the Goddard Institute for Space Sciences models [2,3].
Subsequent developments have included sensitivity studies and simulations using the LMD
and GISS models at finer spatial resolutions, as well as the introduction of isotope diagnostics
into the ECHAM (Max-Planck Institute, Hamburg) atmospheric GCM in various simulations
of present global isotope climate [4-13].
As shown in Fig. 1, control simulations of the “equilibrium” mean annual global į18O field
produced by the GISS and ECHAM models both capture the expected major features of the
contemporary global precipitation G18O field, notably the progressive depletion in heavyisotope content inland and poleward (i.e., classical continental and latitudinal or temperature
effects) and in the subtropics (amount effects). Convincing evidence that these two models
can realistically simulate the poleward transport and distillation of moisture at global scale is
also provided by comparison of zonally averaged means in comparison with GNIP-derived
data (Fig. 2), although acceptance of these promising results must be tempered by recognition
of the limitations in the actual coverage provided by observational data (see below).
Closer examination of the maps shown in Fig. 1 reveals significant differences in the models’
abilities to reproduce the finer-scale structure of the isotope field. This is especially obvious,
for example, in the greater skill of the ECHAM model to resolve the anticipated altitude
effects (i.e., į18O lows) associated with the Rockies and Andes mountain chains. Some of this
apparent superiority would certainly disappear if both maps shared the coarser spatial
resolution of the GISS simulation, yet this difference also reflects more fundamental
limitations on the accurate portrayal of orographic effects, imposed by grid-based
representation of Earth’s surface. As illustrated in Figs 3 and 4, the simulated distillation of
moisture traversing a topographic barrier is strongly influenced by the fidelity with which that
barrier can be represented, and the results naturally propogate downstream and hence, to some
extent, throughout the simulated global isotope field. Improvement in coupling of GCMs and
land surface schemes to account for moisture recycling is also expected to enhance the reality
of the model simulations.
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The skill of isotopic GCMs can also be probed using transient-state simulations, providing
additional insight into how well a model's water cycle performs when forced by changing
boundary conditions, such as the use of observed sea surface temperatures (SST) over a given
period, rather than fixed average climatological SST fields. Although only sparse
observational time-series exist for direct comparison, promising representations of variability
at daily to interannual time-scales have been generated (e.g. [8, 9, 12].

FIG. 1. Comparison of the long-term average global weighted mean annual precipitation δ18O field as
derived from "equilibrium" simulations using the GISS and ECHAM isotopic GCMs (after [13;
Fig. 2]). The GISS map is contoured from 8° latitude x 10° longitude gridded output, whereas the
ECHAM map is based on a 2.8° x 2.8° grid. Note the significantly better representation of altitude and
continental effects in the ECHAM simulation, especially at low to mid latitudes, in part attributable to
more realistic representation of orography permitted by the finer spatial resolution.
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FIG. 2. Zonally averaged δ18O of weighted mean annual precipitation, as depicted in the GISS and
ECHAM simulations shown in Fig. 1, compared to zonal means over 5° latitudinal intervals based on
GNIP data (after [13; Fig. 3]). Both isotopic GCM simulations provide a remarkably good fit,
including the steeper latitudinal gradients in the southern high latitudes versus the more shallow
gradients observed in the northern hemisphere.
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FIG. 3. Schematic representation of variations in the distillation of atmospheric moisture crossing a
topographic barrier as simulated for differing GCM grid sizes. The progressive smoothing and
lowering of the topography with increasing GCM grid size leads to increased heavy-isotope and mass
transfer downstream, as shown also in Fig. 4.

3. PRESENT GLOBAL ISOTOPE CLIMATE AND DATA-MODEL COMPARISON
As noted above, knowledge about the actual distribution of isotopes in contemporary global
precipitation derives almost exclusively from the IAEA/WMO GNIP database. In spite of the
patchiness of GNIP station records in both time and space, they provide the fundamental
observational data for evaluating isotope-climate linkages and, ultimately, the only set of
convincing benchmarks for ground-truthing isotopic GCM simulations. Consideration of the
global δ18O field as mapped from GNIP data (Fig. 5) in relation to the two aforementioned
GCM control simulations (Fig. 1), however, provides a strikingly less favourable impression
of the potential for direct data-model comparison than that suggested by zonally averaged
results (Fig. 2). A predominant feature of the observational data field is the presence of
significant gaps over the oceans, as well as some continental areas, such as northeastern
Eurasia (due to lack of stations) and northern Africa (due to lack of precipitation). Although
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FIG. 4. Variations in Rayleigh-type distillation of atmospheric moisture corresponding to the
situations depicted in Fig. 3. Increasingly coarse GCM grid size has the effect of suppressing both
heavy-isotope and mass losses downstream, leading to reductions in both isotope- and rain-shadow
effects.
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FIG. 5 Contour map of amount-weighted mean annual δ18O in precipitation derived from the GNIP
database, for stations reporting as of 1997 (see [1]).
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data do exist to fill in some areas (like the polar ice caps), much of this could only be filled by
unreasonably extreme interpolation between existing GNIP station data. Recognizing the
practical impossibility of fully mapping the entire global isotope field in sufficient detail, this
comparison clearly suggests that direct ground-truthing of isotopic GCM output through
point-for-point data-model comparison is not a realistic goal.
Nevertheless, more thoughtful consideration of the mapped and modelled results does lead to
the alternative concept that models constrained by GNIP “benchmarks” and the prescribed
need to conserve mass and isotopes, could be used to fill in the gaps in the observational data
field. Informed interpolation of the global isotope field in this way could, in theory, lead to
the creation of a harmonized reanalysis data set, including both annual and monthly means, as
well as actual monthly time-series, analogous to those generated for various other
climatological parameters. This would enhance the value of the GNIP data base significantly
as a source of hydrologic input functions for water resource studies (one of its initial
purposes) and as a primary training set for calibration of isotope indicators of paleoclimate, as
well as providing new scope for testing and refinement of the isotopic GCM(s) used to
undertake the reanalysis. Moreover, and perhaps even more importantly, the availability of a
long time-series (potentially on the order of 40 years) of monthly maps of the global isotope
field would offer tremendous opportunity for detailed synoptic analysis of isotope climate,
including investigation of the expression of characteristic modes of climate variability on
interannual to decadal time scales like the El Niño-Southern Oscillation and the North
Atlantic Oscillation.
4. PAST GLOBAL ISOTOPE CLIMATE
Documentation of past global isotope climate is highly fragmentary and relatively little datamodel comparison has been undertaken to evaluate isotopic GCM paleoscenarios, largely
because of the paucity of well-constrained estimates of the isotopic composition of
paleoprecipitation during appropriate time-slices. The Last Glacial Maximum (LGM) has
been targeted frequently because of the pervasive difference from contemporary conditions,
as well as the availability of a global paleo-SST field, but robust LGM paleo-isotope data are
mainly limited to the polar ice caps and the best records at mid- and low latitudes originate
primarily from glaciers at elevations too high to be adequately represented by GCMs.
Conversely, efforts to simulate the mid-Holocene warm period (c. 6000 yr BP), for which
more relevant paleo-isotope benchmarks exist, has been hindered by the lack of an
appropriate SST field [7,13].
Although compilation of comprehensive global paleo-isotope maps remains a challenging
long-term task (and a goal of the International Geosphere-Biosphere Programme, Past Global
Changes project), significant opportunities already exist to selectively map smaller areas in
greater detail. A prime example is the northern circumpolar region, where the highly detailed
records from Greenland ice-cores can be used to anchor time-slices incorporating relatively
abundant data from high-latitude glaciers, lake sediments and other archives from northern
Eurasia and North America. Evidence for pronounced spatial and temporal fluctuations in
apparent isotope-temperature relations (so-called “non-Dansgaard effects”) in some sectors
during the Holocene, speculatively linked to changes in the prevailing strength of zonal
atmospheric circulation, affords particularly intriguing potential for probing isotopic GCM
ability (see Fig. 6).
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FIG. 6. Apparent deviations from present-day (i.e., “Dansgaard”) isotope-temperature relations for
two areas in the northern circumpolar region, based on independent assessments of local mean
annual precipitation δ18O and temperature. The major “non-Dansgaard” signals in both areas are
consistent with reduced distillation of atmospheric moisture under conditions of higher zonal index,
conceptually analogous to the effect of lowering topography depicted in Fig. 3 and 4 (data from
[14,15].

5. CONCLUDING COMMENTS
The science of isotope climatology is developing rapidly, fueled in part by the accumulation
and accessibility of global isotope data, especially as provided by the IAEA/WMO GNIP
programme. The growing promise of isotopic GCMs is also a factor, fostering the need to
critically assess and ultimately improve understanding of global climate dynamics.
Particularly exciting potential exists to actively integrate mapping and modelling, with the
aim of creating an actual time-series global isotope reanalysis data set. Isotope paleodata also
have a role to play in these endeavours by offering access to global climate states lying well
beyond the limited range captured by contemporary observations.
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Abstract. This study was carried out in the Brazilian southern Amazon region (Rondônia state and
Humaitá, southern Amazon state). Carbon isotope data on soil organic matter have been collected
along an ecosystem transect of about 750 km that includes a savanna, a wooded savanna (cerrado), a
tropical semideciduous forest (cerradão), a forest transition type and a tropical forest. The main
objective is to evaluate the expansion-regression dynamics of these vegetation units in relation to
climate changes during the Late Pleistocene (Late Glacial) and Holocene. Large ranges in δ13C values
were observed in soil organic matter collected from profiles in the savanna (-27 to -14‰) and forest
regions (-26 to -19‰) reflecting changing distribution of 13C-depleted C3 forest and 13C-enriched C4
savanna vegetation in response to climate change. 14C data of humin fraction and buried charcoal
indicate that the organic matter in these soils is at least 17,000 years BP at 300-cm depth. In this
period, the entire ecosystem transect are characterized by δ13C soil depth profiles, generated typically
by C3 plants (forest), inferring a humid climate in the southern Amazon region after the end of last
glaciation. 13C data also indicate that C4 plants (grasses) have influenced significantly the vegetation at
the transitional forest and the cerrado sites of southern Rondônia state and two distinct points in the
forest ecosystem in the southern Amazon state. These typical C4 type isotopic signatures probably
reflect a drier climate during about 9000-8000 yr BP to 3000 yr BP and the savanna and wooded
savanna expansion in distinct points of the transect. The 13C records representing the 3000 yr show an
expansion of the forest, due to a climatic improvement, in areas previously occupied by savanna
vegetation. This study adds to the mounting evidence that extensive forested areas existed in the
Amazon during the last glacial and that savanna vegetation expanded in response to warm and dry
conditions during the early to middle Holocene.
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1. INTRODUCTION
The Amazon region is one of the key ecosystems that are being investigated as part of the
Global Change Research Program. Most of the research efforts have focused on the
understanding of the link between climate changes and past vegetation in the Amazon region
during the Quaternary [1, 2]. Palaeoenvironmental studies done on peat, lake sediments and
soil organic matter [3, 4] associate with pollen records [5, 6] and paleofauna [7] shows several
periods of expansion/regression between forest and savanna vegetation during the late
Quaternary.
It has been proposed that during cold and dry climatic periods, extensive humid forests
(natural refuges) probably existed in fairly large regions of the Amazonian lowlands, where
sufficient surface relief was present to create rainfall gradients [8, 9]. Open forests and gallery
forests probably existed in the regions between the postulated forest refugia, where variously
extensive wooded savannas may, at times, have dominated the landscape [9].
Stable carbon isotope composition of SOM (soil organic matter) profiles has been
instrumental in identifying the changing distribution of C3 and C4 plant communities in the
Amazon Basin (i.e. forest vs. savanna vegetation, respectively) and elsewhere [10, 11]. The
typical carbon isotope values of C3 photosynthetic-pathway plants range from -20‰ to -35‰
whereas values of C4 photosynthetic-pathway plants range from -9‰ to -16‰. Thus, C3 and
C4 plant species have distinct, non-overlapping carbon isotope signatures [10].
This paper present data collected along a transect covering four different types of vegetation
communities, representative of the ecosystem's diversity that presently exists in the Amazon
region. These include a wooded savanna (Cerrado), a tropical semideciduous forest
(Cerradão), a forest transition type and a tropical forest. Recent carbon isotope studies on
SOM of several sites in the Amazon region [4, 5] suggest that vegetation communities in the
Cerrado and Cerradão ecosystems should be more sensitive to climate changes. This study is
part of a major research program carried out at the Center for Nuclear Energy in Agriculture
(CENA) whose aim is to evaluate vegetation dynamics during the last 20,000 years in Brazil
using carbon isotopes [12, 13, 14].
2. MATERIAL AND METHODS
2.1. Study sites
The study area is located in the Rondônia state and in the Humaitá region, southern Amazon
state (Fig. 1), northwestern part of Brazil The sampling sites in Rondônia, a transect of about
500 km (Fig. 2), are located close to the city of Vilhena (12°42' S and 66°07' W),
representative of the Cerrado, a wooded savanna. Grass species including Trystachia sp,
Panicum sp, Eleusine sp, Bulbostylis sp are interspersed with trees, mainly Curatella
americana, Miconia sp, and Cassia sp. The other sites are near Pimenta Bueno (transition
site) under vegetation of Cerradão (11°49' S and 61°10' W), a transitional state between the
dense evergreen forest and the savanna denominated tropical semideciduous forest [15] and
natural forest (11°46' S and 61°15' W), and in Ariquemes (10°10' S and 62°49' W) under
vegetation of natural forest (Fig. 1). Some of the dominant C3 plants in these forested sites are
Miconia sp, Piper sp, Cecronia sp, Protium sp, Andira sp, Inga sp and Euterpe precatoria.
The soils in Vilhena (Cerrado site) and in Pimenta Bueno (Cerradão and forest transition
sites) are Oxisols according with the Soil Taxonomy (USDA) classification. In Ariquemes is
an Ultisol. The distance between Vilhena and Pimenta Bueno is about 200 km and from
Pimenta Bueno to Ariquemes about 400 km. In the transition Cerradão-forest, the distance
between the study sites is about 40 km.
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In the Humaitá region the eight sampling sites are located on a 250-km transect along BR 319
in sites of savanna and tropical forest vegetation (Fig. 3). The study transect is located
between the coordinates 8°43´ S/63°58´ W (km 5) and 7°31´S/63°02´ W (km 250) where
natural forest/savanna vegetation boundaries are well defined. The savanna vegetation, called
"Campos de Humaitá" [16], is composed mainly of grasses (Eryamtus sp, Panicum cf laxum
SWARTZ, Paspalum cf multicaule POIR) and few short (< 8 m) trees (Miconia sp, Piper sp,
Byrsonima sp). This ecosystem changes in some places gradually and in others abruptly to a
Tropical Mesophitic opened-canopy forest (known as floresta de terra firme) with palms.
These forests surround the savannas whose areas range from about ten to a hundred square
kilometers.
66°

60°

Brazil

Humaitá

8°

Rondônia

16°

Ariquemes

P. Bueno
Vilhena

FIG. 1. Map of Brazil showing the study sites.

FIG. 2. Variation of δ13C of SOM with depth of the forest-savanna ecotone in Rondônia state. The 14C
datings were obtained from charcoal samples.
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FIG. 3. The variation of δ13C of SOM with depth of the forest-savanna ecotone in the Humaitá region
(southern Amazon state). The 14C datings were obtained from humin samples.

The soils were classified as Plintic Gley (km 80, 82 and 154), Ferralitic Cambisol (km 5,
142), Oxisol (km 68, 250), Troporthent (km 205), according to American soil taxonomy. Soil
samples were collected from trenches or using a hand-auger.
The climate of the region is characterized by a mean annual temperature of 26°C (the mean
temperature during the cooler month is higher than 18°C) and irregular rainfall (1800 to 3500
mm/yr), with a dry season from June to September when precipitation is less than 50 mm per
month [16]. The altitude lies between 80 and 150 m above sea level.
2.2. Sampling and analytical aspects
From trenches, up to 5 kg of material were collected in 10-cm increments to a maximum
depth of 300 cm. For δ13C analysis, about 0.5 kg of soil or about 0.2 kg of hand-auger
samples was sieved (5 mm) and dried at 50°C to a constant weight. Root fragments were
discarded by hand picking. The dry samples were sieved again (210 µm) and any remaining
debris was removed by flotation in 0.01 M hydrochloric acid and wet-sieved (210 µm). For
14
C analysis, the humin fraction was isolated using an acid-alkaline-acid treatment [11], dried
to a constant weight and sieved (210 µm). Charcoal samples were also collected for carbon
isotope analysis. A detailed description of the chemical treatment for soil and charcoal
samples was previously described [11].
The 14C analyses on humin fraction and charcoal samples were carried out at the Radiocarbon
Laboratory, Centro de Energia Nuclear na Agricultura (CENA), following the standard
procedure for liquid scintillation counting [17]. The 14C on small samples of charcoal were
carried out at the Isotrace laboratory of the University of Toronto, employing the AMS
technique. Radiocarbon ages are reported as years BP.
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Grain size analyzes were carried out at the Soil Science Department of the Escola Superior de
Agricultura "Luiz de Queiroz", Piracicaba, Brazil. The results are expressed in percentage
(%).
Plants representative of the modern vegetation were also collected at each study site in an area
equivalent to 1000 m2. For 13C analysis, the leaves were washed, dried and grounded to <
0.100 mm. The 13C analysis on soil and plants samples were carried out at the Environmental
Isotopes Laboratory, University of Waterloo using a Carlo Erba Analyzer attached to an
Optima mass spectrometer. Stable isotope results are expressed as δ13C with respect to the
PDB standard using the conventional δ (‰) notation:

 R sample

δ13 C (‰ ) = 
− 1 × 1000
 R s tan dard


where, Rsample and Rstandard are the
Analytical precision is ± 0.2‰.

13

C/12C ratio of the sample and standard, respectively.

3. RESULTS AND DISCUSSION
3.1. Soil properties
The grain size analysis indicated that clays comprise between 20 and 34% of the shallow soil
horizons and increase to 57% in the deeper part of the soils representative of the forest, foresttransition and Cerrado. The site representative of the Cerradão show higher clay content,
ranging from 53% to 78% at the shallow and deeper part of the soil, respectively [12]. In the
Humaitá region the analyses show that the clay content in the shallow parts of the soils are
lower (20-30%) than in the deeper strata (32-56%). No clear difference was observed between
the vegetation type and the soil clay content. The soils were classified as clayey or mediumclayey [18].
The carbon contents show the typical soil profiles of decreasing carbon content with depth,
similar to results obtained from most Amazonian soils. In Rondônia they range between 1.9 to
5% in the shallow soil horizons decreasing to a carbon content as low as 0.30% in the deeper
soil horizons [5]. Higher carbon content, between 5% at the surface and 0.8% in the deeper
part of the soil, is observed at the Cerrado site. This pattern may be related to the presence of
small charcoal remains observed along most of the soil profile at this site. In a forest-savanna
ecotone on medium-texture Oxisols in Roraima, northern part of the Amazon region, it was
found significant differences in the total C content between both vegetation types [3]. The
lower C content of savanna compared to the forest soil was related to its lower clay content
and smaller litter input. The carbon content data in soils of Humaitá region also show a
general decrease. Values range from 3.39% in the shallow part of the soil to 0.05% in the
deeper strata. Soils of three profiles under savanna (km 80, 82 and 154) contain notably high
carbon content in the upper 10 cm (2.5 to 3.9%), probably due to the transport of organic
material from forested sites that surround the savannas located in depressions. Below 30 cm,
similar carbon concentration was found both in savanna and forest profiles [18].
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3.2. Carbon isotope data
3.2.1. Radiocarbon data
The radiocarbon data presented in Fig. 2 correspond to charcoal samples at the Cerrado and
the Cerradão sites and provide a reliable estimate of the time represented in the soil profiles.
These data show radiocarbon ages of 540 years and 5930 years at the sampling intervals 2030 cm and 90-100 cm, respectively at the Cerrado site, and 2050 years and 7000 years was
obtained at 60 cm and 150 cm in the Cerradão soil. This suggests that the 13C record in the
200-cm soil profiles presented in this paper represent changes in the vegetation communities
perhaps as much as 8000 years. Soil age-depth profiles obtained on humin and charcoal
samples in other study sites in Brazil (including two sites in the Amazon Basin) yield an age
of about 9000 to 12,000 yr BP for the 200 cm soil horizon [12, 19], broadly consistent with
our estimates. The radiocarbon data for the humin fraction in the Humaitá region (Fig. 3), also
indicate increasing age with depth. Similar soil age profiles have been reported in others parts
of the Amazon Basin and sites in Brazil [11, 20]. The radiocarbon data indicate that the soil
profiles represent at least the last 17,000 14C yr BP, approaching the last glacial maximum
(LGM). This is the longest 14C record for soils reported in the Amazon Basin. Most of the
reported soil profiles span the last 10,000 14C yr [11, 20], although older records describing
vegetation changes during the last 40,000 14C yr in the Amazon Basin have been reported
from lake sediments [2, 21] and marine core [22].
3.2.2. 13C Results
The δ13C values for SOM on the forest and forest transition regions in Rondônia range from
-28.3‰ to -25.1‰ and -29.0‰ to -24.1‰, respectively (FIG. 2). The 13C enrichment with
depth is probably due to decomposition of SOM [23, 24] and is typical for soil organic matter
generated by C3 vegetation type [25]. These results indicate that the C3 vegetation type has
been predominant in the regions represented by the forest transition site, Pimenta Bueno
(central-southern region of Rondônia state) and the forest site, Ariquemes (northern region of
Rondônia state), during the time represented by this record.
A wider range of δ13C values between -30‰ and -14‰ are observed at the soil sites
representative of Cerradão and Cerrado vegetation communities (FIG. 2). The δ13C depth
profile for the Cerradão site show a 13C trend ranging from -30‰ and -25‰ in the deepest
part of the profile (150-200 cm), increasing to about -18.8‰ between 30-90 cm and then
reversing towards more 13C-depleted values (-27.5‰ and -25.1‰) at the surface (0-20 cm).
This trend suggests a predominance of C3 vegetation in the lower part of the record that
should represent the early Holocene, changing to a vegetation community consisting
predominantly of C4 plants, recorded in the interval between 120 and 30 cm (middle and late
Holocene), then returning to a predominance of C3 plants in the interval 30 cm at the surface
(recent). Similar δ13C profiles have been reported in Brazil [3, 4], implying a change from a
C3 to C4 to C3 vegetation type. A detailed study of the composition of modern vegetation at
the Cerradão site and δ13C data show that about 96% of the identified vegetation are C3 plants
and one CAM (orchid) species [12].
The δ13C record at the Cerrado site seems to show a similar pattern, but much more 13Cenriched values than at the Cerradão site (FIG. 2). The δ13C values range from -17.5 and to 19.0‰, in the depth interval 90-200 cm, increasing to more positive values (-14.8 to -15.7‰)
at 10-80 cm and reversing toward more negative δ13C values (-21.7‰) at the surface layer (0-
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10 cm). This site clearly shows the influence of C4 plants during most of the time represented
at this site. Palynological and paleolimnological studies in central Brazil and eastern Amazon
have shown that savannas appeared with the development of a drier climate, beginning 8000
yr BP and reaching a maximum at 6000-5000 yr BP [2, 26]. The existence of charcoal
samples dated between 7000 and 6000 yr BP in the Cerradão and Cerrado soils, probably
derived from paleofires that occurred during the dry period, supports the interpretation that the
present savanna appeared during the mid-Holocene. A survey of modern vegetation and δ13C
data indicated that about 80% of the identified vegetation of the Cerrado communities are C3
plants, and 20% are composed of C4 plants [12].
The δ13C pattern in soil organic matter and inferred vegetation changes reported in this study
have also been reported in other transitional regions between forest and savanna of the
Amazon region [3, 4] suggesting regional scale changes in vegetation communities occurred
in the Amazon Basin during the Holocene. The regional dimension represented by the Cerrado
and the Cerradão sites separated by 200 km also support the hypothesis that large areas of the
Amazon region have been affected by vegetation changes.
In Humaitá region, the savanna soils show a wide range in isotopic composition that varies
between -27 and -14‰ (Fig. 3). The lower parts of the profiles (300-cm to 150-cm depth)
show the most 13C depleted values ranging from -27.3‰ (at 250-cm depth; km 82) to -23.3‰
(at 220-cm depth; km 154). A trend towards 13C-enriched values occurs between 150-cm and
30-cm depth in the savanna profiles reaching values as high as -14.2‰ (km 154). This trend is
reversed in the shallow part of the savanna profiles toward slightly more 13C-depleted values.
The soils at the forest sites also show large isotopic variations (-26 to -19‰). The deepest
interval (300-190 cm) show δ13C values between -25 and -24‰. Similar to the savanna
profiles, a trend towards 13C-enriched values occurs between 190-cm and 40-cm depth in the
forest profiles. This trend is more pronounced at sites km 68 and km 142, whereas no isotopic
change is observed at site km 5 within this depth interval. The shallow parts of the forest
profiles show a shift towards 13C-depleted values.
Thus, the low δ13C values of -27.3 to -23.3‰ observed between 300 cm and 150 cm at the
savanna sites are presumed to reflect SOM formed under forest vegetation. Similarly, the
lower interval from 300-cm to 190-cm depth in the soils of forest sites show δ13C values
typical of SOM formed under forest [3, 11].
Substantial isotopic enrichment observed in the 150 to 30-cm depth interval in the savanna
soils, and from about 190 to 70 cm in most of the forest sections, is likely related to an
increase in the contribution of C4 plant biomass due to savanna expansion. In the southern
part of the transect, 13C-enrichment is most pronounced in soil profiles presently located in
savanna (km 80 and 82), reaching values as high as -14.2‰ and becomes less evident in
forested sections to the south and north, where the highest value is -19.3‰. The trend towards
13
C-depleted values in the upper 70 cm in the forest soil profiles probably reflects a shift
towards increasing influence of C3 plants at the expense of declining savanna vegetation.
The forest SOM in the lower strata of the soil profiles was probably formed between 17,000
and 9000 14C yr BP based on radiocarbon dating of the Fig. 3. Dominance of forest
vegetation, during the last part of the last glacial to the early Holocene, is consistent with
other vegetation reconstructions [6, 22]. In our study region, widespread savanna expansion
does not appear to have been initiated until around 9000-8000 14C yr BP and lasting until
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about 3000 14C yr BP. This interpretation is similar to other documented forest to savanna
vegetation changes in the Amazon Basin during the early and middle Holocene [12, 20, 24].
However, some regions in the Amazon Basin remained forested during the middle Holocene
[6, 13] possible reinforcing the Refugia Hypothesis. Some authors argue that savanna
expansion was not on a regional scale but much more localized [19].
Our results show forest expansion at the expense of savanna since about 3000 14C yr BP. This
vegetation pattern has also been documented near Humaitá-AM [4, 20]. A similar study
showed the advance of forest over savanna in Roraima, northern Amazon region [3].
Therefore, according to our study the period 17,000-9000 14C yr BP appears to have been
wetter and probably cooler. The expansion of the savanna between 9000-8000 14C yr BP and
3000 14C yr BP, suggests drier and probably warmer conditions than the previous period,
during early and middle Holocene. Similar climate pattern has been suggested for this region
around the Late Pleistocene [27]. After 3000 14C yr BP to the present, expansion of C3
vegetation (forest) suggests that suitable wetter conditions have favoured this change in the
region.
4. CONCLUSIONS
This study presents the first long Late Quaternary record of vegetation dynamic inferred from
carbon isotope composition of SOM in southern Amazon. Significant carbon isotope
variations reflecting changes in vegetation were observed in 12 soil profiles collected along a
750-km transect that included forest and savanna sites in Rondônia state and Humaitá region,
Amazonas state. Three major vegetation phases were identified. These include: 1) a forest
phase between 17,000 and 9000 14C yr BP; 2) savanna expansion between 9000-8000 and
3000 14C yr BP; and 3) forest expansion after 3000 14C yr BP. Our study suggests that forest
vegetation was not replaced by regional savanna expansion during the last part of the last
glacial in the region, as has been suggested by others studies, and brings into question the
relationship between climate change and non-uniform vegetation response in the Amazon.
Similarly, savanna expansion appears to have occurred during the dry and warm early and
middle Holocene, although the regional significance of this vegetation change also remains
uncertain in light of other studies that indicate forest vegetation was widespread during this
interval. Further studies utilizing carbon isotope profiles in SOM at other forest-savanna
ecotonal boundary regions, may contribute to a more effective characterization of local versus
regional vegetation response to past climate change in the Amazonia.
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TEMPORAL VARIATION IN ORGANIC CARBON STABLE ISOTOPE
COMPOSITIONS OF LACUSTRINE SEDIMENTS FROM
SUB-ARID NORTHERN TANZANIA*
(Abstract)
A.N.N. MUZUKA, N. NYANDWI
Institute of Marine Sciences, University of Dar es Salaam, Zanzibar, Tanzania
The stable isotope compositions for four sediment cores recovered from three shallow lakes
located in the Ngorongoro crater (Lake Magat) and head of the Olduvai Gorge (Lakes Ndutu
and Messak) are used to document climatic changes in sub-arid northern Tanzania during the
late Pleistocene-Holocene period. The two lakes, which are located on the head of the Olduvai
Gorge about 1 km apart and 100 km from the Ngorongoro Crater, were probably once one
lake during periods of high precipitation. All four cores were collected using a flow-through
type of corer, and sub-sampled every 10 cm with each sample representing a homogenate of
1 cm.
Two cores (40 cm and 500 cm long) were collected from Lake Magat, and AMS 14C age on
total organic matter (OM) for a nearby core collected about 1 m apart indicate that the
sedimentation rate at these sites is approximately 17 cm/ka. Assuming that these sites have a
constant rate of sedimentation, the analysed long core represents sediments that were
deposited during the late Pleistocene-Holocene period.
The δ13C for 40 cm long core shows a downcore increase, with δ-values ranging from –21 ‰
to -12.5 ‰. A similar downcore increase in 13C values is observable for the 500 cm long core.
Apart from this general tend, this core also shows three peaks of low δ-values centred at 200
cm, 380 cm and 490 cm. A general downcore increase in the 13C for the two cores from the
Ngorongoro crater suggests changes in the relative proportion of C3 and C4, probably
indicating changes in precipitation and lake levels in the area. High precipitation and lake
levels being associated with deposition of OM depleted in 13C. Although, diagenetic changes
might have contributed to the observed trend, but a change of up to 7 ‰ cannot solely be
attributed to diagenetic changes. High content of organic carbon and nitrogen in sections
enriched in 13C excludes the possibility of diagenetic effects.
Although record from Lake Ndutu is not a continuous one (gaps in between), the δ13C values
shows a general downcore decrease contrary to the Ngorongoro crater record. This general
trend is punctuated by periods of above normal enrichment in 13C, and δ13C values are as high
as –6 ‰. Peaks enriched in 13C probably indicate periods of reduced precipitation, where
phytoplankton used dissolved bicarbonate rather than dissolved atmospheric CO2. A general
downcore decrease may probably indicate either an increase in precipitation over time or
diagenetic effects. It has been shown that diagenetic effect is significant in sediments poor in
OM [1]. A downcore decrease in δ13C values associated with a low contents of organic carbon
and nitrogen that shows a downcore decrease, probably is an indication of diagenetic changes.
A core from Lake Messak shows near constant δ13C values around –19 ‰, with exception of
two peaks depleted in 13C at about 120 cm and 240 cm. Moreover, the contents of organic
carbon and nitrogen for this lake are low relative to other sites. Sections depleted in 13C were
* Only an abstract is given here as the full paper was not available.
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probably deposited when lake levels were high as a result of increase in precipitation. 210Pb
activity for the upper 50 cm shows that the sediments from Lake Ndutu have been recently
deposited while that of Lake Messak are older. Owing to the lack of good chronology, intercore correlation is not possible. However, all three long cores point to a significant change in
paleoclimatic conditions that were most likely associated with changes in the vegetation
cover.
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Abstract. Due to the sensitivity of its regional climate to the African monsoon seasonal shifting,
Ethiopia has been designated as a key site for palaeoenvironmental reconstructions mainly within the
IGBP-PAGES-PEPIII programme. Under the French-Ethiopian ERICA project, we focused on Lake
Abiyata located in the Ziway-Shala basin (Central Ethiopia) which has experienced several
lacustrine highstands during the Late Pleistocene and Holocene. At present, Lake Abiyata is a closed
lake with a very flat catchment area, and corresponds to a half, deep grabben infilled by 600-m of
sedimentary deposits.In 1995, a 12.6-m-long sequence ABII was cored in Lake Abiyata. A reliable
14
C-AMS chronology was defined on both organic matter and inorganic carbonates. Both the modern
hydrologeological and geochemical balances of the “groundwater-lake” system indicate that (i)
carbonate cristallization mainly occurs at the water-sediment interface via the mixing of lake water
and 14C-depleted groundwaters, and that (ii) modern algae form in equilibrium with the atmospheric
reservoir. Phytoplankton is thus considered as an authigenic material, and Core ABII has registered
13,500 cal. yr B.P. of environmental history. The evidence of calcite precipitation at the watersediment interface calls into question the direct palaeoclimatic reconstruction based on inorganic
carbonates. Since the evolution of isotopic contents of carbonates might be linked to the variable
proportion of the “lake/groundwater” end-members in the mixing, calculations based on isotopic
mass balance models may allow for the reconstruction of δ18O composition of the lake water. Two
major changes can be highlighted: (i) the ~12,000-5500 cal. yr B.P. period is associated to low 18O
contents of lake water, and corresponds to an open hydrological system, with a high lacustrine
phytoplanktonic productivity, and (ii) from ~5500 cal. yr B.P. to Present, regressive conditions are
suggested by the δ18O enrichment of the lake water, indicating more arid conditions and the closure
of the lake.

1. INTRODUCTION
Despite complex meteorological features [1-3], and specific hydrological and geochemical
processes and evolutions in lakes linked to intense volcano-tectonic activity, East Africa
remains a key site for palaeoenvironmental reconstructions mainly under the IGBP-PAGES
programme/PEP III transect (see for previous works: e.g. [4-8]) since (i) it is influenced by
the present-day monsoonal circulation and (ii) long-term rainfall variations can be related to
global climatic fluctuations, with major changes in atmospheric circulation and/or moisture
balance [9-10].

207

Pluridisciplinary studies already conducted on the four Ziway-Langano-Abiyata-Shala lakes
(i.e. Ziway-Shala basin, East Ethiopian Rift) have highlighted several lacustrine
transgressive/regressive phases during the Late Pleistocene-Holocene period [4-6].
Under the French-Ethiopian Project ERICA ("Environmental Research for Intertropical
Climate in Africa"), a coring campaign was initiated in 1995 on Lake Abiyata deposits. Both
hydrological and hydrochemical balances of the lake were firstly defined [11]. Then,
12.5-m-long sedimentary sequence (i.e. Core ABII) was sampled and firstly investigated for
the establishment of 14C datings performed on both carbonated deposits and organic
materials. Both hydrological and hydrochemical balances of the lake were defined, and the
comparison of carbonates- and organic-inferred 14C chronologies highlighted a constant
discrepancy between the 2 chronologies, the 14C time-scale on carbonates being always
older by 200 to 600 yr than the one on organic matter [12]. Once this anomaly explained by
calcite precipitation at the lake-sediment interface where a mixing between the lake water
and 14C-depleted groundwater occurs, we focused on the interpretation of stable isotopes
contents of inorganic calcite in terms of palaeohydrological changes, since the main problem
encountered in palaeoclimatic reconstructions remains the establishment of quantified data
to be integrated in regional and global climatic models.
We thus present here:
1. the stable isotopes profiles of inorganic carbonates from Core ABII, and
2. the step-by-step carbon and water mass balance models established in order to
define the stable isotope characteristics of the mixed water (i.e. lake-sediment
interface),
with the aim of reconstructing the isotopic composition of Lake Abiyata surface water.
2. GEOLOGICAL AND CLIMATOLOGICAL SETTINGS
The four lakes Ziway, Langano, Abiyata, and Shala belong to a 100-km-long and 40-kmwide, NNE-SSW-trending faulted and caldera-bearing system located in the axial zone of
the Main Ethiopian Rift between 7o and 8o30’ Latitude N (Figure 1). This complex basin is
bounded to the East by the Sountheastern Plateau including the Arussi-Bale Massif, and in
the West, by the Ethiopian Shewan Plateau.
Lake Abiyata (7o40'N, 38o40'E ; 1500 masl ; Figure 1) corresponds to a half, deep graben.
Its catchment area is limited to the east by the NNE-SSW faults of the Katlo horst, and to the
West by the volcanic systems linked to the Shala volcano. Its northern shore opens on the
Bulbula alluvial plain where the thickness of lacustrine and alluvial deposits can reach
600 m [13]. The western and southwestern margins of Lake Abiyata have shown volcanic
activities at 0.18 Ma. Since then, only very slight tectonic movements from the NNE fault
system during the Holocene are suspected [13], in agreement with the eastward migration of
tectonic activity of the East African Rift. Despite the fact that intense geothermal activity is
observed at the Corbetti and Aluto volcanic centers, geothermal springs do not influence
Lake Abiyata basin.
The regional climate is of tropical monsoonal type, and the pluviometric regime is driven by
the yearly oscillation of the intertropical convergence zone (ITCZ), which determines a
warm-wet summer (maximum rainfall from June to September) and a dry, cold and windy
winter. The mean annual precipitation amount varies between 1050 and 750 mm from the
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plateau to the plain, while the mean annual temperature evolves from 20 to 22oC at the lakes
level [14]. Lake Abiyata is presently situated at the limit between the unimodal (e.g. AddisAbaba station; [10, 15], and bimodal rainfall cycles, the latter system inducing a second,
short rainfall season in March-April [14].
3. MODERN HYDROLOGICAL SYSTEM
3.1. Surface water
Mainly developed upstream, a simple surface network connects the 3 northern lakes of the
basin via the Horakelo River from Lake Ziway to Lake Abiyata, and the Bulbula River from
Lake Ziway to Lake Langeno (Figure 1). Lake Abiyata thus represents the terminal lake of
the Ziway-Langeno-Abiyata sub-system since no present-day surface connection exists
between Lake Abiyata and Lake Shala.
At present, strong evaporative conditions prevail, and Lake Abiyata surface waters are of
alkaline- to highly alkaline-type chemical facies, due to the unbalanced initial stage between
HCO3- and concentrations in earth alkali elements [11].
3.2. Groundwater
The lacustrine sedimentary basement of Lake Abiyata basin is characterized by a
multilayered aquifer, in which 2 main levels are exploited: (i) the shallow aquifer of the
Bulbula Plain connected to the lake and supporting most of the village water-supply wells,
and (ii) a deeper system exploited by the Soda Ash Plant borehole. Despite some clayey lens
which can cause the deeper aquifer to be locally confined, these 2 producing levels can be
considered as hydraulically connected at the basin scale. Groundwater flowpaths move
towards Lake Shala, which has the lowest elevation (1550 m) [14].
At sampling time, the in-situ prameters of the deep aquifer connected to the lake via the lake
bottom in the 600-m infill of Lake Abiyata basin were as follows: pH = 8.69; TC =Total
Carbon content = 1.03*10-2 mole.L-1.
3.3. Modern geochemical and stable isotope data
1. At sampling time (11/1995), in-situ geochemical parameters of Lake Abiyata surface
water were as follows: T=Temperature = 22oC; Electical Conductivity = EC = 25.5
mS.cm-1; pH = 10.1 and TC = 1.85*10-1 mole.L-1. The corresponding long-term δ13CTDIC
and δ18O values are +3.5‰ vs PDB, and comprised between +7.5 and +9.0 ‰ vs SMOW
respectively (Y. Travi, pers. Comm.) [16]. Since the 18O contents fluctuate according (1)
the geography (distance to the shore, sampling depth, distance to river mouths), and (2)
the meteorology (yearly rainfall amount, evaporation), a mean δ18O value of +8‰ vs
SMOW is considered as representative of the lake water at the core site [11, 14].
2. Knowing that precipitation isotopic signature is homogeneous when entering the Rift
Valley, the comparison with data from nearby meteorological stations, mainly Awasa
station [15] indicates that present-day yearly rainfalls have a modern mean composition
of about -2‰ vs SMOW.
3. For the deep aquifer, the buffered values obtained from the Kertefa borehole drilled in the
central part of the Bulbula plain were chosen for the calculation: TC = 1.03*10-2 mole.L-1
; δ13CTDIC = -2.5 ‰ vs PDB ; δ18O = -2.0 ‰ vs SMOW ; A14C = 62.2 pMC.
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4. MATERIALS AND METHODS
4.1. Materials
The 12.6-m piston-cored sequence ABII was cored under a well-mixed 7-m water column in
1995 from the southeastern part of Lake Abiyata (core ABII), and as far as possible from
former and modern rivers to avoid detrital inputs (Figures 1 and 2a). The core consists
mainly of shell-free, homogeneous clayey and organic muds, alternating with sandy marls,
either finely or coarsely laminated (Figure 1). Organic matter and carbonates, under calcite
or Mg-calcite form, are present along the whole core, and the increase in the number of
tephra layers downwards correlates to increasing numbers of coarse sandy layers.

FIG. 1. Location of Lake Abiyata (Ziway-Shala basin, Central Ethiopia), of water samples and of
lacustrine Core ABII (1995).

The modern sedimentation of Lake Abiyata is dominated by lacustrine organic matter in
relation to an intense primary productivity. Its reduced catchment area and the lack of
inflowing rivers preclude inputs of important detrital vegetation debris, and reduce the
sedimentation of pedogenetic organic matter. Palynofacies analyses of organic compounds
show that sediments mainly consists on phytoplanktonic organic matter (almost 90% of
plankton at the core top), while ligno-cellulosic debris are almost absent from the samples
(<1%), showing the lack of input from emergent plants or local vegetation growing around
the lake. Moreover, radiocarbon activities of modern lake waters (14C Activity=111.6 pMC;
δ13CTDIC =+3.5‰ vs PDB) and plankton (14C Activity=111.4 pMC; δ13C=-21.5‰ vs PDB),
at sampling time demonstrate the equilibrium of the Total Dissolved Inorganic Carbon
(TDIC) with both the atmospheric reservoir and the organic matter. This allows for the
phytoplankton to be considered as an authigenic material.
Modern inorganic carbonates crystallize at the lake water/sediment interface, where a
mixing occurs between the sodi-carbonated lake water and the 14C-depleted, but relatively
Mg-Ca-enriched groundwater [12, 17]. The participation of this groundwater remains the
only possible source of 1) enough 14C-low dissolved calcium to allow for calcite
precipitation, and 2) enough 14C-low activity carbon via the calco-carbonic system to
account for the ageing of the inorganic carbonated fraction.
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FIG. 2. Lake Abiyata, a.) Schematic stratigraphic log; b.) Calibrated 14C datings on organic matter
(black squares) and inorganic carbonates (empty circles), plotted against Core ABII depth; c.)
Calibrated 14C time-scale as defined on organic matter; d.) Discrepenaciy between 14C activities on
organic matter and carbonates respectively; e.) Calculation of the carbon fraction from the lake water
in the mixing at the water-sediment interface; f) Measured δ13C on inorganic carbonates (‰ vs PDB);
g.) Measured δ18O on inorganic carbonates (‰ vs PDB).

The AMS-14C the time-scale defined on organic matter samples on the upper 11-m of Core
ABII is thus considered as the “reference” time-scale, showing that the whole Holocene
period (ca. 13,500 cal yr B.P. to Present; Figures 2b and 2c) is registered in Core ABII with
a mean sedimentation rate of about 1.1 m/ka [12].
4.2. Methods- analysis and mass balance calculations
Both 13C/12C and 18O/16O ratios were determined on inorganic carbonates at specific levels
(Figures 2f and 2g), the removal of the low organic content having been achieved through a
weak H2O2-leaching. Carbonated samples were then transfer to CO2 gas by acid attack
(concentrated H3PO4 acid). Isotopic results are expressed in δ values (‰ deviation of
13 12
C/ C and 18O/16O ratios with reference to the PDB standard). Uncertainties are of 0.1 ‰
vs PDB for both isotopic ratios.
The choice of samples as well as the laboratory treatment for 13C contents and AMS-14C
analyses for both inorganic carbonates and organic matter had been already described [12].
Graphite sources were prepared in the Laboratory of Hydrology and Isotope Geochemistry in
Orsay (France), and counted with the accelerator mass spectrometer (Tandetron facility) of
Gif-sur-Yvette (France). Analytical errors on measured 14C activities, including laboratory
errors, are comprised between 0.5 and 0.8 pMC.
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4.2.1. Carbon-14 – Definition of X, carbon contribution of the lake water in the mixed water
The calculation of the initial 14C activity of inorganic carbonates is reached via the
activity of organic samples considered as true activities [12] (Figure 2d).
14

and
then

C Amixed water = 14C Ameasured on carbonates/ e-λ*t (O.M.)
Nmixed water = (1/λ) * (Amixed water/100)*13.56 for 1 g of carbon
Nmixed water = (1/λ) * ([14C Ameasured on carbonates/ e-λ*t (O.M.)]/100)*13.56

14

C

(1)
(2)
(3)

Then, a simple mass balance equation can be formulated to extract X, carbon contribution of
the lake in the mixing :
(4)
Nmixed water = X * Nlake water + (1-X) * Ngroundwater
Knowing that :
Nlake water = (1/λ) * (Alake water/100) * 13.56 for 1 g of carbon
for 1 g of carbon
And Ngroundwater = (1/λ) * (Agroundwater/100) * 13.56
Nmixed water = X * [(1/λ) * (Alake water/100) * 13.56]
+ (1-X) * [(1/λ) * (Agroundwater/100) * 13.56]
Combining equations (4) and (5) gives:
14
C Amixed water = X * 14C A lake water + (1-X) * 14C A groundwater

(5)
(6)

Integrating equation (1) in equation (6) gives:
14
C Ameas. on carbonates/ e-λ*t (O.M.) = X * 14C A lake water + (1-X) * 14C A groundwater(7)
Then (Figure 2e) :
X = [14C Ameas. on carbonates/e-λ*t (O.M.)] / [14C A lake water - 14C A groundwater]

(8)

At that step of the calculations, all the above-mentioned equations are independent from pH
and temperature.
4.2.2. Oxygen-18–δ18Olake water reconstruction
The use of measured δ18O values of inorganic carbonates for the reconstruction of the 18O
content of the lake water requires to transfer X (carbon contribution of the lake in the mixed
water) to X’ (water fraction of the lake water in the mixed water; Figure 3).
Considering that the equilibrium between the TDIC (Total Dissolved Inorganic Carbon)
content of the lake surface water and the atmospheric CO2 remained constant through time,
the respective water fractions of lake and of groundwater in the mixing, weighted by their
respective carbon contributions via their TC expressed in mole.L-1, can be stated as follows:
TClake water * X’ = X * TCmixed water
TCgroundwater * (1-X’) = (1-X) * TCmixed water
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FIG. 3. Lake Abiyata, a.) Calibrated 14C time-scale as defined on organic matter; b.) Measured δ18O
on inorganic carbonates (‰ vs PDB); c.) and d.) Open Lake System: Water fraction X’ from the lake
in the mixing at the water-sediment interface and the corresponding reconstruction of the 18O
content of the lake surface water; c.) and d.) Closed Lake System: Water fraction X’ from the lake in
the mixing at the water-sediment interface and the corresponding reconstruction of the 18O content
of the lake surface water.

Then:
(TClake water / TCgroundwater) * (X’/1-X’) = X/1-X
X
X’= ---------------------------------------------------X + [(1-X) * (TClake water/TCgroundwater)]

(13)

The calculation of the oxygen-18 content of the mixed water via those ones measured on
fossil carbonates, and with respect to the fractionation factor α [18] :
103. lnαCalcite-Water = 2.78 * 106 * T-2 - 2.89 = δ18OCalcite - δ18OMixed Water
δ18OMixed Water = δ18OCalcite - [2.78 * 106 * T-2 - 2.89]
(14)
A mass balance model can be applied :
δ18Omixed water = X’ * δ18Olake water + (1-X’) * δ18Ogroundwater
and then :
δ18Olake water = [δ18O mixed water - (1-X’) * δ18Ogroundwater] / X’

(15)
(16)

5. RESULTS - RECONSTRUCTION MODELS
The reconstruction of the oxygen-18 of Lake Abiyata surface water has required the
establishment of several simple equations, based on the two main assumptions: (i) calcite
precipitates under equilibrium conditions, and (ii) geochemical parameters remain constant
for the two end-members of the mixing.
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Considering all the modern geochemical data sets availables for the Ziway-Shala basin [11,
14], Figure 3 gathers isotopic profiles plotted against the calibrated AMS-14C O.M.-timescale, and calculated with the following parameters entering the model at equations (4), (13),
(15) and (16) respectively: A14CGroundwater = 62.2 pMC; TCGroundwater = 1.03*10-2 mole.L-1 and
TCLakeWater = 500 mg.L-1 ; T= 22oC (mean annual temperature of the area), and δ18OGroundwater
= -2‰ vs SMOW.
The interpretation of the profiles are complex. Nevertheless, the results show that:
a. From the core base to 1115 cm (13,500-~ 12,700 cal. yr B.P.), the values are
enriched and almost equals to that of the present-day Lake Abiyata, and seems to
indicate a Closed Lake System status.
b. The lowest isotopic contents of Lake Abiyata surface water (mean value of +1‰
vs SMOW) are observed from 1115 to 870 cm (~12,000-~5500 yr B.P.), although
interrupted by a short-term 18O-enriched phase at around 10,000 cal. yr B.P.
These low 18O contents likely indicate more humid conditions. Lake Abiyata
reconstructed 18O contents are comprised between the 18O contents of modern
rainfall (i.e. -2 ‰ SMOW) and that of modern Lake Ziway (~+4‰ SMOW).
Alghough we are far to directly reconstruct the “Precipitation-Evaporation” ratio
at that step of the study, this suggests that during this phase, Lake Abiyata was
reacting as the modern shallow Lake Ziway, i.e. an open lake probably more
extensive and less influenced by evaporation processes.
c. The highest values of δ18OLake Water are situated from 870 cm to the core top
(~5000 cal. yr B.P.to Present), with clear, sharp fluctuations at the core top
(~2000 cal. yr B.P to Present.), suggesting strong evaporative processes, and a
higher residence time of the lake water, indicating likely a progressive evolution
to a smaller lake alternatively open and closed. This hypothesis is in agreement
with previous studies of the lake shorelines having evidenced a negative
hydrological balance and regressive climatic conditions at that time [4-5]. This
also agrees with on-going works on stable isotope contents of the fossil organic
matter, showing very high δ15N values attributed to the hyper-alkalinisation of the
surface water after the closure of the lake, and the use of DIN instead of air
nitrogen by the phytoplanktonic O.M. [19].
6. UNCERTAINTIES
As already mentioned, the reconstructed stable isotope contents of the mixed water, and
consequently results on the calculated 18O content of the lake water, refer to the following
conditions:
* For carbon-14 equations (i.e. carbon fraction reconstruction):
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i.

taking into account constant values of 14C activities for both lake surface
water and groundwater (14C activity could be higher at the time of lacustrine
highstand, distance and transit time being reduced on the catchment) ;

ii.

considering no Suess effect [20], which means a constant atmosphere activity
(and then a contant 14C Alake water) during the pre-bomb period (100 pMC ;
pre-bomb year = 1950);

* In addition, for the 18O mass balance model :
i.

taking into account constant Total Carbon contents through time (assumption
Open Lake System/Closed Lake Sytem) ; considering the data already
gathered for recent periods (Chernet, 1982), this Total Carbon content could
be 10 times lower than that of a smaller lake ;

ii.

Assuming a constant δ18O value for groundwater through time, although the
rainfall signal could have been slightly variating with respect to climatic
changes;

iii.

estimating that calcite precipitation occurs in equilibrium with the mixed
water at the lake-sediment interface ;

iv.

considering the fractionation factor definition between inorganic calcite and
HCO3- for temperature between 0 and 35oC [18] ;

v.

taking into account any pH fluctuations through time (i.e. the whole lake
water carbon content being assumed to be under HCO3- form) ; this last
assumption is generaly true except for highly concentrated water.

The main uncertainties remain the Total Carbon content and the δ18O values for both lake
and groundwater. Although we cannot constrain the model all the hypothesis at that step of
the reconstruction, some experiments can be made on the two above-mentioned parameters,
and also with variating temperatures.
1. The first calculation refers to the temperature, evolving from 15 to 25oC, with
δ18OGroundwater as constant (i.e. -2.0‰ vs SMOW). The minimum and maximum δstandard deviation are 2.3 and 3.9 ‰ vs SMOW respectively, with respect to the
profile defined with present-day of temperature (20oC) and isotopic values of
groundwater (-2‰ vs SMOW) (cf. Figure 3d).
2. The second calculation refers to δ18OGroundwater (constant temperature = 20oC) which
varies between 0 and -4‰ vs SMOW, these values having been choosen with
reference to present-day precipitation (uncertainties of ±2‰ vs SMOW). Resulting
calculations give minimum and maximum standard deviation of 0.1 and 2.8 vs
SMOW respectively, again with respect to the profile defined with present-day of
temperature (20oC) and isotopic values of groundwater (-2‰ vs SMOW) (cf.
Figure 3d).
3. More importantly, and according previous studies [11-12, 14], two cases can be
envisaged in relation with the two extreme values of TClake water deduced from the
modern hydrological behaviour of the basin, and which can be introduced in the 14C
model: (i) the modern geochemical evolution of Lake Ziway (TC=500 mg.L-1)
which can be considered as representing an Open Lake System status (Figures 3c
and 3d), and (ii) the present-day parameters measured for Lake Abiyata (TC=7000
mg.L-1) likely representing the Closed Lake System end-member (Figures 3e and
3f). These two poles are considered as reflecting the evolution of Lake Abiyata
through time, and are of high importance when calculating the water fraction X’ of
the lake in the mixing.
• Case 500 mg.L-1: Despite the few data available so far, the way of
reconstructing the 18O contents of the lake surface water with a
corresponding TC of 500 mg.L-1 seems to be correct since our simple
model which takes into account the participation of the groundwater makes
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the top-most δ18O values to range from +7.5 to 8.7 ‰ vs SMOW, and to be
similar to that of modern Lake Abiyata (Figure 3d).
• Case of 7000 mg.L-1: On the oposite, the values found for the
reconstruction with a TC of 7000 mg.L-1 for the lake water do not
correspond to already natural observed value, except for Lake Chad [21]
where the super-evaporation of the lake can conduct to enriched δ18O
values up to 35 ‰ (Figure 3f). This could envisaged only if the lake was
completely confined without groundwater input. The values up to 35‰
could be reached if groundwater level was strongly decreasing. However,
this does not correspond to the present-day hydrologeological situation.
Nevertheless, other hypothesis can be envisaged to explain these
discrepancies: (i) the increase in primary productvity, this increase biaising
the lake water proportion in the mixing and its TC content ; (ii) the mixing
of chemically very different water, this phenomenon implying reversal
chemical evolution and a different remaining solution at one given time
“+1” ; (iii) the hypothesis of the assimilation of concentration (i.e.[C]) and
ionic activity in an Open Lake Status cannot be taken into account in a
Closed Lake System since [C] is then completly different from the ionic
concentration.
7. CONCLUSION
As a conclusion, the reconstruction of the stable isotope contents of the mixed water, and
consequently results of the calculated 18O content of Lake Abiyata surface water allow for a
new description of the lake evolution, which takes into account the groundwater influence.
The results based on several assumptions could be improved by using, for simulations,
specific values at different levels of the core, considering the regional evolution of
precipitation, and the related hydrogeological behavior of the Ziway-Shala basin. (better
definition of the δ18OGroundwater). This will be possible as these investigations enter in a
multidisciplinary study of Lake Abiyata, and in the next future, they will be compared to
other proxies, both bio-indicators or geochemical parameters, such as the diatom-inferred
pH and salinity [22], and the stable isotope contents of organic deposits [19].
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δ15N, δ13C AND RADIOCARBON IN DISSOLVED ORGANIC CARBON
AS INDICATORS OF ENVIRONMENTAL CHANGE
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Bayreuth, Germany
Abstract. Decomposition, humification, and stabilization of soil organic matter are closely related to
the dynamics of dissolved organic matter. Enhanced peat decomposition results in increasing aromatic
structures and polycondensation of dissolved organic molecules. Although recent studies support the
concept that DOM can serve as an indicator for processes driven by changing environmental processes
in soils affecting the C and N cycle (like decomposition and humification) and also permit insight in
former conditions some 1000 years ago, it is unknown whether dissolved organic carbon (DOC) and
nitrogen (DON) have an equal response to these processes.

1. INTRODUCTION
The main objective of this paper is the question if a change in the degree of humification of
DOM caused by different environmental conditions in a recent fen area is linked with
different dynamics of DOC and DON as a basis for interpretation of carbon and nitrogen
isotopes of DOM in older groundwater [1].
As a first step we tested this hypothesis by analyzing DOC and DON concentrations of
topsoils, groundwater and surface water of six differently used sites in a fen area.
Furthermore, the degree of humification of DOM as deduced from synchronous fluorescence
spectra were related to the natural variation of carbon (13C, 14C) and nitrogen (15N) isotopes of
DOM [5].
2. RESULTS AND DISCUSSION
We detected differences in the isotope signature between carbon and nitrogen at different
stages of humification (Fig. 1). The degree of humification of soil organic matter was found
to be not crucial for both DOC and DON release. Intact peatlands (low degree of decomposition and humification) favour the release of DOC whereas degraded peatlands (high degree of
decomposition and humification) favour the release of DON.
DOC concentration in topsoil, groundwater and surface water depends on soil organic carbon
content and therefore on the degree of peat decomposition. Whereas the inorganic N pool is
more important for DON release than the whole organic N pool.
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FIG. 1. Dependence of δ13C ratio (topsoil water-soluble FA), 14C content (groundwater FA) and δ15N
ratio (groundwater FA) on the humification index of DOM.

DOC and DON showed a similar dynamic after a short-term land-use change from crop
production to an unimproved grassland as indicated by unchanged concentrations and
humification of DOM and increased 14C and 15N values. A high humification of DOM is
linked with a high C turnover and an increased microbial modification and age of DOC but
with low δ15N ratios. If one considers the promoting effect of inorganic N on DON release we
assume that an addition of mineral fertilizer N increases the microbial mobilization of amino
acids. These amino acids could be responsible for the low δ15N ratios. Furthermore, the
condensation of amino acids with carbohydrates to humic substances is accompanied by a
high humification of DOM at these sites which got inorganic N fertilizers. However, an
incorporation of fertilizer N into the DON fraction can not be excluded. At all, we have to
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conclude opposite patterns of DOC and DON at different stages of humification of DOM.
Therefore, both DOC and DON have to be considered in studies concerning the dynamic of
DOM, especially the humification of DOM.
The degree of humification of soil organic matter is not crucial for both DOC and DON
release. The amount of SOM which is, however, dependent on the degree of decomposition
determines the release of DOC whereas the inorganic N pool affects the release of DON.
Therefore, intact peatlands (low degree of decomposition and humification) favour the release
of DOC whereas degraded peatlands favour the release of DON. Humification of DOM did
not change after a short-term land-use from crop production to an unimproved grassland.
Increased 14C and 15N values showed an equal response of DOC and DON to this land-use
impact. A high humification of DOM is linked with a high C turnover and an increased
microbial modification and age of DOC but with low δ15N ratios. An incorporation of
fertilizer N into the DON fraction is not proven but can also not excluded. It is more likely
that an addition of mineral fertilizer N increases the microbial mobilization of amino acids
followed by a condensation with carbohydrates to humic substances. At all, we have to
conclude opposite patterns of DOC and DON at different stages of humification of DOM.
Therefore, both DOC and DON have to be considered in studies concerning the dynamic of
DOM, especially the humification of DOM.
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Abstract. Oxygen concentration and δ18O of O2 have been monitored in light and heavy soils. Steep
oxygen gradients were present at the heavy soil site (minimal O2 concentration was 1% at 150cm
depth) and δ18O values typically ranged from 0‰ to -1.6‰ relative to air O2. In the light-soil site, the
O2 concentration was 20.38% to 20.53% and δ18O values ranged from -0.06±0.015‰ to 0.06±0.015‰
relative to atmospheric O2. The fractionation in soil respiration was estimated from the observed [O2]
and δ18O profiles and their change with time by a five-box numerical model. Diffusion due to
concentration and temperature gradients was taken into account. Good agreement was found between
the model results and the measured values. The average discrimination against 18O in the two study
sites was 12±1‰. The current understanding of the composition of air O2 attributes the magnitude of
the fractionation in soil respiration to biochemical mechanisms alone. Thus the discrimination against
18
O is assumed to be 18‰ in cyanide-sensitive dark respiration and 25‰ to 30‰ in cyanide-resistant
respiration. The discrimination we report is significantly less than in dark respiration. This overall low
discrimination is explained by slow diffusion in soil aggregates, and in root tissues that results in low
O2 concentration in the consumption site. Since about half of the terrestrial respiration occurs in soils,
our new discrimination estimate lowers significantly the discrimination value for terrestrial uptake.
Higher then currently assumed discrimination was found in experiments with illuminated plants. This
high discrimination might compensate for the low discrimination found in soils.

1. INTRODUCTION
Soil-respiration is a major component of the global carbon cycle and contributes about one
third of the global O2 uptake. Since the uptake rates of various stable oxygen isotopes are
different, soil respiration significantly affects the isotopic composition of atmospheric O2. The
18
O enrichment of air O2 with respect to ocean water is known as the “Dole effect”. Changes
in the Dole effect have been used to infer past variations in the ratio of marine to terrestrial
biospheric production, related to past climatic changes [1, 2]. However, in order to derive
quantitative estimates, it is necessary to gain better understanding of the basic mechanisms
affecting the isotopic composition of O2 during its photosynthetic production and respiratory
consumption.
In recent treatments of past variations in the Dole effect, it was assumed that global terrestrial
respiration preferentially discriminates against 18O by 18‰ with respect to 16O [1-3]. This
value is based on measurements in isolated plant organs [4, 5]. However, it has been noted [5]
that when O2 diffusion to the consumption site is slow, the discrimination of a system would
depend not only on the discrimination in the consumption process but also on the
discrimination in diffusion, and on the relative rates of consumption and diffusion. In an
extreme case where diffusion is very slow in comparison to respiration, oxygen level in the
consumption site is near zero, and any O2 entering is immediately respired. The
discrimination in this case is the discrimination in diffusion since no discrimination in
respiration takes place.
Bender et al. [1] recognized the role of diffusion limitation on oxygen isotope discrimination
in their treatment of the Dole effect. They suggested that in the ocean the role of diffusion
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limitation is negligible, because most of the respiration takes place by small organisms in
which the ratio of surface area to volume is large. However, this limitation cannot be
neglected in soils in which the O2 supply to the consumption site is slowed down by low
diffusivity of root tissues and soil aggregates. Hence, we expect the overall discrimination
against 18O in soil respiration to be lower than in dark respiration alone (18‰ in cyanidesensitive respiration [5]). This expectation is strengthen by incubation experiment we
conducted with intact roots in which low discrimination were measured [6].
To the best of our knowledge, there is only one previous study in which the δ18O of O2 in soil
air was measured [7]. In the present study, the discrimination against 18O in soil respiration
has been evaluated by monitoring [O2] and δ18O in two sites with heavy and light soils. To
this end the soil air was sampled in the upper 1.5m of the soil, where most of the biological
activity and respiration take place.
2. METHODS
2.1. The study sites
Two model study-sites were chosen in the coastal plane of Israel. The first was a citrus
orchard near Alexander stream. At this site, the soil changes gradually from clay in the top
layers to sandy clay loam in the deeper ones, and therefore this site will be referred to as the
“heavy-soil site”. In the summer months this orchard is irrigated every second week.
The second site was an avocado orchard located near Caesarea, about 20 km north of the first
one. The soil in this site is sandy and it will be referred to as the “light-soil site”. In the
summer months this orchard is irrigated every morning.
2.2. Monitoring of soil air
To sample soil air at the heavy-soil site, we have inserted five Nalgene tubes (1/16” ID,
1/8” OD) at evenly spaced intervals (30 to 150 cm) in a drilled hole. The hole was filled with
alternate layers of sand and bentonite clay in such a way that the opening of each tube was
centered in a 10-cm layer of sand. The sand layers ensured easy pumping of air from the
ground, and the clay layers prevented movement of air from layer to layer during sampling.
In the light-soil site, a stainless steel tube (10mm ID, 12.5mm OD) was inserted into a pilot
hole made by hammering a 10mm diameter rod into the soil. The tube end was pointed to
ensure easy insertion into the pilot hole, and 2mm diameter holes were drilled above the
pointed end for soil air collection. A 7mm-diameter rod inserted inside the tube reduced its
dead volume. The soil air was collected from a depth of 90cm.
In the heavy-soil site all samples were measured in duplicate and the average error based on
the duplicates was ±0.03‰ and ±4‰ for δ18O and δO2/Ar respectively. Due to the very weak
signal in the light-soil site, 10 replicates were taken from the sampling depth. The confidence
intervals for the light-soil samples were (for 95% confidence level) ±0.015‰ for δ18O and
±0.8‰ for δO2/Ar.
The diffusivity of the soil (k) was assessed after [8]. The oxygen concentration was evaluated
from the ratio of O2 to Ar, which was determined by mass spectrometric analysis of the same
sample used for isotopic analysis. Sample preparation and mass spectrometry was according
to [9].
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2. RESULTS
Soil air from the heavy-soil site was sampled in two field experiments. In each experiment
soil air was sampled over 2-3 days intervals. The first experiment started 10 days after the last
irrigation and lasted 3 days. The second experiment started 3 days after a rain event and lasted
8 days. Both experiments ended before the next rain/irrigation event. The results of these
experiments are shown in Fig. 1.
Steep O2 gradients were present at the heavy-soil site. The O2 concentration in all sampling
dates decreased with depth. In both experiments the O2 concentration increased with time in
all depths while the δ18O values decreased with time. The δ18O profile shows a decreasing
trend with depth. In addition to these experiments, soil air was sampled once at 90cm, one day
after irrigation and O2 concentration was very low – less than 3%. The δ18O was about 10‰
but due to the very low O2 concentration, the accuracy of this measured value is less than in
the rest of the results.
Two field-experiments were preformed in the light-soil site. Soil air was sampled at 90cm
depth in a different spot in the orchard for each experiment. In the first experiment soil air
was sampled 3, 9 and 21 hours after the irrigation. In the second experiment soil air was
sampled 2 and 6 hours after the irrigation. The O2 concentration in the soil air at all sampling
times was 20.38% in the first experiment, and 20.53% in the second. The soil air was enriched
in 18O, on the average, by 0.06‰ relative to atmospheric oxygen in the first experiment and
by -0.06‰ in the second, with no significant changes among the different sampling times.
The temperature difference between the soil at 90cm depth and the soil surface was 1.4ºC to
3.4ºC with an average of 2.8ºC in the first experiment and 1.6ºC to –1.6ºC with an average of
0.0ºC in the second.
3. DISCUSSION
3.1. Soil air monitoring in the heavy-soil site
In order to evaluate the discrimination in soil respiration, it first necessary to understand the
dynamics of the oxygen in the soil. Two trends in oxygen concentration were observed: 1. A
depth-trend of decreasing O2 concentration with depth due to respiration in the soil and slow
replenishment with fresh atmospheric oxygen. 2. A time-trend of increasing O2 concentration
after irrigation that could be explained as follows: irrigation/rain caused a decrease in the airporosity of the soil, and consequently lowered gas diffusivity. The respiration in the soil
combined with very low diffusivity caused lowering of O2 concentration. As
evapotranspiration and drainage removed part of the water, the diffusivity increased and
allowed the introduction of fresh oxygen from the atmosphere.
The δ18O profile is somewhat surprising because the δ18O values decreased with depth. If
respiration were the sole important mechanism, an increase in δ18O with the decrease in
oxygen concentration would be expected. The most probable mechanism that introduced
oxygen with an isotopic composition lighter than in air, is diffusion into the soil profile, in
which the lighter isotope moves faster (a discrimination of 14.1‰ against 18O is derived from
the theory of binary diffusion of gases [10]). As discussed above, the increase in diffusivity
that resulted from drainage of the soil caused a net flux of oxygen from the atmosphere to the
soil. This oxygen has light isotopic composition due to the discrimination in diffusion, and
hence caused the observed decrease in δ18O.
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The discrimination of the soil can not be evaluated from a simple Raleigh distillation
calculation, since the soil air is not a closed system. To estimate the discrimination we used a
five box numerical model. In this model the soil profile is divided into five 30cm thick layers.
In each layer the balance of 16O and 18O concentrations is calculated, separately for each
isotope species, from the diffusion and respiration fluxes by a finite difference approximation.
The model time-step was 1/8 hour. In a sensitivity analysis we found that adding more layers
to the model, or decreasing the time step, do not significantly change the predicted profile.
To estimate the overall discrimination in the soil, we assumed that the respiration rates,
diffusion coefficients, and discrimination in all the layers were constant in the time span
between two samplings. By repeated simulation runs we determined the respiration rates (for
each layer) that gave the best fit between the observed and the simulated [O2] profiles. This
rate was then used in similar simulation runs to derive the discrimination value which gave
the best fit between the observed and the simulated δ18O profiles (Fig. 1).
The weighted-average discrimination calculated for all the layers was 11.3±0.3‰ for the first
experiment, and 13.1±0.7‰ for the second (the difference between discriminations found for
the different layers was within the error margin). In both cases, the estimated discrimination is
much weaker than in dark respiration. The main source of error in calculating the
discrimination is the estimated diffusivity of O2 in the soil. The estimated error is based on
assumed relative error in the diffusivity of 50%. In some samples from the second experiment
O2 level was very low, and there was not enough oxygen gas for analysis of δ18O. However,
since the O2 concentrations were very low, the uncertainty in the initial δ18O values did not
significantly affect the calculated discrimination.
In the discussion above it was assumed that diffusion and respiration were the only important
mechanisms, but three additional mechanisms might affect [O2] and δ18O in soil: gravitational
settling, advection and thermal diffusion. The effect of gravitational settling on δ18O is less
than 0.01‰ in depth of 1m and can be neglected. Advection can be usually neglected in soils
[11] and evidently was not important in our site, otherwise the soil O2 would not have an
isotopic composition lighter than air O2. Thermal diffusion will increase δ18O at the cold end
of a temperature gradient, and in steady state [12]:
∆δ 18O = ((

T0 α
) − 1) ⋅ 10 3
T

(1)

where α is the thermal diffusion factor (0.0107 after [13]), and T and T0 are the temperature
values at the two ends. A 10°C gradient will generate about 0.4‰ thermal diffusion signal in
δ18O. But, the temperature change in the observed profile, below 20cm, was less than 0.5°C,
hence thermal diffusion can be neglected at deeper levels (its effect is about 0.02‰). Steeper
gradient was present at the top 20cm (~4°C), but since the direction of the gradient changes
between night and the day, and the diffusivity of the soil was low (~0.1m2day-1) the effect of
thermal diffusion must have been erased (by reversing its direction) before it could be
established. Severinghaus et al. [14] described a “water vapor flux fractionation effect” in a
sand dune located in an arid area. This effect is driven by water vapor gradients in the dune.
In our study site this effect must be negligible because the soil moisture content was high
throughout the profile (10%-30% by volume) and the relative humidity of the soil-air was
probably 100% at all depths.
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FIG. 1. Measured and modeled [O2] and δ18O
profiles in the heavy-soil site. The markers
represent the measured data, and the smoothed
lines represent model simulations. The figures
next to each profile indicate the number of days
from irrigation to soil-air sampling. D is the
average respiratory discrimination in the model
simulation. a. model predicted δ18O profiles for
assumed discrimination of 18 ‰, b. and c. first
experiment, d. and e. second experiment.
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3.2. Soil air monitoring in the light-soil site
The small difference in O2 concentration between the soil air and ambient atmosphere at the
light-soil site indicates rapid diffusive mixing between the two reservoirs. The stability of
both [O2] and δ18O values in both experiments shows that the soil air was close to diffusionrespiration steady state. However, since the signals in the light soil were so week, the effect of
thermal diffusion on δ18O (in the order of 0.1‰) could not be neglected (the effect on δO2/Ar
is negligible).
As in the case of the heavy soil, we can find the discrimination of the soil by studying the soil
air with the 5-layer numeric model. In the light soil site soil-air was sampled from one depth
only, because the signals were so small that any difference between the soil-air in distinct
layers were expected to be within the measurement error. Hence, the model can be calibrated
only by the measurements at one depth (90cm). The respiration was assumed to decrease
asymptotically to zero with depth (the model results were insensitive to the rate of decrease),
and the discrimination was equal in all depths. Since appreciable temperature gradient
occurred only in the upper 20cm of the soil, the top of the soil was assumed to be in thermaldiffusion equilibrium with the atmosphere. As in the analysis of the heavy-soil site,
respiration rate and discrimination were adjusted by iteration until the best fit to the observed
data was found (Fig. 2).
The discrimination determined in this method was 13.0±0.4‰ for the first experiment and
11.5±0.4‰ for the second. Both values are in close agreement with the results derived from
one box analytical model (Angert et al., submitted to Global biogeochemical cycles). The
main source of error in calculating the discrimination is the δ18O-measurement error, since the
estimated diffusivity has small effect on the calculated discrimination when the soil-air is in
steady state. Although the changes in δ18O during the day were not statistically significant,
they behave in the same pattern as predicted by the model and followed (with some lag) the
diurnal temperature changes.
0.25
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D=18‰
∆Ta=2.8°
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0.15
18

δ O

0.1
0.05
0
-0.05
-0.1
8:00

a
c

D=13‰
∆Ta=2.8°

D=11.5‰
∆Ta=0°

14:00 20:00 2:00
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FIG. 2. Measured and modeled δ18O versus time in the light-soil site. Markers with error bars
represent the measured data, and the lines represent model simulations. The variations of δ18O in time
are caused by thermal diffusion that is driven by the diurnal temperature changes. ∆Ta is the average
temperature difference between 90cm depth and the surface. a. first experiment. b. model predicted
δ18O changes for assumed discrimination of 18‰ (all other parameters as in a.). c. second
experiment. Note that the main cause for the difference in δ18O between a and c is not the respiratory
discrimination but the temperature gradient.
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The average overall discrimination in both the light soil and the heavy soil sites is 12±1‰ and
is significantly smaller than the commonly accepted value for dark respiration (~18‰). This
low discrimination is probably the result of diffusion limitation of O2 transfer to the
consumption sites in root tissues and in soil aggregates.
3.3. Implications for the Dole effect
The overall discrimination in soil respiration measured in the present study is about 12‰.
This discrimination is markedly lower than the discrimination of dark respiration (18‰) that
has been used in interpretations of the Dole effect. Although more research is needed in
natural systems, especially forests as well as other globally important ecosystems, the similar
discrimination that was found in the present research in two very different study sites,
suggests that low discrimination is a general phenomenon in soil respiration. This conclusion
is strengthened by the low discriminations found in soil and root incubations.
In a review on the regulating factors of the Dole effect [1] the present-day Dole effect was
calculated as 20.8‰, which is 2.7‰ less than the observed value (23.5‰). In this calculation,
it was assumed that the mean global δ18O of leaf water, which is the substrate for
photosynthesis on land, is about ~4‰ higher than the δ18O of ocean water. It was suggested
that the discrepancy between the observed and calculated Dole effect might be resolved by
higher δ18O of leaf water (~8‰). However, there is no observational evidence to support this
suggestion. Our present finding increases the discrepancy even further. Since about half of the
terrestrial respiration occurs in soils, our new discrimination estimate lowers the
discrimination value for terrestrial uptake from 18‰ to 15‰.
This discrepancy may be resolved by higher than currently assumed discrimination in
illuminated plants. Indeed, very high discrimination is calculated from published data of
terrarium experiments [9]. In these experiments the oxygen in an airtight terrarium containing
Philodendron plants, soil and natural water reached an photosynthesis-respiration steady state.
The difference between the δ18O of the terrarium air and the terrarium water is the “terrarium
Dole effect” and represent the average discrimination of all the consumption process in the
terrarium (since there is no discrimination in photosynthesis). By darkening the terrarium and
measuring the change in O2 concentration (form δO2/Ar ) and the changes in δ18O the
discrimination in dark respiration in the terrarium can be calculated.
In continues illumination, the average discrimination was 24.6‰, and at 10/14 hours
light/dark cycles it was 20.4‰. Much lower discrimination (14.8‰), similar to soils, was
measured in dark experiments. Calculation of isotopic mass balance, assuming that the rate of
light respiration was equal to that of dark respiration when the terrariums were in “normal” 10
hours per day illumination, yields 26‰ for the discrimination of the light processes. This
discrimination, as well as the one measured in continues illumination, is much stronger then
the value used in modeling of the terrestrial Dole effect (18‰ [1]). Moreover, high
discrimination (~23‰) was also found in three years study of Lake Kinneret (Luz et al. MS),
and similar discrimination was found in an analysis of O2 isotopes profiles we measured in
the Atlantic Ocean near Bermuda (our unpublished data).
These high discriminations can be the result of high rates of cyanide-resistant respiration
(which has high discrimination - 25‰-30‰) in the light. We suggest that cyanide-resistant
respiration is an important global mechanism, but it is hard to detect because it is chiefly
engaged during illumination and is associated with O2 production. Interestingly, lightenhanced engagement of cyanide-resistant respiration was reported in illuminated plants
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([15]; [16]). Since the discrimination in cyanide-resistant respiration is high, including higher
rates of this respiration in global budgets will compensate for the low discrimination of soil
respiration we report.
4. CONCLUSIONS
1. Discrimination against 18O during O2 uptake in soil respiration is low and ranges from 11‰
to 14‰, with an averaged value of 12‰.
2. The measured discrimination is significantly lower than the commonly accepted darkrespiration value (~18‰).
3. The low discrimination is the result of diffusion limitation on O2 transfer to the
consumption site. This limitation is present in soil aggregates and roots.
4. Wide engagement of cyanide-resistant respiration in light can balance the low
discrimination found in soil respiration.
5. These new experimentally determined discriminations will probably alter the interpretation
of past changes in the Dole effect and may help to achieve better understanding of the
response of the biosphere to global climate change.
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Abstract. The chemical and isotopic compositions of Lake Titicaca and its inflow waters (precipitation,
tributaries, groundwater) were determined with the aim of establishing the lake chemical and isotope balance.
The three main regions of the lake, i.e. the Lago Mayor, the eastern and the western basins of Lago Menor,
connected in cascade, show significant chemical and isotopic differences. Chloride and sodium balance indicates
that an average of about 92 % of the inflow water evaporates, and the remaining 8 % is lost through Rio
Desaguadero and infiltration. The balance of each basin is also obtained, including the inter-basin fluxes. The
stable isotope balance in not possible because no data are available on the mean atmospheric vapour isotopic
composition. However, this was tentatively computed using the fluxes obtained from chemistry. The vapour δvalues are slightly more negative than those of rainfall. Tritium, noble gases and chloro-fluoro-carbons in
vertical profiles show that the lake is vertically well mixed and there is no water segregation at depth.

1. INTRODUCTION
The climatic conditions, animal life, and vegetation of the Peruvian-Bolivian Altiplano are
largely determined by Lake Titicaca, which is also the main water source for about 1,000,000
people living in the region. In view of the lake economic and social importance [1], the Government of Peru established in 1985 the Proyecto Especial del Lago Titicaca (PELT) based in
Puno, with the task of carrying out investigations on the lake (water balance, fisheries) and

231

the region around (agriculture, animal farming). Later, PELT became the executive arm of the
Autoridad Autónoma del Lago Titicaca (ALT) based in La Paz, Bolivia, jointly financed by
the governments of Bolivia and Peru. The zone of activity was extended to the whole lake basin (144,000 km2).
In 1997, a Regional Technical Co-operation Project (RLA/8/022) for the study of Lake Titicaca was launched by the International Atomic Energy Agency (IAEA) having ALT and
PELT as counterparts. The main objective of the project was to improve the current knowledge on (i) the lake-atmosphere interactions, including evaporation and precipitation distribution over the lake, and (ii) the lake dynamics with emphasis on the chemical and isotopic balance and the vertical mixing rate. Stable isotopes (2H/1H, 18O/16O) and chemical composition
of water were used to this aim, together with few measurements of tritium, noble gas (including 3He/4He ratio), and chloro-fluoro-carbon (CFCs) concentration in the lake. The current
status of investigations carried out within the framework of the project is presented in this paper.
2. MAJOR MORPHOMETRIC AND HYDROLOGIC FEATURES OF LAKE TITICACA
Lake Titicaca extends from 15o14’S to 16°36’S and 68°34’W to 69°57’W, at mean altitude of
3810 m a.s.l. The lake surface area is 8500 km2 and the volume to 930 km3. The lake consists
of three main water bodies, the largest (ca. 6500 km2) and deepest (288 m) being the Lago
Mayor in the north, containing about 97 % of the lake water. The Lago Menor (approx. 1450
km2, 2 % of water) in the south, with a depth of 10-30 m, is connected to the Lago Mayor
through the Tiquina Strait. The third basin is the shallow Puno Bay (approx. 550 km2) on the
western Lago Mayor.
The lake catchment area covers ca. 48,000 km2 and is drained by five major rivers: Ramis
(mean discharge 74 m3s-1), Ilave (38 m3s-1), Coata (47 m3s-1), Huancané (19 m3s-1) and Suches
(11 m3s-1), all flowing into the Lago Mayor. Rio Tiawanaku, with a mean discharge of 0.5
m3s-1 only, flows into the Lago Menor from the arid southern region. During the last 80 years,
the mean tributary water supply to the lake was 6×109 m3·a-1, i.e. 45 % of the mean annual
water inflow (1.35×1010 m3·a-1), the rest being provided by precipitation. The water mean
residence time in the Lago Mayor is about 75 years.
The lake is drained by the Desaguadero river, which works as an overflow and flows out from
Lago Menor to the south across the Bolivian Altiplano. However, during the time span of our
investigation, the lake level was low and no water was flowing out through the Desaguadero.
The mean temperature of Lake Titicaca is 13°C, i.e. 4-5°C higher than the mean air temperature in the surrounding region, as a consequence of enhanced absorption of solar radiation by
the water body [2]. The adsorption is higher from September to November, when the sky is
generally clear and precipitation scarce. The thermocline starts to develop in Lago Mayor in
late spring, penetrates till 60-80 m, and disappears in May-June. In winter, a complete lake
overturn normally takes place [3].
3. SAMPLING AND ISOTOPE AND CHEMICAL ANALYSES
Six sampling campaigns were carried out on the lake from July 1997 to October 1999, during
which depth profiles were sampled at 18 stations, thirteen of which in the Lago Mayor, one in
the Puno bay, one in the Tiquina Strait, and three in the Lago Menor. The location of the
sampling stations is shown in Fig. 1. Successively, the number of lake stations in the Lago
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Mayor was reduced, in view of the perfect uniformity and stability of isotopic and chemical
values. In June 1999, dissolved rare gases were determined in a depth profile in Lago Mayor,
and chloro-fluoro-carbons in several profiles.
For logistic reasons, precipitation and river sampling started later, so that the data available
are limited. Springs and wells around the lake were sampled to supplement river and precipitation data.
The stable isotope ratios and CFCs concentrations were measured at the Isotope Hydrology
Laboratory of the International Atomic Energy Agency, Vienna. Helium, neon, and 3He/4He
ratios were measured at the Swiss Federal Institute of Environmental Science and Technology, Dübendorf. Chemical analyses were carried out by the Instituto de Investigaciones
Químicas of the Universidad Mayor de San Andrés, La Paz, and the Société Générale de Surveillance Bolivia, S.A., La Paz. Few control analyses were performed at the Istituto di
Geocronologia e Geochimica Isotopica, Pisa.
The 18O/16O and 2H/1H ratios are expressed in δ ‰, i.e. per mille deviation vs. the reference
V-SMOW. The measurement standard uncertainties are 0.06 ‰ for δ18O and 0.8 ‰ for δ2H.
The deuterium excess d (d = δ2H – 8δ18O, uncertainty 1 ‰) is used as evaporation index. The
tritium concentration is expressed in tritium units (1 TU = 1 tritium atom per 1018 H atoms).
The noble gas content in water is expressed in cm3STP·g−1, and the CFCs concentration in
−
pmol·kg 1. The mean values of isotopic and chemical composition are reported in Tables I-III.
Figure 2 shows the deuterium excess variability as a function of δ18O in the lake and major
water fluxes associated with the system.
4. THE ISOTOPIC AND CHEMICAL DATA
4.1. Precipitation and groundwater
Forty five monthly precipitation samples were collected for stable isotope analyses in 15 stations during the rainy season from December 1999 to March 2000. The rainfall amount was
higher than the average, therefore the mean δ18O and δ2H values derived from this data set
may be more negative than the long term mean values. The data confirm that the isotopic
composition of precipitation obeys a seasonal cycle, with less negative δ-values at the beginning of the rainy season (December) than in subsequent months, in agreement with previous
observations in the region [4, 5].
The stations were subdivided in three groups: (i) island stations (Taquile, Soto, Pallalla), (ii)
stations in the west and south-west region of the lake (Aguallamaya, Camicachi, Caritamayo,
Huacullani, Llachahui, Parco, Pomata, Huapaca Santiago), (iii) stations in the north northwest region (Nuñoa, Pailla, Piata, Yanarico). The three groups were dictated by the dominant
wind direction, blowing from north-east to south-west. While no significant difference exists
between the three groups in the deuterium excess values (around 15 ‰), the weighted mean
δ-values indicate that precipitation on islands and in the west and south-west region is enriched by about 3 ‰ in 18O and 20 ‰ in 2H with respect to the north and north-west region
(Table I). This may be due to the contribution of vapour originated from the lake to rain formation.
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FIG. 1. Lake Titicaca sampling sites. L = lake, P = precipitation, G = groundwater, R = rivers.
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FIG. 2. Deuterium excess vs. δ18O as evaporation index. Circles: lake; squares: precipitation; lozenges: groundwater; triangles: rivers.

Another estimate of long term mean δ-values of precipitation can be derived from five springs
in areas where recharge from river banks does not occur (Table I). The spring isotopic composition is stable in time, and the geographical variations do not exceed 1.5 ‰ in 18O and 10
‰ in 2H. However, the deuterium excess is about 5 ‰ lower than that of precipitation, which
may induce the suspicion of evaporation. If true, the original values may be more negative up
to about 1.5 ‰ for δ18O and 8 ‰ for δ2H, becoming similar to those of precipitation over the
lake. Shallow wells as well, with δ-values less negative than springs and lower deuterium excess, seem to be affected by evaporation.
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Table I. Isotopic and chemical composition of Lake Titicaca and of water components contributing to the lake balance
Cl- mg·L-1

Na+ mg·L-1

9.0
0.3
0.8
2.4
6.6
0.3
3.9
2.9

2.6
20.3
184
47.7
45.4
62.1
22.7
60.4

3.2
15.6
155
46.1
35.4
47.5
25.9
51.5

-20.4
-19.6
-21.1
-23.0
-21.6
-26.9

257
257
262
279
273
349

188
188
188
210
200
258

δ18O ‰

δ2H ‰

D excess ‰

Precipitation (Dec 1999 – March 2000)
Island stations
West and south-west stations
North and north-west stations

-17.87
-17.54
-20.02

-126.8
-125.8
-145.1

16.1
14.5
15.1

Groundwater (1997-1999)
Springs (5)
Shallow wells (4)

-16.46
-15.64

-121.4
-118.1

10.3
7.0

Rivers (1997-1999)
Rio Achacachi
Rio Suches (Puerto Escoma)
Rio Huancané
Rio Ramis
Rio Coata
Rio Ilave
Rio Tiawanaku
Long term weighted mean

-13.75
-12.47
-13.14
-14.49
-15.76
-13.96
-13.42
-14.42

-100.8
-99.3
-104.4
-113.6
-119.5
-111.4
-103.5
-112.5

Lake Titicaca (September 1998)
Puno Bay (n = 2)
Lago Mayor (n = 72)
Tiquina Strait, surface
Tiquina Strait, bottom
Lago Menor, East Basin (n = 2)
Lago Menor, West Basin (n = 4)

-3.83
-3.98
-3.69
-2.88
-3.32
-0.73

-51.0
-51.5
-50.6
-46.1
-48.2
-32.8

Table II. Rare gases in Lake Titicaca (standard uncertainty in brackets)
Lake depth, m
40
220
equilibrium with
air at 14.5°C

4

3

20

He
−
cm STP·g 1×108

He
−
cm STP·g 1×1014

(3He/4He) ×106

Ne
−
cm STP·g 1×107

2.99 (0.015)
3.02 (0.015)

4.10 (0.015)
4.11 (0.015)

1.37 (0.005)
1.36 (0.006)

1.14 (0.012)
1.15 (0.012)

3.81
3.81

2.882

3.917

1.359

1.107

3.842

3

3

3

20

Ne/4He

Table III. Chloro-fluorocarbons in Lake Titicaca
(standard deviation in brackets)

CFC-12 (CCl2F2)
CFC-11 (CCl3F)
CFC-113 (C2Cl3F3)

Mean concentration
pmol·kg-1

Number of samples

1.24 (0.12)
2.76 (0.32)
0.19 (0.03)

40
45
55
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Rainfall and groundwater do not contribute significantly to the chemical budget of Lake Titicaca, the first for the low concentration of dissolved compounds, and the second because of
the negligible flux.
4.2. The tributaries
The mean isotopic composition of the major Lake Titicaca tributaries is reported in Table I.
Although the data available are in principle insufficient to derive the long term weighted
mean isotopic composition of rivers, a reasonably good estimate is already possible. Contrary
to rainfall, the isotopic composition of rivers does not change drastically with season, because
of the damping effect due to groundwater. In fact, the direct contribution of rainwater to runoff is generally smaller than that derived from groundwater and water stored in soil, which are
mobilized by rain [6, 7].
Rivers have higher δ18O and δ2H values than rainfall and groundwater, and a lower deuterium
excess. This is indicates evaporation probably occurring in ponds, reservoirs and swamps in
the river catchment basin. We do not know whether this effect is a recent one, resulting from
current management practices of river water, or it was present in the past as well.
The estimate of the mean chemical composition of lake tributaries is biased by large uncertainty. The ion composition and concentration change drastically in river water as a function
of discharge, precipitation versus groundwater fraction, and lithology of catchment regions
which contribute to runoff. Even so, preliminary estimates can be made, which are reported in
Table I limited to the most conservative ions, chloride and sodium, little affected by sampling
technique, transport and storage.
The mean concentrations reported here are significantly different from those of [8], which are
based on measurements performed from 1976 to 1979. The difference is attributed to insufficient data for both studies.
4.3. The lake
The lake is considerably enriched in heavy isotopes and dissolved compounds with respect to
inflow water as a consequence of evaporation (Table I). The isotopic data well compare with
previous measurements [9]. The main basin, Lago Mayor, is isotopically and chemically well
mixed, both horizontally and vertically, as the spread of δ-values is comparable with the analytical uncertainty. The size of Lago Mayor is such that the isotopic and chemical variations
induced by inflow fluctuations are damped down to undetectable levels.
The isotopic and chemical composition of Puno Bay is very close to that of Lago Mayor,
which indicates a good exchange of water between the two basins. However, the Puno Bay
water shows small but regular variations, with δ-values slightly more negative after the rainy
season, and less negative at the end of the dry season. The variation observed in 1999 was 0.6
‰ in 18O and 2.2 ‰ in 2H. The fluctuations are due to Rio Coata, one of the lake major tributaries flowing into the Puno Bay with high discharge from January to April (e.g. 307 m3s-1 on
6 April 1999).
The He and Ne concentrations, and the 3He/4He ratio, measured in samples collected at 40 and
220 m depth in Lago Mayor, are close to equilibrium with the atmosphere, with a small saturation excess induced by waves as typical for lakes and ocean (TABLE II). The tritium content at 220 m depth, measured with the 3H/3He method, is 2.99±0.09 TU, which is consistent
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with measurements in progress on several samples from other lake locations. This indicates
that the lake was vertically well mixed at the time of sampling (June 1999), without any long
term water segregation at depth.
This conclusion is further confirmed by the CFCs concentration measured in more than forty
samples collected in June 1999 at different depths in seven vertical profiles in the Lago
Mayor, Puno Bay, Tiquina Strait and Lago Menor. The results do not show significant variations, the standard deviation being comparable with the analytical precision (±5%), although
the water below 5 m depth seems slightly depleted (5-10 %) with respect to saturation at
14.5°C (lake surface temperature). This depletion may be due to mixing with water from the
deeper lake regions during the annual turnover [10] or it may reflect the higher temperature
occurring in surface water in the time period preceding the sampling, when the thermocline
was well developed.
Lago Menor shows heavy isotope and ion concentration higher than Lago Mayor, and reveals
distinct spatial inhomogeneities. Lago Menor can be subdivided conveniently in the eastern
and western basins, separated by a zone of islands and shallow water (less than 3 m deep).
The eastern basin, where the Lago Mayor water flows in through the Tiquina Strait, is deeper
(up to 38 m) than the western basin (15 m deep), from where water leaves the lake through
the Desaguadero river. The relative surface area of the two basins is approximately 2.5:1 in
favour of the western basin. The system Lago Mayor-Eastern Lago Menor-Western Lago
Menor can be regarded as a lake cascade. Thus, the Western Lago Menor, whose conditions
approach those of a terminal lake, has the highest concentrations of 18O, 2H and dissolved
compounds.
In 1998 to 2000 there was no overflow through Desaguadero river because of the low lake
level. Therefore, the western basin of Lago Menor was behaving as a terminal lake, and its
heavy isotope concentrations reached the maximum values in September 1998: δ18O = -0.73
and δ2H = -32.8 ‰. The δ-values slightly decreased in June 1999 (δ18O = -1.49 and δ2H =
-36.4 ‰) after the rainy season and increased again in the subsequent dry season.
Water stratification was observed in the Tiquina Strait in September 1998. The surface water
has the same isotopic and chemical composition of Lago Mayor. The heavy isotope and dissolved compound contents are higher at depth, indicating the occurrence of a deep counterflux, with the denser water of Lago Menor flowing back to Lago Mayor. The counter-flux
may have been promoted by the decreased flux from Lago Mayor and the lack of overflow
through Rio Desaguadero. The isotope and chemical stratification was not observed in other
sampling campaigns.
5. THE CHEMICAL BALANCE OF LAKE TITICACA
We have now set the stage for computing the chemical balance of Lake Titicaca using chloride (Cl-) and sodium (Na+) which are the most conservative and reliable chemical tracers. A
conservative tracer is a compound which strictly follows the behaviour of liquid water and is
not significantly removed by evaporation, biological processes, chemical precipitation or interaction with bottom rocks and sediments: it can be used, therefore, to study the water balance.
The three lake sub-basins (Lago Mayor, Lago Menor East Basin, Lago Menor West basin) are
assumed to be well mixed and in steady state, i.e. with the tracer input rate equal to the re-
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moval rate. Effects on tracer concentration due to input rate variations are considered negligible due to the large water volumes involved.
The tracer budget for Lago Mayor is:
(1)

C RM Q RM + C P Q PM + C G QGM = C M (QTS + Q IM )

where CRM, CP, CG and CM are the mean concentrations respectively in tributaries, precipitation, groundwater, and Lago Mayor, and QRM, QPM and QGM are the mean water recharge rates
by tributaries, precipitation and groundwater. The mean water fraction fM lost through the
Tiquina Strait (QTS) and infiltration (QIM), with respect to the recharge rate of the whole lake
(QT = QR + QP + QG), assuming that CP ≈ 0 and QG (groundwater contribution) be negligible,
is:
fM =

QTS + Q IM C RM Q RM C RM
=
=
bM r
QT
C M QT
CM

(2)

where bM = QRM /QR is the runoff fraction into Lago Mayor versus total runoff, and r = QR
/(QP + QR) is the runoff fraction versus the whole lake recharge, typically equal to 0.45. Although yearly runoff and rainfall rate show wild variations, they are well correlated (correlation coefficient = 0.93), so that the variation of r is limited.
The water fraction (with respect to whole lake recharge) lost by evaporation in Lago Mayor
is:
f EM =

 C
QPM + QRM
− f M = a M (1 − r ) + bM r 1 − RM
QT
CM






(3)

where aM is the rainfall ratio, i.e. the rainfall fraction falling on Lago Mayor. If the mean precipitation rate is uniform all over lake Titicaca, aM is equal to the surface ratio between Lago
Mayor and the whole lake, as it will be assumed in our computations.
Similar equations can be derived for the other two lake basins. Assuming that water lost by
infiltration is negligible, the mean water fraction fE which flows out from eastern Lago Menor
basin into the western basin, with respect to the recharge rate of the whole lake Titicaca, is:
fE =

r
(C RM bM + C RE bE )
CE

(4)

The mean evaporation fraction fEE from eastern Lago Menor is:
f EE = a E (1 − r ) + bE r +

C RM bM r
r
−
(C RM bM + C RE bE )
CM
CE

(5)

where CRE and CE are the mean concentrations respectively in tributaries and in eastern Lago
Menor, bE is the runoff fraction, and aE is the rainfall ratio.
The mean water fraction fW flowing out from western Lago Menor through Rio Desaguadero
is:
fW =
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r
(C RM bM + C RE bE + C RW bW )
CW

(6)

The mean evaporation fraction fEW from western Lago Menor is:
f EW = aW (1  r ) + bW r +

r
r
(C RM bM + C RE bE ) 
(C RM bM + C RE bE + C RW bW )
CE
CW

(7)

where CRW and CW are the mean concentrations respectively in tributaries and western Lago
Menor, bW is the runoff fraction, and aW the rainfall fraction. The sum of all evaporative terms
(fEM + fEE + fEW) plus the term for flux through Desaguadero river (fW) is equal to 1.
Table IV. Mean inter-basin fluxes and evaporation fluxes computed from the chemical budget
(uncertainty of parameters in brackets)

Surface area, m2
Rainfall, m3·a-1
Runoff, m3·a-1
Total input, m3·a-1
Runoff/Total input (r)
Rainfall fraction (a) 1)
Runoff fraction (b)
From chloride budget:
Cl- in lake, mg·L-1
Cl- in rivers, mg·L
Flux out fraction 2)
Flux out, m3·a-1 (×109)
Flux out, m3·s-1
Evaporated fraction:
Whole lake 2)
Lake sub-basin 3)
Evap. rate, m3·a-1 (×109)
Evapor. rate, mm·a-1
From sodium budget:
Na+ in lake, mg·L-1
Na+ in rivers, mg·L
Flux out fraction 2)
Flux out, m3·a-1 (×109)
Flux out, m3·s-1
Evaporated fraction:
Whole lake 2)
Lake sub-basin 3)
Evap. rate, m3·a-1 (×109)
Evapor. rate, mm·a-1

Whole Lake
Titicaca
8.50×109
7.50×109
6.00×109
13.50×109
0.45 (0.03)
1
1

Lago Menor
East Basin
3.85×108
3.4×108
3×107

Lago Menor
West Basin
1.045×109
9.2×108
9×107

0.832 (0.01)
0.98 (0.01)

0.045 (0.01)
0.005 (0.005)

0.123 (0.01)
0.015 (0.005)

257 (3)
60.4 (15)

273 (10)
22.7 (10)

349 (10)
22.7 (10)

0.076 (0.019)
1.02 (0.26)
32.5 (8.4)

0.102 (0.026)
1.38 (0.36)
43.8 (11.4)

0.0965 (0.025)
1.30 (0.34)
41.3 (10.7)

0.076 (0.019)
1.02 (0.26)
32.5 (8.4)

0.924 (0.029)

0.795 (0.026)
0.886 (0.029)
10.74 (0.36)
1518 (50)

0.033 (0.007)
0.256 (0.056)
0.45 (0.10)
1164 (252)

0.095 (0.009)
0.557 (0.053)
1.29 (0.12)
1235 (118)

188 (4)
51.5 (15)

200 (10)
25.9 (12)

258 (10)
25.9 (12)

0.088 (0.026)
1.19 (0.35)
37.6 (11.2)

0.119 (0.036)
1.61 (0.48)
51.0 (15.2)

0.112 (0.034)
1.52 (0.46)
48.1 (14.6)

0.088 (0.026)
1.19 (0.35)
37.6 (11.2)

0.912 (0.039)

0.779 (0.036)
0.867 (0.040)
10.51 (0.48)
1486 (68)

0.034 (0.09)
0.234 (0.059)
0.46 (0.12)
1201 (303)

0.099 (0.012)
0.531 (0.062)
1.34 (0.16)
1287 (150)

12.47 (0.39)
1468 (46)

12.31 (0.52)
1449 (61)

Lago Mayor
7.07×109
6.24×109
5.88×109
12.12×109

1

) Assumed proportional to surface
) Expressed with respect to the whole lake water input.
3
) Expressed with respect to the water input of each sub-basin.
2

Typical values of parameters in equations above, with estimated uncertainties, are reported in
Table IV. The mean annual water inflow, which is assumed to be reasonably well known, is
the main hydrological parameter used in the computations. The values computed for evaporation and inter-basins fluxes, using chloride and sodium concentrations, appear reasonable and
consistent each other, taking uncertainties into account. However, the computed evaporation
rate from Lago Menor is significantly lower than in Lago Mayor, which may be due to the incorrect estimation of some of the terms, and, for eastern Lago Menor, to some mixing with
the Lago Mayor through the Tiquina Strait.
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The mean evaporation flux for the whole lake is 1450-1500 mm·a-1, in good agreement with
the value obtained by the hydrological balance. The evaporated water fraction, 91.8 (2.6) %,
is higher than the 86.5 % reported by Roche et al. [11]. However, these authors report a much
larger river input (8.5×109 instead of 6.0×109 m3·a-1) due to higher rainfall rate during their
period of observation.
The mean outflow through the Desaguadero river is 1.11×109 (0.22×109) m3·a-1, i.e. 35.0 (7.0)
m3·s-1, to be compared with the value of 0.70×109 m3·a-1 (22.1 m3·s-1) obtained by means of
the hydrological balance. Although the discrepancy can be explained by the uncertainty
associated with the chemical balance, it may also imply that about 3 % of the annual water
input is lost by diffuse infiltration and does not flow through Desaguadero river. This figure is
much smaller than the infiltration losses of 1.36×109 m3·a-1, i.e. 10 % of the annual input previously estimated on the basis of the chemical balance [12]. Also, using for chloride and sodium mean concentrations in inflowing water the values derived from [8], which are lower by
about 10 and 20 % respectively than those adopted here, the mean discharge of Desaguadero
river decreases to 0.89×109 (0.22×109) m3·a-1, i.e. 28.2 (6.8) m3·s-1.
The rainfall is higher in the central region of Lago Mayor, possibly as a consequence of lake
vapour recycling [1], and in principle the rainfall fractions a’s should be adjusted accordingly.
This will be done when the rainfall distribution over the lake will be better known.
Finally, the major contribution to uncertainty of the water fluxes is given by the chloride and
sodium concentrations in river water. It is therefore necessary to continue the chemical monitoring of major lake tributaries, in order to refine the mean concentration values and reduce
uncertainties.
6. ELEMENTS OF STABLE ISOTOPE BALANCE OF LAKE TITICACA
The stable isotope behaviour in water evaporation [13] can be used to derive the isotope balance of closed or quasi-closed lakes, where evaporation removes most of the input water [1418]. However, at the current stage of our investigations, a full isotope balance of Lake Titicaca is impracticable, as some basic information is missing or scarce. In particular, no data are
available on the isotopic composition of atmospheric vapour above the lake, for which vapour
sampling and evaporimeter experiments in islands and on the lake shore are planned for the
near future. Also, the isotopic composition of the inflow water is not well known because the
data available on precipitation and rivers are insufficient. Nevertheless, it is possible to estimate the isotopic composition of atmospheric vapour above the lake using the information obtained from the chemical budget.
The isotopic composition δA of atmospheric vapour above a lake in steady state is related to
those of the lake (δL) and the input water (δI) through the relationship:
δA =

(δ L − δ I )(1 − h + ∆ε / 1000) δ L (1 − h − 1 / α + ∆ε / 1000) + ∆ε + ε / α
−
hx
h

(8)

where h is the relative humidity normalised at the lake temperature, x is the water fraction lost
by evaporation, α is the isotopic equilibrium fractionation factor between liquid water and vapour, ε = (α –1)×1000 is the equilibrium enrichment in ‰, and ∆ε = kθ(1 – h) is the kinetic
contribution to the isotopic fractionation during evaporation, with k equal to 14.2 ‰ for 18O
and 12.5 ‰ for 2H (Vogt, 1978), and θ being a weighing factor which accounts for humidity
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build-up over large evaporating surfaces. T is close to 1 for small water bodies whose evaporation flux does not perturb significantly the ambient moisture [16].
Equation (8) can be written for both 18O and 2H. A third equation is given by the deuterium
excess:
d = G A H  8G A O
2

18

(9)

For each lake basin, the chemical budget provides x and the fractions of the various components in inflow water, from which GI can be derived. 'H depends on relative humidity and T,
while D and H depend on temperature (assumed equal to 13°C in the three basins). If the deuterium excess is taken equal to 15 ‰ as in precipitation, we are left with the four unknown h,
T, GA18O, and GA2H and three equations.
For Lago Mayor, with T = 1, i.e. the lake vapour contribution to atmospheric vapour is negligible, we obtain h = 67 %, which is higher than that observed (about 50-60 % at Copacabana
on the Bolivian southern shore [11]), GA18O = 19.4 and GA2H = 140 ‰. With h = 55 % and
T = 0.73, i.e about one quarter of vapour derives from the lake, we obtain GA18O = 19.6 and
GA2H = 142 ‰. These values are slightly more negative than those of the mean precipitation,
which however largely depend on the December to March rainfall. They are practically unaffected by changing T.
The isotopic values obtained for the atmospheric vapour above Lago Mayor can now be used
to compute the isotopic composition of Western Lago Menor if it would behave as a terminal
lake at steady state. With h = 55 % and T = 0.73, we obtain GWT18O = 0.0 and GWT2H = 27 ‰.
These values are slightly less negative than those observed in September 1998 (GW18O = 0.73
and GW2H = 32.8 ‰) indicating that, after about two years of no outflow through Desaguadero river, the isotopic steady state was not reached although it was not far.
The above computations are preliminary. The results will be confirmed or disproved by direct
and indirect (through evaporation pan experiments) determination of the isotopic composition
of atmospheric vapour above the lake.
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Abstract. The Kola Peninsula region of northwestern Russia, adjacent to relatively well studied
Scandinavian areas, is climatically affected by not only the Gulf Stream and the North Atlantic but
also the Eurasian continent. Living and subfossil pine trees from the Khibiny mountains on the Kola
Peninsula were analysed for carbon, oxygen and hydrogen isotope composition and for tree-ring
width. Comparisons of local meteorological and tree-ring data revealed significant correlations. δ13C
and δ18O values are particularly sensitive to changes in the temperature in July and August and to
precipitation in the winter months of the previous year, respectively. On average, 13C in the cellulose
of pine trees between c. 1000 and 1300 AD is enriched by δ values of around 1‰ compared to the
modern trees from this region. This indicates a distinctly warmer summer climate at that time (the
Medieval Warm epoch in Europe) than recently observed. The δ18O values of wood cellulose and the
δ2H values of non-exchangeable hydrogen of tree cellulose from both fossil and modern samples
cover a wide range between around 22 and 29‰ and between about –80 and –120‰ vs. SMOW,
respectively. This suggests variations in the seasonal distribution of precipitation at that time,
assuming its source has remained the same as in the past.

1. INTRODUCTION
High latitudinal regions are of great interest for studies of global climate variations because
their ecosystems are very sensitive, especially to temperature changes. The Kola Peninsula
region in north-western Russia is climatically affected by not only the Gulf Stream and the
North Atlantic but also the Eurasian continent. It is located at the dividing line between
northern Scandinavia – which has been the subject of dendro-climatological and isotopegeochemical investigations – and the eastern Polar regions of Russia, which have so far only
been sporadically studied. Trees from the northern and alpine tree line, are very sensitive to
climatic variations because growth is only subject to a few factors. Tree-ring chronologies
provide an annual, absolute time frame, which can be rigorously tested by the internal
replication of many overlapping sections and cross-checking with independently established
chronologies of adjacent regions. The ring width and the wood density record climatic
conditions prevailing during the growth season. The results of tree ring measurements have
been used to reconstruct the average summer temperatures in Fennoscandia and in the Kola
Peninsula, southeast of the port city of Murmansk [1-3].
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The ratios of stable isotopes of carbon, hydrogen and oxygen stored in the cellulose in treerings provide additional climatic information. In particular late wood cellulose reveals high
correlations with the air-temperatures of the vegetation period, as the cells stem exclusively
from current photosynthesis, whereas reserve carbohydrates from the previous year are also
involved in the development of early wood [4, 5].
The isotope fractionation of carbon in trees is determined by the ratio between the CO2
concentration in the cell fluid and that in the atmosphere [6]. The regulation of the stomata of
the trees or needles greatly influences the photosynthetic discrimination of the heavy isotope
13
C. Climatic factors such as air temperature and relative humidity, as well as local factors
such as light conditions and soil moisture, also affect the fractionation of the isotopes via
stomatal resistance. Hot and dry conditions generally lead to a greater 13C/12C ratio. Moreover,
specific locational factors such as the soil’s nutrient content, along with species-specific and
individual plant characteristics (leaf morphology, the age of the tree, state of health, etc.) and
anthropogenic influences (e.g. the increase in the CO2 concentration and a declining trend in
its δ13C value owing to the combustion of fossil fuels) exert a major impact on the
carboxylation process of photosynthesis – and on the 13C level [7-13]. For instance, if the δ13C
values are corrected to take into account the atmospheric trend since the start of the industrial
era, the carbon isotope values in the cellulose of pine tree rings in North Finland closely
correlate with the average temperatures for the months of July and August [14, 15].
The δ2H and δ18O values in the wood cellulose are determined by the isotope signature of the
source water available for tree growth (including groundwater, precipitation, soil water),
humidity (via evapotranspiration) and the biochemical fractionation processes during
photosynthesis. If the source water is mainly meteoric water, the δ2H- and δ18O-values in the
tree rings largely depend on regional precipitation. The isotopic effects observed in the
precipitation, which are climatically controlled and depend on the location’s temperature and
relative humidity [16, 17], can also be observed in the cellulose nitrate or cellulose [5,18-21].
Higher temperatures and/or reduced humidity frequently result in the relative enrichment of
the heavy isotopes 2H and 18O in the tree ring cellulose owing to the increasing evaporation
fractionation in the source water.
This work reports on the preliminary results of isotope and ring widths measurements in the
cellulose of living and subfossil pines from the tree line in the Khibin mountains on the Kola
Peninsula. Combining two independent methods provides an excellent method of multi-proxy
access to filter out the effects stemming from biological causes and hence obtain reliable
information about past climatic and environmental conditions. Once the isotopic time series
have been calibrated against instrumental climatological time series, they can be used as proxy
indicators of changes in local temperature and moisture, which in turn can be interpreted as
changes in the large-scale atmospheric circulation.
2. STUDY AREA AND METHODS
The Khibiny low mountains with a maximum height of 1250 m a.s.l. are located on the Kola
Peninsula between ca. 67–68°N and 33–34°E. The climate on Kola is maritime and
characterised by relatively mild (for these latitudes) winters and strong winds. The modern
annual mean temperature is about –1.1°C (near the city Kirovsk), and heavy rainfall (500–
1,000 mm) is characteristic of the area. Dense clouds and high humidity (87–93%) are even
greater in the Khibiny region than in the lowlands. The growing season is limited to a period
of about 2–2.5 months [22, 23].
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Subfossil wood samples were collected from the surface in the mountain tundra above the
modern tree line from 8 different sampling sites. Sampling is described in detail in [24]. We
investigated subfossil pine wood (PINUS SYLVESTRIS L.) and 3 increment wood cores
obtained from living pines from the modern tree line. For wood identification, threedimensional wood cross-sections were examined according to [25, 26]. Cellulose from the
approximately 20 external rings of 14C dated and tree rings from the 5-year blocks of
dendrochronologically dated tree rings were used for isotope measurements.
To examine the information contained in the ring widths of pines, different collectives of
living pines were dendrochronologically studied at various locations on the tree line. The total
tree-ring width chronologies were established by standard methods in the Hohenheim
laboratory [27].
The annual isotope investigations on increment cores of the living trees were carried out on
the cellulose of the late wood. The late wood from tree ring was cut under a microscope. The
cellulose was extracted and nitrated using the methods described by [28, 29]. The combustion
of the samples was conducted in two ways. In the first, combustion offline in ampoules with
CuO (30 hours, 690°C) was followed by the cryogenic separation of CO2 and H2O, and the
reduction of the H2O to H2 in a laboratory vacuum apparatus, before measurement was carried
out with a Delta S mass spectrometer. In the second method, samples were pyrolysed and
measured online using the Xlplus mass spectrometer (also produced by Finnigan MAT). We
obtained almost identical results with both methods, e.g. for the δ2H values (FIG. 1a).
The results are shown using the conventional notation1 with respect to the PDB and SMOW
standards. The overall precision of the replicate samples analyses is estimated to be better than
0.02‰ for δ13C, 0.1‰ for δ18O and 1.5‰ for δ2H.
3. RESULTS
The present dendrochronological investigations yielded different modern tree-ring
chronologies and a floating tree-ring chronology of 594 years spanning the period AD 915–
1508. The floating chronology was synchronised with the pine tree-ring chronology from
Finnish Lapland of the METLA tree-ring research laboratory in Rovaniemi [30]. Results from
previously investigated locations indicate that the tree-ring widths of subfossil and modern
pines closely correlate with each other (rMean > 0,7; percentage of coincidence: >80%).
The curve of the average carbon isotope values of the late wood cellulose from three
increment cores of young pine trees is shown in FIG. 2. The δ13C and δ18O values of
individual tree rings correlate significantly with each other (rmean = 0.46; n = 63). These
measuring data were compared with the meteorological data (temperature and precipitation
amounts) recorded at the weather station near the study area (67°43'N; 33°15'E; H 134m).
Asignificant correlation was found between the δ13C values and i) the average temperatures for
July and August (rJuly/August = 0.49; n = 44), ii) the precipitation amounts in July (rJuly = –0.35),
and iii) the levels of precipitation in the previous year (rDecember = 0.42). The δ18O values
correlated well with the precipitation amounts in autumn and winter of the previous year (e.g.
September: r = 0.46; December: r = 0.36; n = 44).

1

2

1

13

12

18

16

δ=Rsample - RStandard / RStandard × 1000 [‰]; R= H/ H, C/ C, O/ O.

245

0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

0
cellulose nitrate (offline)
cellulose nitrate (online)
wood (offline)
wood (online)
cellulose nitrate, central Germany

2

δ Η (‰ vs. SMOW)

-20
-40
-60

a

-80
-100
-120
-140
-160
-22

13

δ C (‰ vs. PDB)

b
-24

-26
cellulose
cellulose, central Germany
-28
32

c

18

δ Ο ( ‰ vs. SMOW)

30
28
26
cellulose

24

cellulose, central Germany
22
0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

cal AD
2

13

18

FIG. 1. Original δ H ( a), δ C (b) and δ O (c) values for the cellulose
nitrate, whole wood and cellulose of living and dead Pinus Sylvestris L. tree
samples from Khibiny mountains on the Kola Peninsula

246

The carbon isotope values of the cellulose of all samples from the Khibiny region vary
between about –23.5 and –27.5‰. The δ13C values of the samples from the period from c.
1000 to 1300 AD have an average of about –24.4‰ and are clearly more positive (by about
1‰) than the mean δ13C value of living pines in this region (FIG. 1b).
The oxygen isotope values of all the fossil samples (FIG. 1c) fluctuate widely between about
22 and 29‰ around an average of 26.14‰ vs. SMOW. The δ2H-values calculated throughout
the period investigated (measured on cellulose nitrate) are also scattered widely between about
–80 and –120‰ vs. SMOW around an average of –94‰ (FIG. 1a). The living trees from the
Khibiny region indicate a similar average δ18O value of 26.10‰ (FIG.1c) and a mean δ2H
value of about –89‰. By comparison, our laboratory-standard, homogenised wood dust from
at least 5 living pine trees from the Leipzig district in central Germany had a δ18O value of
28.93±0.07‰ and a δ2H value of about –70±3‰.
We are performing carbon, oxygen and hydrogen isotope measurements on cellulose and
cellulose nitrate from this the medieval tree-collection in 5-year blocks of rings. At present we
have the results of isotope measurements for 3 complete subfossil pine slices, which cover a
period from 1110 to 1310. The isotope curves of various trees correlate well with each other.
In this work, the findings are only used as means in FIGS. 1a,b,c and discussed together with
the isotope data of the 14C-dated samples.
4. DISCUSSION
Initial results from the tree-ring carbon and oxygen isotope measurements on the cellulose of
late wood from increment cores from living pines from the Khibiny region show that, similar
to the results found for pines from northern Finland [14, 15], a positive relationship exists
between the δ13C values and the average temperatures for the summer months of July and

247

August. We also found a (much less pronounced) negative correlation between the δ13C
values and the precipitation amounts of the summer months. During this time, a late wood is
formed, and the formation of the tree ring is completed. As the temperature (and dryness)
increase, the sensitive stomata close. This reduces the availability of CO2 in the cell liquid,
limits the photosynthetic discrimination of the 13C isotope, and causes the δ13C values to
become heavier.
The carbon and oxygen isotope values correlated positively with each other. The isotope ratios
in the period of late wood formation probably depend on varying humidity conditions [8]. The
short summer in Khibiny is a season with relatively little humidity, even though this region is
generally characterised by high rainfall and the relative humidity owing to the dense cloud is
usually very high. Unfortunately, we do not yet have monthly regional humidity data for the
calculations; they will only become available at a later date.
According to our results, the δ18O values of the late-wood cellulose do not depend on the
changes to either the average monthly temperatures or the annual temperatures. We found a
positive correlation between the carbon and oxygen isotope values and the precipitation
amounts in autumn and winter (September, November and December) of the previous year. At
present we are unable to explain this.
In the subfossil tree sections from the medieval period chronology (AD 915–1508), the ring
widths of the pines correlate extremely well, and the curves are very homogeneous. The ring
widths show clearly long-term (decadal–centennial) fluctuations, indicating climatic
fluctuations. The highly homogeneous signals (rmean ≥ 0.7) of tree-ring width chronologies
from modern and subfossil pines seem to harbour a great potential for climate reconstruction.
Although the ring widths of the young living pines correlate positively (r=0,3) with the
monthly mean temperatures of the summer months, no significant correlations were found
with the monthly or annual precipitation. However, the links with the monthly climate data,
above all with the summer temperatures, are significantly lower than those found for the pines
on the polar tree line in northern Scandinavia, [1, 2], Siberia [1] or the alpine tree line [27].
Therefore further investigations are needed to resolve the links between climate and growth.
All in all, our preliminary findings show that the δ13C values react better to temperature
changes in summer than the ring widths. The latter appear to correlate more closely to the δ
18
O values rather than the δ13C values. The extension of the chronologies and the multi-proxy
approach with the stable isotopes in the cellulose of the same tree rings will in future enable
additional insights.
The majority of the 14C-dated subfossil pines date back to the period between c. 1000–1300
AD (FIG. 1). This period corresponds to the medieval climatic optimum [31], a warm phase
of the Holocene in many parts of Europe. We can reconstruct a tree line for this period which
is at least 100–140 m higher than the current tree line [24], which according to the literature is
above all attributed to the higher mean summer temperature in northern Europe [1,34]. The
vegetation distribution in the Khibiny region has probably not changed since this time; we
only found fossil pine trunks above the present-day pine forest.
The results of the stable isotope investigations show the enrichment of the heavy carbon
isotope 13C by about 1‰ in the cellulose of subfossil pines compared to the living trees from
this region. Judging by our initial findings from the living tree cores, we can mainly attribute
the higher δ13C values during that time to the temperature increase in July and August. An
additional effect is caused by the reduced water availability in mountainous areas during
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warmer periods and the decrease in humidity. By comparison, living pine cellulose from the
Leipzig region has an average δ13C value of around –25‰. Irrespective of the movement of
the tree line, these data indicate a warmer, dryer summer in the Khibiny region at c. 1000 than
nowadays – both there and in central Germany.
The oxygen and hydrogen isotope values are subject to wide scattering in the period
investigated in both the modern and fossil samples. We found similar findings for the living
pine trees, which are lower than for central German pines (FIGS 1a,c). The δ18O and δD
values might reflect the air masses responsible for rainfall as they move across the region. If
we assume that the precipitation source remained unchanged during this region (North
Atlantic), sharp differences must have occurred in the seasonal distribution of the precipitation
during the 2nd millennium and even during the past few decades. Comparing the (not yet
available) results of the δ2H measurements in the tree rings of living pines from various sites
in the Khibiny region with regional meteorological data series may help solve this issue.
5. SUMMARY AND OUTLOOK
The preliminary findings clearly show the climatically related control of the isotope signatures
of the pines in the Khibiny mountains on the Kola Peninsula. The δ13C values measured on
the cellulose of the late wood and the widths of the tree rings depend mainly on the average
temperature of July and August. The δ18O values in the wood cellulose of the tree rings
probably reflect the movements of air masses (which are not very visible in the tree-ring
widths) and the related precipitation formation above the Kola region. Tree-ring data on 200year-old pines from various locations in the Khibiny region currently being conducted should
provide a basis for the interpretation of the isotope data.
Our results show that the medieval climatic optimum was the most pronounced warm phase
on the Kola Peninsula in the last 1,500 years or so. Hence this period was not just a climatic
phenomenon in central Europe, but has for the first time also been clearly demonstrated to
have occurred in northern Europe, too.
The extension of the chronologies and the multi-proxy approach to include the stable isotopes
in the cellulose of the same tree rings will enable further insights to be achieved into the
climatic variations of the past millennium in north-west Russia.
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Abstract. Cellulose-inferred lake water δ18O (δ18Olw) records from Lago Potosi, a seasonally-closed
lake in a watershed that is not currently glaciated, and Lago Taypi Chaka Kkota, an overflowing lake
in a glaciated watershed, provide the basis for late Pleistocene and Holocene paleoclimatic
reconstruction in the Bolivian Andes. Deconvolution of the histories of changing evaporative isotopic
enrichment from source water δ18O in the lake sediment records is constrained by comparison to the
Sajama ice core oxygen isotope profile. At Lago Potosi, the δ18Olw record appears to be dominantly
controlled by evaporative 18O-enrichment, reflecting shifts in local effective moisture. Using an
isotope-mass balance model, a preliminary quantitative reconstruction of summer relative humidity
spanning the past 11,500 cal yr is derived from the Lago Potosi δ18Olw record. Results indicate that the
late Pleistocene was moist with summer relative humidity values estimated at 10-20% greater than
present. Increasing aridity developed in the early Holocene with maximum prolonged dryness
spanning 7500 to 6000 cal yr BP at Lago Potosi, an interval characterized by summer relative
humidity values that may have been 20% lower than present. Highly variable but dominantly arid
conditions persist in the mid- to late Holocene, with average summer relative humidity values
estimated at 15% below present, which then increase to about 10-20% greater than present by 2000 cal
yr BP. Slightly more arid conditions characterize the last millennium with summer relative humidity
values ranging from 5-10% lower than present. Similar long-term variations are evident in the Lago
Taypi Chaka Kkota δ18Olw profile, except during the early Holocene when lake water evaporative 18Oenrichment in response to low relative humidity appears to have been offset by enhanced inflow from
18
O-depleted snowmelt or groundwater from the large catchment. Close correspondence occurs
between the isotope-inferred paleohumidity reconstruction and other paleohydrological proxies from
the region.
*
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1. INTRODUCTION
Large moisture fluctuations are dominant features of late Pleistocene and Holocene climate on
the Bolivian Altiplano. Wetter conditions compared to the present characterized the late
Pleistocene and early Holocene as indicated by pluvial lake high stands spanning from prior
to 19,000 to about 14,000 and 10,700 to 9500 cal yr BP [1-2]. Marked aridity, however, is
believed to have prevailed during most of the Holocene from about 9500 to 3900 cal yr BP,
based mainly on studies of sediment cores from Lake Titicaca [3-7]. New paleo-water level
estimates suggest that Lake Titicaca experienced lowest lake levels between 8000 and 5500
cal yr BP [7]. Desiccation may have been widespread at this time in the shallower southern
basin of Lake Titicaca and likely in many other ephemeral lakes resulting in discontinuous
sedimentary records, which has hampered Holocene paleoclimatic reconstruction in this
region. In order to generate a continuous quantitative record of climate change for this region,
we have combined a regional lake water sampling survey to assess modern isotope
systematics in basins of varying hydrological settings, cellulose-inferred lake water oxygen
isotope profiles from two small alpine basins (Lago Taypi Chaka Kkota and Lago Potosi), and
an ice core record of precipitation δ18O from Sajama [8].
2. CLIMATIC AND HYDROLOGICAL SETTING
Precipitation in the Altiplano region is strongly seasonal with about 75% of the annual total
occurring during the austral summer months (December to March) due to convective activity
associated with the Bolivian High. Latitudinal gradients in precipitation and relative humidity
are evident between Lago Taypi Chaka Kkota (LTCK) and Lago Potosi (LP). At El Alto, La
Paz (4105 m asl; 16°30'S; 68°12'W) in the northern Altiplano near LTCK, mean annual
precipitation is 564 mm (Dec-Mar: 388 mm) and mean annual relative humidity is 60% (DecMar: 70%). Further south at the town of Potosi (4640 m asl; 19°38'S; 65°41'W) near LP,
mean annual precipitation is 301.5 mm (Dec-Mar: 226 mm) and mean annual relative
humidity is 38% (Dec-Mar: 50%) [9].
LTCK and LP have significantly different hydrological settings. The LTCK watershed (84
km2) is located at 16°13' S, 68°21' W in the Rio Palcoco Valley on the western slope of the
Cordillera Real. Situated at 4300 m asl in elevation, LTCK is 1.3 km2 in area and 12 m deep.
Through-flow at LTCK is maintained throughout the year by drainage from lakes upstream,
which are presently fed by several small alpine glaciers. The LP watershed (3.9 km2) is
located at 19°38’ S, 65°41’ W in the Cordillera Chichas at 4640 m asl and the lake is 0.2 km2
in area and 11 m deep. LP is a headwater lake whose watershed does not presently contain
glaciers. LP was observed to form a thin ice cover at night and the lake was below its
overflow level during June 1997, although outflow channels suggest the water-level reaches
the overflowing stage during the summer wet season.
A regional water sampling survey spanning latitudes 13°54' to 19°38' S, conducted during the
dry season of 1997, revealed that the δ18O and δD composition of lake waters diverge from
the Global Meteoric Water Line (GMWL) due to evaporative enrichment (Figure 1). A
Regional Evaporation Line can be drawn through these data points (δD = 5.1δ18O-35.5; R2 =
0.97) indicating a common atmospheric moisture source for this region. Furthermore, the
extent of evaporative enrichment for a given lake was found to vary systematically in relation
to the local hydrological setting. Progressively increasing offset from the GMWL was found
for lakes directly receiving glacial meltwater, overflowing lakes in glaciated watersheds,
overflowing lakes in non-glaciated watersheds, and seasonally-closed lakes. End-members of
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the hydrological spectrum in this region are well represented by the depleted isotopic
composition of LTCK (δ18O = -14.8‰, δD = -112‰), typical for lakes in glaciated
watersheds, and the comparatively enriched isotopic composition of LP (δ18O = -5.6‰, δD =
-59‰), representing the group of lakes that develop hydrological closure during the dry
season (Figure 1).
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FIG.1. Isotopic composition of lake waters from the Bolivian Andes sampled in June 1997 [10]. Also
shown are the Global Meteoric Water Line (GMWL: δD = 8 δ18O + 10) and the Regional Evaporation
Line (REL: δD = 5.1 δ18O – 35.5).

3. METHODS
Lake sediment sample preparation and analysis for bulk organic elemental (C, N) and
cellulose oxygen isotope composition followed methods in [11]. Cellulose oxygen isotope
composition was determined using off-line nickel-tube pyrolysis to generate CO2 for dual
inlet isotope ratio mass spectrometry. All elemental and isotopic analyses were conducted at
the University of Waterloo - Environmental Isotope Laboratory, Canada. Oxygen isotope
results are expressed as “δ” values, representing deviations in per mil (‰) from the VSMOW
standard for oxygen normalized to δ18OSLAP = -55.5 ‰ [12], such that δsample =
[(Rsample/Rstandard)-1]*103 where R is the 18O/16O ratio in the sample and standard. The δ18Ocell
values have uncertainties of ±0.5‰ based on repeated analyses of samples.
Terrestrial macrofossil material was not present in sufficient quantities for AMS 14C
measurements from most stratigraphic levels. Therefore, we used Isoetes macrofossils at
LTCK as well as bulk sediment at LP for AMS 14C measurements. The contemporary
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radiocarbon reservoir was assessed in two ways. In LTCK, the 14C activity of live submerged
macrophytes was measured and found to be 114% Modern for the year A.D. 1992, indicating
that the lake reservoir effect is minimal in the LTCK system today, although it could have
been a factor in the past. For LP, the contemporary radiocarbon reservoir was assessed by
comparing the 14C activity of paired bulk sediment and macrofossils samples from the same
stratigraphic level. Results indicate there is no significant difference between the ages.
4. RESULTS AND DISCUSSION
4.1. Isotope-inferred lake paleohydrology
Cellulose-inferred δ18Olw records for LP and LTCK are shown in Figure 2. Interpretation of
δ18Olw records requires identifying signals related to changes in the isotopic composition of
source water, reflecting the integrated signature of surface and subsurface inflow and
precipitation, from changing hydrological factors (often primarily evaporative enrichment)
that may subsequently modify the isotopic content of the lake water. Deconvolution of these
isotopic signals in lake sediments from this region benefit from an independent 25,000-year
record of precipitation δ18O (δ18Op) from the Sajama ice core [8]. The ice-core oxygen isotope
stratigraphy, which is also shown in Figure 2, illustrates that values at the base of this interval
increased to a maximum at about 14,300 cal yr BP, interpreted to reflect climate warming [8].
Subsequent 18O-depletion with low values persisting until 11,500 cal yr BP has been
interpreted as a climatic reversal [8] or may be due to dilution of atmospheric precipitation
with 18O-depleted vapour derived from pluvial lakes on the Altiplano [10]. Values increase
after 11,500 cal yr BP in response to climate warming [8] and/or draw-down of pluvial lakes
and reduction in derived vapour [10], and remain at about -17±1‰ throughout the Holocene
presumably reflecting constant temperature as well as moisture source and history. Notably,
shifting LP and LTCK δ18Olw offsets from the Sajama ice core δ18Op record provides a
measure of changing lake water evaporative enrichment [e.g. 16], which appears to be mainly
a function of similarly changing moisture regimes at these two locations, as described below.
Although late Pleistocene δ18Olw data at both LP and LTCK are sparse, results are broadly
consistent with regional evidence for moisture fluctuations derived from the recently revised
chronology of pluvial lake level history on the southern Bolivian Altiplano [2]. Roughly 10‰
offset of LP δ18Olw from Sajama ice core δ18Op between 14,000 and 11,500 cal yr BP may
reflect the importance of lake water evaporative enrichment, corresponding to the Ticaña arid
phase [2], or may be partly in response to reduced glacial meltwater supply. Reduced LPSajama isotopic offset after 11,500 until 9000 cal yr BP correlates with the final, albeit less
significant, pluvial lake high stand (the Coipasa high lake phase), which occurred between
about 10,500 and 9500 cal yr BP [2]. Similarly, large LTCK-Sajama isotopic offset beginning
prior to 12,700 to about 10,500 cal yr BP may be related to the Ticaña arid phase with
subsequent reduced isotopic offset until about 9500 cal yr BP due to wetter conditions during
the Coipasa event. The lake water shift to more 18O-depleted values, which we presume to
indicate the end of the Ticaña arid phase, appears to take place about 1000 years later at
LTCK compared to LP perhaps reflecting poor chronological control in these strata, a greater
hydrological threshold at LTCK, or reduced significance of this climate change in the
northern Bolivian Altiplano. The latter appears to be consistent with the greater prominence
of this event in stratigraphic records from the southern Bolivian Altiplano and Chilean
Atacama, whereas evidence for this event in Lake Titicaca sediment records is inconclusive
[see 2].
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Increasing aridity during the early Holocene at LP is indicated by lake water 18O-enrichment
beginning after 9000 cal yr BP, broadly consistent with the paleohydrological record of Lake
Titicaca, although a brief return to moist conditions is suggested by 18O-depleted values at
about 8000 cal yr BP. Based on the LP record, maximum mid-Holocene aridity developed
between 7500 and 6000 cal yr BP. The corresponding 9000 to 6000 cal yr BP interval at
LTCK, which is dominated by 18O-depleted values, is most likely a result of a local catchment
effect, such as input of 18O-depleted water from snowmelt or groundwater and rapid
hydrological flushing [10]. Furthermore, abrupt 18O-enrichment at 6000 cal yr BP observed in
the LTCK record would appear to be consistent with a rapid change in water balance resulting
from cessation of significant snowmelt and/or groundwater supply from the large catchment
[10] and very dry conditions.
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FIG. 2. Lake water δ18Olw records for Lago Potosi and Lago Taypi Chaka Kkota versus cal yr BP,
calculated using a cellulose-water oxygen isotope fractionation factor of 1.028 [11,13-14]. Solid lines
represent three-point running means. Bulk organic C/N weight ratios range from about 6 to12 (not
shown), which support a dominantly autochthonous origin [15]. Also shown is 16,000 cal yr of the
δ18O record in the Sajama ice core [8], and stratigraphic zonation of major hydroclimatic intervals
based partly on [2].

Analysis of closely-spaced samples has revealed substantial hydrological variability in the
6000 to 2000 cal yr BP δ18Olw record from LP. Highly variable oxygen isotope values have
also been obtained on ostracode profiles in lake sediment cores from the Chilean Altiplano
during this time interval suggesting predominantly arid conditions were punctuated by shortterm climatic shifts [17]. The transition to a more moist climate during the mid- to late
Holocene was evidently a step-wise shift characterized by fluctuating moisture conditions on
both the Bolivian and Chilean Altiplano [17-19]. Less variability observed in the LTCK
δ18Olw during this interval is consistent with this lake’s larger size and catchment, and the
weak trend to lower δ18Olw values also suggests a gradual shift to more moist conditions
overall.
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The end of the mid-Holocene arid phase at LP is marked by a decline in δ18Olw values around
2000 cal yr BP, similar to the δ18Olw record from LTCK where glacial meltwater influx
returned as a source for the lake [10]. A recent increase in aridity is suggested by 18Oenrichment at both LTCK and LP after 1000 cal yr BP.
4.2. Quantitative reconstruction of paleohumidity
Largely coherent δ18Olw trends between LTCK and LP that conform to the regional
paleoclimatic framework can be used to support a more quantitative description of changing
paleohumidity by using an isotope-mass balance approach (Figure 3a). At isotopic steadystate, the relationship between the fraction of lake water lost by evaporation and isotopic
enrichment by evaporation for a lake with both inflow and outflow can be described by the
following equations [20]:
(1)
E/I = (1-h)/h x (∗lw-∗p)/(∗*-∗lw)
where E = vapour flux,
I = inflow,
h = relative humidity at the air-water interface (which may be slightly higher than
ambient),
∗* = limiting isotopic enrichment attainable where the water body evaporates to near
zero volume
∗lw = lake water isotopic composition,
∗p = precipitation isotopic composition,
and
(2)
δ* = (hδa + ε)/(h-ε)
where δa = vapour isotopic composition,
ε = isotopic separation between liquid and vapour including both equilibrium (ε*) and
kinetic (εK) effects.
Isotope-mass balance methods can be used to assess contemporary water balance of lakes [2122], as well as to reconstruct past water balance from lacustrine records of δ18O [23]. Here,
we use this model to estimate summer relative paleohumidity (SRH) from the LP celluloseinferred three-point running mean δ18Olw record. The LP δ18Olw record was chosen for SRH
reconstruction because the record at this site does not appear to be complicated by additional
hydrological effects, as is the case at LTCK during the early Holocene (possible snowmelt
and/or groundwater supply) and late Holocene (glacial meltwater influx) [see 10]. The
reconstruction is limited to the past 11,500 cal yr where the LP δ18Olw record is more highly
resolved and temporally constrained. Model input values include: 1) δp = -17‰ estimated
from the Sajama ice core δ18O record (Figure 2), which also closely approximates the
intersection of the REL and GMWL in Figure 1, 2) δa = δp - ε* (i.e. isotopic equilibrium
between atmospheric vapour and precipitation), 3) ε* = 10.66‰ from [24] and using an
average air temperature of 10°C [9], and 4) εK = 14.2 (1-h) [25].
SRH is solved iteratively for three water balance scenarios that conservatively span the
probable maximum range in natural variability over the past 11,500 cal yr (Figure 3b). 1) E/I
= 1.00 defines conditions for a terminal basin where evaporation balances inflow so that no
liquid outflow occurs. This represents the maximum fraction of lake water lost by evaporation
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as long-term hydrological status characterized by E/I > 1 is considered unlikely because this
would lead to lake desiccation and absence of a stratigraphic record. 2) E/I = 0.20 was used to
represent the minimum fraction of lake water lost by evaporation. This value is estimated
from calculation of modern E/I ratios for overflowing lakes in non-glaciated watersheds and
using the most isotopically-enriched lake water sample in our modern data set as a lower limit
for δ* (Figure 1). 3) E/I = 0.36 represents an estimate of the average summer water balance at
present for LP based on a modern SRH value of 50% [9]. Comparison to modern conditions
was used to derive a range in SRH values, bracketing concomitant water balance response to
changing effective moisture using the three E/I scenarios. Results are plotted in Figure 3c in
terms of minimum, maximum, and mean SRH values.
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FIG. 3a) Sajama ice core δ18O (Thompson et al., 1998) and cellulose-inferred three-point running
mean δ18Olw records for Lago Taypi Chaka Kkota and Lago Potosi from Figure 2. b) Summer relative
humidity profiles generated by E/I scenarios of 0.20, 0.36, and 1.00 based on the Lago Potosi threepoint running mean δ18Olw profile. c) Summer relative humidity reconstruction representing minimum,
maximum, and mean values constrained by values generated by the three E/I scenarios in b) and the
modern summer relative humidity value of 50%. d) Estimated average summer water balance
conditions (expressed as E/I) derived from back-calculation using mean summer relative humidity
values in c). e) The Sajama ice core dust record from [8]. All records are plotted versus cal yr BP.

In general, results from Figure 3c show that SRH values averaged 10-20% higher relative to
present at 11,500 cal yr BP with oscillating but generally declining values developing during
the early Holocene. This trend culminates in maximum SRH decrease between 7500 and 6000
cal yr BP when reconstructed values average 20% lower than present. SRH values are near
present between 6000 and 5000 cal yr BP and then decline to values averaging 15% lower
than present until about 2500 cal yr BP. Mean SRH values increase to about 20% greater than
present by about 1500 cal yr BP and then decline to around 5-10% less than present over the
last 1000 years.
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Notably large ranges between minimum and maximum SRH values are evident at low SRH
compared to the present value of 50%, which is primarily a function of the large uncertainty
in E/I ratios (0.36 to close to 1.00) that bracket these intervals. This extreme sensitivity is
somewhat artificial, however, because the actual E/I ratios are relatively high during phases of
low SRH, although not as high as 1.00 as values generated by this scenario are nearly always
higher than 50%. This indicates that LP may have rarely attained wet-season terminal
hydrological status for an extended period even during more arid intervals; a result that is not
unexpected, however, as overcoming this threshold would likely have led to rapid volume
draw-down, lake desiccation and hiatuses in sedimentation due to the low relative humidity.
Indeed, the δ18Olw record is very sensitive to SRH below about 50% and because extreme 18Oenrichment is not observed, SRH values substantially less than 40% are probably not
reasonable. Conversely, less uncertainty is evident at high SRH mainly because of the
narrower range in E/I ratios (0.20 to 0.36) that were used to delineate these phases (mainly
11,500 to 9000 and 2000 to 1000 cal yr BP). Based on back-calculation using the mean SRH
reconstruction, we estimate that the average summer E/I ratio spanned mainly from about 0.25
to 0.60 over the past 11,500 cal yr (Figure 3d).
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FIG. 4. Sensitivity analysis illustrating potential errors in summer relative humidity (SRH) values for
variations of δlw = ±1.5‰ (incorporating analytical and cellulose-water oxygen isotope fractionation
uncertainty), δp = ±1.0‰ (comprising most of the variation in the isotopic record from Sajama ice
core over the past 11,500 cal yr BP) [8], T = ±5°C (estimated to reflect changes during the late
Pleistocene - early Holocene transition and possibly during the interval of maximum aridity), and δa =
δp - ±10%(ε*) (10 % deviation from isotopic equilibrium between δa and δp). Results are shown for the
average summer E/I ratio during wet (0.30) and dry intervals (0.50), as estimated from Figure 3d.
Note that solid lines define SRH errors that result in absolute values ranging from 30 to 85%,
representing an estimate of the natural range potential in SRH.

Supporting evidence for widespread and similarly arid conditions during the mid- to late
Holocene is provided by the LTCK δ18Olw profile and other records of past climate change.
Between 6000 and 2000 cal yr BP, the δ18Olw values are broadly similar (Figure 3a) and in the
range of lakes that presently drop below their overflow level under more moderate conditions
(Figure 1). These overlapping trends may reflect similar E/I ratios and SRH during this time
interval. Offset in cellulose-inferred δ18Olw over the last 1000 years suggests that the current
effective moisture gradient between these two lakes may be a recent development. SRH
minima during the mid- to late Holocene interval also shows close correspondence between
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dust concentration maxima in the Sajama ice core record, with both records reflecting
dominantly arid but highly variable moisture conditions (Figure 3e), in agreement with other
records on the Chilean Altiplano as mentioned above [17-19]. Lake Titicaca lowstands at
about 6100 and 2400 cal yr BP [5, 26] and lake-level inferred maximum aridity between 8000
and 5500 cal yr BP [7] also compare well with the SRH reconstruction.
4.3 Model uncertainties
A sensitivity analysis was conducted to estimate potential sources of error associated with
input parameters to equations (1) and (2) to derive past SRH values, in addition to
uncertainties due to shifting E/I. Figure 4 illustrates the effect of δlw = ±1.5‰, δp = ±1.0 ‰, T
= ±5°C, and δa = δp - ±10% (ε*) on reconstructed SRH values for two water balance scenarios:
1) E/I = 0.30, which is estimated to reflect average conditions during wet intervals, and 2) E/I
= 0.50 corresponding to estimated average conditions during dry phases (see Figure 3c).
Overall, potential error in SRH values is less in the E/I = 0.50 scenario, with δlw and δp input
variations resulting in mostly <10% error, and T and δa input variations producing <5% error.
Potential SRH errors are greater in the E/I = 0.30 scenario, although only δlw-1.5‰ and
δp+1‰ variations over a narrow range of δ18Olw values result in errors in excess of (+)15%.
5. CONCLUSION
Comparison of cellulose-inferred lake water oxygen isotope profiles from two lakes in the
Bolivian Andes provides a record of late Pleistocene and Holocene paleohydrological history
that is largely in agreement with the regional framework based mainly on pluvial lake history,
water level changes in Lake Titicaca, and the Sajama ice core record. Overall, the isotopic
records indicate dominantly moist conditions during the late Pleistocene - early Holocene
transition (roughly 10,500 to 9000 cal yr BP) and between 2000 and 1000 cal yr BP, whereas
more arid conditions prevailed during the mid-late Holocene (mainly 8000 to 2000 cal yr BP)
and over the past millennium. At LP, sustained maximum mid-Holocene aridity occurred
between 7500 and 6000 cal yr BP and quantitative reconstruction of SRH, based on an
isotope-mass balance model, indicates a decline of perhaps as much as 20% during this time.
SRH values averaged 15% less than present but was highly variable during the later part of
the mid-Holocene arid interval (ca. 5000-2000 cal yr BP), in agreement with other
paleoclimatic records from the region [17-19, 26] including the Sajama ice core record where
close correspondence occurs between several elevated dust particle concentrations [8] and
SRH minima. Sensitivity analyses suggests potential errors in reconstructed SRH values are
mainly related to uncertainty in the E/I ratio during arid intervals and cellulose-inferred δ18Olw
and ice-inferred δ18Op values during wet intervals.
Notably, the SRH reconstruction sets the stage for comparison with new proxy records
currently being obtained from similar lakes north of the equator in the Venezuelan Andes. In
addition, these results reveal the potential for quantitative paleoclimatic reconstructions based
on cellulose-inferred lake water oxygen isotope records. Key factors that have contributed to
the viability of this approach include an independent detailed record of δ18Op and analysis of
lake sediment records in contrasting settings, the latter having effectively allowed
differentiation of local hydrological variations from regional climatic changes.
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Abstract. Measurements of stable and radioactive isotopes in polar ice cores provide a wealth of
information on the climate conditions of the past. Stable isotopes (δ18O, δD) reflect mainly the
temperature, whereas δ18O of oxygen in air bubbles reveals predominantly the global ice volume and
the biospheric activity. Cosmic ray produced radioisotopes (cosmogenic nuclides) such as 10Be and
36
Cl record information on the solar variability and possibly also on the solar irradiance. If the flux of a
cosmogenic nuclide into the ice is known the accumulation rate can be derived from the measured
concentration. The comparison of 10Be from ice with 14C from tree rings allows deciding whether
observed 14C variations are caused by production or system effects. Finally, isotope measurements are
very useful for establishing and improving time scales. The 10Be/36Cl ratio changes with an apparent
half-life of 376,000 years and is therefore well suited to date old ice. Significant abrupt changes in the
records of 10Be, 36Cl from ice and of δ18O from atmospheric oxygen representing global signals can be
used to synchronize ice and sediment cores.

1. INTRODUCTION
Stable and radioactive isotopes are useful tools to study present and past environmental
changes. Due to progress in analytical techniques, very small samples can now be analyzed
with high precision. This opens up the possibility of reconstructing past environmental
changes with high temporal resolution in natural archives and of obtaining a comprehensive
picture of the spatial and temporal variability of our climate system. For several reasons, ice
cores merit special attention. They are the only archive, which stores not only all particular
constituents removed from the atmosphere but also air samples. This unique property allows
for instance to reconstruct the history of greenhouse gas concentrations as well as isotopic
changes in atmospheric oxygen, a proxy for the global ice volume. During the last few
decades, several ice cores were successfully retrieved from Greenland and Antarctica
containing complete and continuous ice records of the last 100,000 or more years. Recently,
the information derived from polar ice cores has been complemented by new data from an
increasing number of low-latitude ice cores drilled into high-altitude ice sheets. The latter are
crucial to the understanding of the regional patterns of climate changes. In this short
overview, we will concentrate mainly on isotopes from polar ice cores.
1.1 Stable isotopes
Usually, an ice core is first analyzed for δ18O and/or δD. The isotopic fractionation that takes
place in the inversion layer during the condensation of water vapor to raindrops or snowflakes
is strongly temperature dependent. The calibration of the relationship between δ18O and
temperature is usually made by applying linear regression to a set of annual data from
different sites, where δ18O and/or δD and temperature have been measured. In Fig. 1a, the δD
record from Vostok, Antarctica is shown [1]. It covers more than 4 glacial cycles. Spectral
analysis of the Vostok record reveals the Milankovich cycles caused by changes in the orbital
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parameters of the Earth. Periodicities around 100 kyrs (eccentricity), 40 kyrs (obliquity), and
20 kyrs (precession) were found. A detailed view of climate changes during the younger part
of the last glacial is depicted in Fig. 2 showing the GRIP δ18O record from Greenland [2].
Being representative for the North Atlantic temperature the GRIP δ18O record is dominated by
a series of very rapid fluctuations, the so-called Dansgaard-Oeschger events (DOE).
Typically, δ18O increases by about 5‰ within decades, then begins to decline slowly and
subsequently drops rapidly to the low value it had at the beginning. The general explanation
for this behavior is the switching on and off of the deep-water formation in the North Atlantic
[3]. Melt water from the Laurentide ice sheet surging into the North Atlantic leads to a drop in
the density of the surface water and shuts down the thermohaline circulation. As a
consequence, the heat transport from low latitudes to Greenland is interrupted and the
temperature decreases dramatically. After some time, the thermohaline circulation sets in
again and the temperature rises. As we will see below, this process can be studied on a global
scale using radioisotopes.
However, one should bear in mind that the simple linear relationships between δ18O or δD
and the temperature have been established based on a spatial network of climatically different
stations. These relationships depend also on other parameters such as the source area and the
transport of water vapor and the seasonal distribution of precipitation. In fact, using these
simple relationships leads to a temperature change of approx. 10oC for central Greenland
between the Holocene and the last glacial maximum. The analyses of borhole temperatures on
the other hand points to a much larger change (20ºC) [5] indicating that besides temperature
changes other changes were involved as well.
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FIG. 1. Records of stable isotopes from the Vostok ice core over the last 440 kyrs, a)δD measured in
the ice reflects the temperature [1], (b) δ18O measured in air bubbles provides information on the
global ice volume and the biospheric activity [4].
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FIG. 2. Section of the δ18O record from that section of the GRIP ice core, which is characterized by
abrupt climate changes, the so-called Dansgaard-Oeschger events [2].

Ice cores offer the unique opportunity to measure δ18O not only in solid precipitation (snow
and ice) but also in gaseous O2 trapped in air bubbles. δ18O of atmospheric oxygen reflects the
δ18O signal of sea water after modification by hydrological (transpiration, evapotranspiration)
and biochemical (photosynthesis, respiration) processes. [6]. The δ18O difference between sea
water and atmospheric oxygen (Dole effect) is mainly due fractionation during respiration.
Hence δ18O in an ice core provides information about the local temperature and the global ice
volume and the biospheric activity at the same time. As shown in Fig. 1 the overall agreement
between the δD of ice and the δ18O in air bubbles in the Vostok core is good [4]. However,
small differences indicate that some of the involved processes were not constant.
1.2. Radioisotopes
Ice sheets and glaciers are ideal archives for all radioisotopes, which are transported through
the atmosphere and removed by wet or dry deposition processes. In the following discussion,
we consider only so-called cosmogenic radionuclides. Galactic cosmic ray particles interact in
high-energy nuclear reactions with atmospheric nitrogen, oxygen and argon. As a result, a
cascade of secondary particles develops until all the energy of the primary particle is
dissipated. Among the secondary particles, mainly neutrons and protons are responsible for
the reactions leading to cosmogenic nuclides. For some of them the main properties such as
half-life, main target elements and mean global production rate are given in Table I. The flux
of the galactic cosmic rays is modulated by magnetic fields, which deflect mainly the lowenergetic particles. The Earth’s magnetic dipole field prevents particles of a rigidity below a
geomagnetic-latitude dependent cut-off energy from penetrating into the atmosphere. The
second magnetic modulation effect originates from the sun. Solar wind carrying frozen-in
magnetic fields fills the vicinity of the solar system and also acts as a magnetic shield. During
periods of high solar activity, the solar wind intensity increases enhancing the shielding effect
and therefore reducing the production rate of cosmogenic nuclides and vice-versa. After
production, the fate of cosmogenic nuclides depends strongly on their geochemical properties.
Some of them, such as 10Be, become attached to aerosols and follow their pathways. After a
mean residence time of 1 to 2 years, they are removed from the atmosphere mainly by wet
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precipitation. 14C, on the other hand, becomes oxidized to 14CO2 and exchanges between the
carbon reservoirs atmosphere, biosphere and ocean. The production rate of cosmogenic
nuclides can be calculated as a function of solar and geomagnetic modulation [7]. In the
following, we will discuss some of the most important applications of cosmogenic nuclides
for climate change research of the past.
Table I. Some properties of cosmogenic nuclides
Nuclide
10

Be
C
36
Cl
14

T1/2
(y)
1.5 106
5730
3.01 105

Target
N, O
N, O
Ar

Production rate
(atoms cm-2 s-1)
0.018
2.02
0.0019

2. SOLAR VARIABILITY
The sun is the fundamental source of energy that drives the climate system. Changes in solar
radiation inevitably lead to adjustments in the radiation balance of the earth and to
modifications of the complex climate system. Direct measurements of solar irradiance (solar
constant) with satellite-based radiometers revealed variations in phase with the 11-year
Schwabe cycle over the last two decades [8]. The yearly averaged amplitude of this cycle is
too small (0.1%) and the changes are too fast to induce relevant climate changes. However,
this does not mean that over longer time scales, the solar irradiance did not undergo much
larger changes, which may have significantly affect the climate [9]. In fact, there are clear
indications that solar irradiance has increased since the Maunder minimum (1645-1715 AD)
by about 0.24% [10]. The Maunder minimum period is famous for its almost complete lack of
sunspots pointing to a different mode of the solar magnetic dynamo. At the same time, this
period is known for much cooler temperatures (Little Ice Age). Evidence for a much larger
potential of solar variability than observed in our sun so far comes from other solar type stars
[11]. A long-term study of many such stars suggests that changes in radiation of up to 1% can
occur. To investigate, whether the sun ever made use of this potential it becomes necessary to
learn more about the solar activity of the past. Direct, detailed and reliable observations of
solar variability are limited to the telescopic era, which goes back to about 1600 AD. To
extend this period, one has to rely on indirect solar parameters such as cosmogenic nuclides.
The analyses of 14C records in tree rings and 10Be data from polar ice cores [12] reveals
periodicities around 11 years (Schwabe cycle) and 90 years (Gleissberg cycle), as expected
from the sunspot records. The 205 De Vries cycle could be found during the Holocene and
between 25 and 50 kyrs B.P. [13]. This suggests that the solar dynamo is characterized by
several periodicities which appear to be active and rather constant averaged over long times,
although the amplitudes may change with time.
Special features attributed to reduced solar activity are the so-called “grand minimum”
periods like the Maunder minimum. Such minima occur irregularly with different durations
throughout the Holocene. In Fig. 3, the ∆14C (of the atmospheric 14C/12C ratio from a standard
in permil) derived from tree rings [14] is shown for the last 7 kyrs after subtraction of the
long-term trend. The solar minimum periods, which correspond to production maxima, are
indicated with arrows. It is interesting to note that several of these minima in solar activity can
be related to deteriorations in the climate [15] underlining that cosmogenic nuclides play a
key role in establishing a causal relationship between solar variability and climate change
[16].
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3. ACCUMULATION RATE
Probably the most fundamental parameter of climate change is the precipitation rate. In
theory, an ice core represents a complete collection of all the past precipitation and measuring
annual layer thicknesses can therefore be used to reconstruct the history of precipitation.
However, in practice, there are two problems that complicate the situation considerably.
Firstly, ice flows and this leads to a thinning of the annual layer thickness with increasing
depth. To correct for this effect one has to apply ice flow models. Secondly, the
discrimination between annual layers becomes impossible at larger depths. Again,
cosmogenic nuclides provide a solution. It is based on the following two assumptions: 1.
Averaged over a large area, the flux of e.g. 10Be from the atmosphere into the ice is
proportional to the production rate in the atmosphere: F = α∗P. 2. Averaged over millennia
the production rate is mainly determined by the geomagnetic field intensity.
F can also be expressed by:
F = ρ∗c*acc,
the product of ice density ρ, radionuclide concentration c and accumulation rate acc which
leads to
acc = α∗P/(ρ∗c).
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FIG. 3. ∆14C record derived from tree rings [14] after subtraction of the long-term trend. Periods of
increased 14C production, which are generally thought to coincide with periods of a quiet sun are
indicated by arrows.

Since ρ is virtually constant (0.92 g/cm3), α can be determined for modern times and P can
be derived from paleomagnetic measurements [17] the accumulation rate can be calculated.
The results of this approach when using 10Be in the GRIP ice core confirm Johnson’s
reconstruction which is based on an empirical relationship between δ18O from ice and the
annual layer thickness corrected for the thinning [18]. Fig. 4 shows that, in Greenland, the
precipitation or accumulation rate changed dramatically during the last glacial in phase with
the temperature.
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FIG. 4. Accumulation rate at Summit (Central Greenland) based on an empirical relationship between
δ18O [18] and the accumulation rate determined by layer counting and extrapolated to older ages (see
text). This accumulation rate is confirmed by the accumulation rate derived from 10Be measurements
in the GRIP ice core.

4. THERMOHALINE CIRCULATION
The thermohaline circulation is a basic process for the oceanic heat transport from equatorial
to polar regions. Since most of the deepwater formation takes place in the North Atlantic,
Greenland’s climate is especially sensitive to modifications in thermohaline circulation. In
fact, it is generally believed that the rapid climate fluctuations during glacial times (DOE)
(Fig. 2) are due to changes in this transport system. Since the ocean is the main reservoir of
atmospheric CO2, and the mean oceanic residence time of CO2 is about 1,000 years, the
thermohaline circulation affects the atmospheric 14C/12C ratio. A slowdown of the
thermohaline circulation leads to a reduction in the removal rate of 14C from the atmosphere
and therefore to an increase in atmospheric ∆14C. But an increase could also be caused by a
higher 14C production rate due to a reduction in solar activity or geomagnetic field intensity.
To distinguish between these two possibilities (thermohaline circulation or production),
additional information is necessary. This is provided by 10Be, which is produced in a very
similar way as 14C but differs considerably in its geochemical behavior. As a consequence,
production changes affect both nuclides, while changes in the global deep-water formation
only affect 14C. This new approach has been successfully applied to the ∆14C peak during the
Younger Dryas cold event (Fig. 5) [19]. By comparing the ∆14C record with the 10Be record
from GISP 2 [20] it has been shown that only the combination of a production change and a
reduction of the global deep-water formation is consistent with both the 14C and 10Be
measurements. Should a high quality, detailed ∆14C record become available for the glacial
time period from 15,000 to 50,000 years, this technique can be applied to study the DOE
events.
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FIG. 5. Comparison of measured ∆14C with ∆14C calculated using the 10Be data from the GISP ice
core [20]. The discrepancy between the two curves during the Younger Dryas period indicates that the
peak of the measured ∆14C is not only due to a production change (upper panel). In fact, assuming in
addition to the production increase a reduction of the global deep-water formation leads to a much
better agreement (lower panel) [19].

5. DATING
A classical but still very important application of cosmogenic nuclides is dating. Precise time
information is crucial to a comparison of hemispheric or regional climate changes and to
determine rates of changes. In the case of polar ice cores, there are two major problems using
cosmogenic nuclides for dating. Firstly, the concentration of radionuclides such as 14C is very
low. Even when using accelerator mass spectrometry (AMS), the extraction and processing of
the tiny amounts of CO2 occluded in air bubbles is extremely difficult. In addition, there is
still no reliable 14C calibration curve available for the glacial part, where the uncertainties of
other dating techniques are larger and 14C would be useful. Secondly, in most cases the initial
concentration of a radionuclide is not well enough known to calculate an age with a precision
of a few percent. One way of circumventing this problem is to use isotopic ratios. Since the
production rates of both nuclides fluctuate in phase, the production rate ratio is constant at
first order and can be determined experimentally on modern samples. One example is the
10
Be/36Cl ratio, which is ideal for dating very old ice. It has an apparent half-life of 376,000
years and is therefore well suited to date the older parts of deep-drilling ice cores.
Unfortunately, the situation is complicated by processes such as changes in transport or loss
of chlorine from the ice. The latter process mostly occurs in low accumulation areas with low
dust content (Antarctica) [21]. In Greenland, however, this dating technique looks promising,
as shown by work in progress.

271

The accumulation rate derived from measurements of the cosmogenic nuclides as described
above can then be used in ice flow models to establish a time scale.
Significant abrupt changes in the production rate of cosmogenic nuclides provide global
markers that can be used to synchronize time scales of different ice and sediment cores [22].
An example of such a marker is the Laschamp event around 40 kyrs BP when the magnetic
field intensity almost vanished [23].
In a similar way, δ18O derived from oxygen in air bubbles can be used to synchronize ice and
sediment cores [6].
6. CONCLUSIONS
Stable and radioactive isotopes are extremely versatile tools to study various processes and to
deepen our understanding of the complex environmental system and the couplings between its
components. In natural archives such as ice cores, they allow us to reconstruct past climate
conditions and to analyze the dynamics of processes on time scales from decades to millennia.
A look back into the past is therefore crucial for the development of realistic models that may
help to shed light on the future of the earth.
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Abstract. The potential of stable isotopic ratios (18O/16O and 2H/1H) in mid to low latitude glaciers as
modern tools for paleoclimate reconstruction is reviewed. The isotopic composition of precipitation should
be viewed not only as a powerful proxy indicator of climate, but also as an additional parameter for
understanding climate-induced changes in the water cycle, on both regional and global scales. To interpret
quantitatively the ice core isotopic records, the response of the isotopic composition of precipitation to longterm fluctuations of key climatic parameters (temperature, precipitation amount, relative humidity) over a
given area should be known. Furthermore, it is important to establish the transfer functions that relate the
climate-induced changes of the isotopic composition of precipitation to the isotope record preserved in the
glacier. The factors that govern the values of stable isotopes in snowfall are enigmatic and as yet no
satisfactory model has been developed to link them directly with any one meteorological or oceanographic
factor. This is particularly problematic in the high altitude glaciers in the tropics, where complications are
present due not only to continental effects, but also to altitude effects and convective air mass instability,
particularly in the monsoon climates of the tropics. This paper presents long and short-term perspectives of
isotopic composition variations in ice cores spanning the last 25,000 years from the mid- to low-latitude
glaciers. The isotopic records will also be examined as a function of the altitude of the individual coring
sites which ranges from 5325 meters to 7200 meters. On the short, term isotopic records from ice cores
from the Andes of South America, the Tibetan Plateau and Kilimanjaro in Africa through the year 2000
will be presented. All the tropical glaciers for which data exist are disappearing, and these sites show
isotopic enrichment in the 20th century that suggests that large scale low latitude warming is taking place. In
general this warming appears to be amplified at higher elevation sites. The evidence for recent and rapid
warming in the low latitudes is presented and possible reasons for this warming are examined.

1. INTRODUCTION
An overview is presented of the oxygen isotopic (į18O) records from seven low latitude, high
altitude glaciers around the world. This paper will address the question of how well these data
record temperature through time and then will examine the perspective provided by over 25,000
years of documented climatic history. Finally an overview of the disappearance of these tropical
archives over the last 30 years is presented along with evaluation of recent changes in mean stable
isotopic composition.
Ice core records are available from selected high altitude, low and mid-latitude ice caps (Figure
1). Comparisons are made between three from the Tibetan Plateau: Dunde, (38oN, 5325 m asl),
Guliya, (35°N; 6200 m asl) and Dasuopu in the Chinese Himalayas (28°N, 7200 m asl). These
Tibetan records are compared with three tropical ice core records from the Andes of South
America, Huascarán, Peru (9°S, 6050 m asl) Quelccaya, Peru (14oS, 5670 m asl) and Sajama
(Bolivia, 18°S, 6550 m asl). Finally, we introduce our most recent site at Kilimanjaro, Tanzania
(3oS, 5895 m asl). Some of these sites contain ice deposited during the Last Glacial Stage (LGS)
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and the į18O of this ice suggests significant cooling (~5°C) in the tropics. These records
contribute to a growing body of evidence that tropical climate was cooler and more variable
during the LGS [1,2] and to renewed interest in the low latitude water vapor cycle. Ice core
evidence for past changes in this hydrological cycle, as well as evidence for recent warming at
high elevations in the tropics, suggest that changes in water vapor inventories are a significant
component of climate variability.

FIG. 1. Map illustrating the seven sites from which ice cores have been recovered. The shaded area
between 30oN and 30oS represents the tropical regions that contain 50% of the world’s surface area, 75%
of the its population and 80% of the new births, but only produces 20% of the agricultural products.

2. į18O AS A TEMPERATURE RECORDER IN LGS/EARLY HOLOCENE ICE CORES
FROM TROPICAL SOUTH AMERICA
The controversy over whether oxygen isotopic ratios are more influenced by temperature or by
precipitation is addressed by the examination of the climatic and environmental history from
Sajama, which is one of the best dated of the all the tropical ice core records. The profiles of į18O,
dust and anion concentrations were transferred to a 14C-constrained time scale (Figure 2)
according to techniques discussed in [2]. The increases in dust and anions, particularly in chloride
(Cl-) are linked to the desiccation of the Altiplano lakes, and when the lakes are dry aerosols are
entrained by winds over the salt flats and deposited on the ice cap. In general, the LGS is much
wetter, colder and less dusty than the dryer Holocene climate on the Altiplano.
Recently, Baker et al. [3] asserted that since the Sajama į18O record shows a similar structure to
the nearby Salar de Uyuni Ȗ-radiation record, then the į18Oice is inversely correlated with
precipitation amount (or runoff fraction). However, this is disputed by the ice core record itself. A
closer examination of the termination of the deglaciation cold reversal between 11.8 and 11.5 ka
(Figure 3a) shows an isotopic enrichment of 5.2‰ at a time when the Cl- and dust concentrations
changed very little. This indicates that during a time of rapid and dramatic warming, the lake
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levels remained relatively stable, suggesting that regional precipitation rates did not vary. Another
example of the disconnect between temperature and effective moisture is seen in Figure 3b, the
transition into the Last Glacial Maximum (LGM) between 22 ka and 21.7 ka. Here, the lake levels
were clearly decreasing, as reflected by a five-fold increase in Cl-, but there was no change in the
į18O of the precipitation on the ice cap. Thus, as in polar cores, temperature is the more dominant
control on the mean oxygen isotopic values of tropical snow than precipitation amounts.

FIG. 2. High-resolution plots of δ18Oice, and dust and chloride (Cl-) concentrations from Sajama for the
past 25 ka.

Additional arguments for this case are taken from the comparison of the climate reconstruction
from Sajama with that from Huascarán at 9oS of the equator [4]. The record from the latter
illustrates that the LGS in northern Peru was cold and dry, but that the Early Holocene was warm
and wet. Conversely, the Sajama record [2] clearly shows that the climate history on the Altiplano
was of a cold and wet LGS and a warm and dry Early Holocene. However, the LGS isotopic mean
on Huascarán of -22.9‰ is very close to the Sajama mean of -22.1‰, and the Early Holocene
Huascarán average of -16.6‰ is almost identical to -16.7‰ for Sajama. This strongly argues that
the long-term į18O is not inversely correlated to precipitation amount as argued by Baker et al.
[3], since almost equal isotopic values occur under quite different effective precipitation
conditions.
In a global array of ice core records, the į18O shift from Early Holocene to LGM is similar (Figure
4, Table I), and includes 5.4‰ in Sajama [2], 6.3‰ in Huascarán [4], 5.4‰ to 5.1‰ in central
Greenland [5], 6.6‰ in Byrd Station, Antarctica [6] and 5.4‰ in Vostok, Antarctica [7]. These
ice core records join with other proxy data to provide a picture of significant global cooling
during the LGM. These other data originate from such diverse archives as corals [8,9], noble
gases from groundwater [10]; marine sediment pore fluids, [11], snowline depression [12-17], and
pollen studies [18].
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FIG. 3. (a) Detailed plots of δ18Oice, and dust and Cl- concentration variations during the transition from
the deglaciation climatic reversal (DCR) into the Holocene in the Sajama record. (b) The same parameters
from the Sajama record during the Last Glacial Maximum.

TABLE I. Comparison of averages of δ18Oice for the Modern period (0 to 1 ka), the early
Holocene (EH, 6.8 to 10 ka) and the Last Glacial Maximum (LGM, 18.0-21.2 ka) and the
differences between the LGM and the Modern and the LGM and the EH for the cores shown in
Figure 4.

These cooler tropical temperatures during the LGM would likely weaken the Hadley circulation
and lower the water vapor budget of the Earth’s atmosphere. Such changes have the potential for
very large impacts on adiabatic lapse rates, particularly in the tropics. As the Earth is a
thermodynamically non-linear planet, tropical glaciers are particularly sensitive to climate change.
Lapse rates will undergo a greater change with height in a moister atmosphere than in a
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drier atmosphere. If sea surface temperatures (SST) warm uniformly around the globe, tropical
lapse rates will decrease, conversely a global-scale cooling would lead to increased rates. In both
cases the changes would be greater at high elevations in the tropics. Thus, according to the
Clausius-Clapeyron relationship, under a warming Earth scenario tropical glaciers would be
expected to retreat rapidly, but under colder conditions such as those of the LGS, with 5o to 6°C
cooling suggested by the ice cores and other records mentioned above, tropical glaciers would be
expected to expand rapidly. Therefore, such changes between dry and moist adiabatic lapse rates
should lead to tropical amplification of either a warming or a cooling.

FIG. 4. Global extent of the Late Glacial Stage and a climatic reversal (cooling) during deglaciation is
illustrated by the stable isotope records from two tropical sites (Sajama and Huascarán), two Northern
Hemisphere sites (Guliya and GISP 2) and two Southern Hemisphere sites (Byrd Station and Vostok).
All records shown are 100-year averages, except the records for Vostok (200-year averages) and
Guliya (400-year averages).
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3. STABLE ISOTOPES OVER THE LAST MILLENNIUM
3.1. The Tibetan Plateau
Long ice core records are available from three sites on the Tibetan Plateau. The Dunde ice cap,
the Guliya ice cap, and the Dasuopu glacier form a regional triangular pattern with summit
elevations decreasing from south to north (Fig.1). Dasuopu, the highest site, has the most depleted
average į18O (-20.32‰ for the last millennium) while the lowest elevation site, Dunde has the
least isotopically depleted millennial average (-10.81‰). The elevation of Guliya is between the
other sites, and has a medium isotopic value of -14.23 ‰ for the last millennium (Figure 5). As
the precipitation at all these sites is dominated by the advection of moisture from the Indian
Ocean with possible contributions from the Arabian Sea during the summer monsoon, these data
provide qualitative support for the hypothesis that temperature, not the amount effect, is the
dominant process controlling į18O over the Tibetan Plateau. This is further supported by the much
stronger statistical relationship between į18O and NH temperatures (r2 = 0.37), and the much
weaker relationship between į18O and accumulation (r2 =0.19) [19].

FIG. 5. Decadal averages of δ18Oice for the last millennium from Dunde, Guliya and Dasuopu, Tibetan
Plateau.
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The question of whether stable isotopes are proxy indicators of temperature for the lower
troposphere was qualitatively addressed above in the discussion of long-term climate records from
Andean cores. However, in order to quantify that relationship, real-time field observations and
measurements are required. We have collaborated with our Chinese colleagues at the Lanzhou
Institute of Glaciology and Geocryology (LIGG), who collected precipitation samples and
measured temperatures at six meteorological stations across the Tibetan Plateau. At the Delingha
station, which is the closest to the Dunde ice cap (150 km to the southeast), the r2 between the
į18O of the precipitation collected and the atmospheric temperature measured at the time of
collection is 0.86 [20]. These data suggest, at least for the period of measurement, that į18O is a
faithful recorder of temperature in this section of the Plateau.
Figure 5 compares the decadal averages of į18O over the last 1000 years for the three Tibetan
Plateau ice cores. These profiles display major differences through the past millennium, possibly
due to their different precipitation sources and post-depositional processes. Over most of the
millennium, the į18O-inferred temperature variations recorded on Guliya have been generally out
of phase with those on Dunde [19]. Dasuopu and Dunde show broadly more similar trends,
although the Dunde profile contains more higher amplitude variations before 1250 AD.. Over the
last 200 years, however, all three clearly show strong isotopic enrichment taking place, suggesting
a recent warming across the entire Tibetan Plateau. This warming is particularly notable in the
20th century (although the recent isotopic enrichment is more pronounced on Dasuopu) and is the
most regionally consistent climate signal of the last 1000 years.
Meteorological observations on the Plateau are relatively few and of short duration. A recent
study [21] utilizes monthly surface air temperature data from most meteorological stations on the
Plateau since their installation in the 1950's. Not only do they report a linearly increasing annual
temperature trend of ~0.16oC per decade from 1955 to 1996 and an increasing winter
trend of ~0.32oC per decade, they also report evidence that the rate of warming has increased with
elevation. The 1960 to 1990 records from 178 stations across the Plateau reveal that the greatest
rate of warming (~0.35oC per decade) has occurred at the highest elevation sites. Consistent with
these recent meteorological data, the į18O records from the three Plateau ice cores reveal the same
trend of increasing isotopic enrichment with increasing elevation. Specifically, the average į18O
in Dunde since 1950 is 0.99 o/oo higher than the millennial mean while on Guliya it is 1.05o/oo and
on Dasuopu it is 1.84o/oo (Figure 6). The isotopically inferred 20th century temperatures on both
Dunde and Dasuopu are the warmest of the millennium and the recent warming is most
pronounced at the highest elevation site, Dasuopu, along the southern edge of the Tibetan Plateau
(Figure 5).
3.2. The Andes of South America
The map in Figure 1 illustrates the three sites in the tropical Andes from which ice cores have
been recovered. The sites lie in a southeast-northwest trend from 18oS to 9oS. Huascarán, the most
equatorial of the three and the world’s highest tropical mountain, provided in 1993 two records of
climate variability that extend the LGS. Cores recovered from the Quelccaya ice cap (14oS) in
1983 yielded an annually resolved record back to A.D. 470 [22-24]. Further to the south, Sajama,
Bolivia (18oS) is a 6550 m asl extinct volcano on which two cores were drilled to bedrock in 1997
[2]. The ice cores from this site are very unusual in that they contain both insects and plant
remains in large enough supply to allow AMS 14C dating to be made in two separate laboratories.
Thus, unusually good absolute time control is possible for these records.
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FIG. 6. Global map showing mean δ18Oice from 1000 AD to the top of each record for the seven highaltitude ice core sites, with the differences between those means and the means from 1950 AD to the top of
each record in parentheses.

FIG. 7. Decadal averages of δ18Oice for the last millennium from the three tropical Andes sites, Huascarán,
Quelccaya and Sajama.

281

Figure 7 compares the decadal oxygen isotopic values from these three tropical Andean sites for
the last 1000 years. Earlier than 1700 AD the profiles show similar trends, but Sajama does not
record the isotopic enrichment of the last 200 years that is quite obvious in Huascarán, Quelccaya
and all three of the Tibetan Plateau sites. Moreover, unlike the Tibetan cores there is no clear
relationship between elevation and mean isotopic value over the last millennium. Sajama at 6542
m asl is the highest of the three glaciers, but it contains the most enriched average į18O
(-16.73o/oo). The inconsistencies presented by this ice core may be related to the extreme aridity of
the Altiplano region and the potential role of post-deposition sublimation.
For all the Andean sites the moisture source is the tropical Atlantic Ocean by way of the Amazon
Basin, and this source has remained consistent since the LGM as shown by the tilt of the
mountain snowlines toward the Amazon Basin both at 20 ka and today [14]. The seasonality of
the į18O in the South American records is opposite that of the polar regions, i.e. the most depleted
values occur in wet season (summer) snowfall and the most enriched in the dry season (winter)
layers. Currently there are at least two models which explain the į18O composition of ice cores in
the tropical Andes. The first, developed by Grootes et al. [25], is a hydrological model of
moisture transport. The isotopic values are initially determined by the composition of oceanic
water, and as the vapor moves across the Amazon Basin it is recycled in thunderstorms. Each
time condensation takes place the heavier isotopes are preferentially removed. The condensate
falls from clouds and is transported out of the Amazon Basin by the
river system in the wet season. In the dry season most of the water that falls in the Amazon is reevaporated, and thus very little isotopic fractionation takes place. However, by the time the
moisture reaches the base of the Andes in the wet season, it has a mean isotopic value of -20o/oo.
When the air masses are forced to rise over the Andes (above 5000 meters) an additional 10o/oo
depletion takes place.
There is a major factor to take into account when considering the interpretation of stable isotopes
in the tropics, and how they differ from those in the higher latitudes. In the Andes, the snowfall
comes from thunderstorms that contain convective cells with very high vertical extent, therefore
the mean level of condensation is higher than in the polar regions. More importantly, this
condensation level changes in location and height from wet to dry season. In the wet season,
Huascarán is located in the center of the region affected by maximum deep convection, but in the
dry season this activity moves to the north. The condensation level during the height of the wet
season is about two km higher, where the temperatures are cooler, and in the dry season
condensation forms at a lower, warmer elevation in the atmosphere. The isotopic composition of
precipitation may well reflect these changes [26].
Meteorological observations in the tropical Andes, as in Tibet, are scarce and cover relatively
little time. In a recent study, Vuille and Bradley [27] determined that the mean annual temperature
trends in the tropical Andes over the last six decades (1939-1998) have increased by 0.10oC0.11oC/decade. Furthermore, they found that the rate of warming has more than tripled over the
last 25 years (0.32oC - 0.34oC/decade) and that the last two years of the series, associated with the
1997/98 El Nino, were the warmest of the last six decades. However, the Andes temperature
trends vary conversely with altitude and show a generally reduced warming with increasing
elevation. This trend is generally consistent with the mean millennial isotopic values from the
Andean ice cores. The mean į18O since 1950 AD compared to the 1000th year mean shows which
is enrichment toward the equator (Figure 6). The greatest enrichment since 1950 AD of 1.33o/oo
occurs in the most tropical site Huascarán, a lesser enrichment of 0.51o/oo occurs at Quelccaya,
while Sajama actually shows a -0.20o/oo depletion since 1950.
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4. 20TH CENTURY GLACIER RETREAT
Evidence is accumulating for a strong warming in the tropics during in the second half of the 20th
century that is causing the rapid retreat and, in some cases, the disappearance, of ice caps and
glaciers at high elevations. These ice masses are particularly sensitive to small changes in ambient
temperatures as they exist very close to the melting point. This warming and the concomitant
retreat of the Quelccaya ice cap (Peru) are well documented. Since 1976 Quelccaya has been
visited repeatedly for extensive monitoring and sampling. In addition to the deep drilling in 1983,
shallow cores were taken from the summit of the ice cap in 1976, 1979, 1991, 1995 and 2000.
Comparison of the į18O records extracted at these six different times reveals (1) the mean isotopic
values have continued to become more enriched and (2) the seasonally resolved paleoclimatic
record, preserved in the cores drilled in 1983 as į18O variations, is no longer being retained within
the currently accumulating snow [1,26]. The percolation of meltwater throughout the
accumulating snowpack is homogenizing the stratigraphic record of į18O.
The retreat of the margins of Quelccaya has also been monitored. The extent and volume of the
largest outlet glacier, Qori Kalis, was measured eight times between 1963 and 2000. These
observations have documented a rapid retreat that has accelerated during this 37-year period. The
rate of retreat from 1983 to 1991 was three times that from 1963 to 1983, and was five times
faster in period from 1993 to 1995, eight times faster in the period 1995 to 1998 and thirty-two
times faster in the most recent observational period (1998 to 2000). The latest observations made
in 2000 confirm the continued acceleration of Qori Kalis’ retreat, as well as further retreat of the
other margins of the Quelccaya ice cap.
Additional glaciological evidence for tropical warming exists. Hastenrath and Kruss [28] report
that the total ice cover on Mount Kenya has decreased by 40% between 1963 and 1987 and today
it continues to diminish. The Speke glacier in the Ruwenzori Range of Uganda has retreated
substantially since it was first observed in 1958 [29]. The ice fields on Kilimanjaro have lost 75%
of their area between 1912 and 1989 [30]. The shrinking of these ice masses in the high
mountains of Africa and South America is consistent with other tropical observations.
Tropical and subtropical ice core records have the potential to provide annual to millennial-scale
records of climate, El Niño-Southern Oscillation events and monsoon variability and will provide
further insight into the magnitude and frequency of these large-scale events. These data also
provide unique perspectives for viewing both regional and global scale events ranging from the
so-called “Little Ice Age” to the Younger Dryas cold phase to the Late Glacial Stage. There is
unambiguous evidence that some, if not all of these archives are in imminent danger of being lost
if the current warming persists.
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Abstract. This short communication presents preliminary results and interpretations from an ongoing
research project in the Obir Cave of southeast Austria. This cave system hosts abundant calcite
dripstones many of which are actively forming today. The stable isotopic composition of a Holocene
stalagmite dated by U-series TIMS techniques shows rather stable values throughout most of the last
eight millennia, except for the last few hundred years when both C and O isotope values strongly
increase (probably due to changes in the cave air circulation as a result of mining activity).

1. INTRODUCTION
Data of environmental change in the Alps are confined largely to the Late Glacial and
Postglacial, because glaciations effectively obliterated older sedimentary records. Cave
calcites (speleothems) hold a high promise of providing critically needed paleoenvironmental
information complementing the surface sedimentary record and extending it back in time up
to several hundreds of thousands of years. We are currently using the stable isotopic
composition of alpine speleothems dated by U-series thermal ionization mass spectrometry
(TIMS) techniques to infer paleo-environmental changes in the recharge area of the karst
systems and in particular in high-mountain sites where existing surface paleodata are rare.
2. SAMPLING SITE AND STRATEGY
Based on a reconnaissance study of caves in Austria we selected four caves for further study
placing particular emphasis on sites with modern dripstone formation. In addition to sampling
dripwaters at regular intervals we also take milligram samples of wet stalagmite tops for
stable isotope analysis. Cave air pCO2 and relative humidity are being measured using
portable instruments and the air temperature is automatically logged. Here we present
preliminary data from one of these sites, Obir Caves.
The Obir massif is located in the northern segment of the Karawanken, a mountain range
stretching E-W along the Austrian-Slovenian border. The caves developed in Middle and
Upper Triassic platform carbonates and were only discovered during mining activities [1-3],
mostly during the 18th century (the mines were finally closed in 1913 – [4-6]). No known
natural entrances to the caves exist. Parts of the Obir caves have recently been adapted as a
show cave [7], but other parts of the extensive system are virtually untouched by tourist
activities. We selected a neighboring cave (Rassl system, approximately 1100 m a.s.l.) which
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can only be accessed through an abandoned mining adit [8]. This cave is characterized by
vadose shafts, narrow subhorizontal passages and chambers with abundant active speleothem
deposition. Climatic conditions in the cave are virtually constant throughout the year (air
temperature 5.4°C, relative humidity in excess of 97%). The partial pressure of CO2 varies
seasonally with low values during winter and spring (500-600 ppmv) and high values during
summer and late fall (up to 1800 ppmv). Active speleothem deposition encompasses
flowstones, stalagmites, stalactites and soda straws and pool deposits.
3. METHODS
Speleothem samples, both inactive and active were examined using a combination of thinsection petrography, Th-U dating and stable isotope analysis. Thin sections were examined
both using standard transmitted light microscopy and uv-and blue light epifluorescence
microscopy. The mineralogical composition of individual samples was checked using powder
X-ray diffractometry. Age dating was performed by TIMS measurements of 238U, 234U, 232Th,
and 230Th using 0.5-1 g of sample. Measurements were performed on a multi-collector
Finnigan MAT 262 RPQ utilizing the double filament technique (for analytical details see
[9]).
Samples for stable carbon and oxygen isotope analyses were microdrilled and measured with
an on-line, automated, carbonate preparation system linked to a triple-collector gas-source
mass spectrometer. Results are reported in the usual per mil notation relative to the VPDB
standard. Standard deviations (1-sigma) of replicate analyses of standard materials are less
than 0.10‰ for both C and O.
A variety of seepage waters were collected in the cave and analyzed for temperature, pH,
electrical conductivity, and major cations and anions. Chemical speciation and saturation
states are calculated using PHREEQC. The O isotopic compositions are reported on the
VSMOW scale.
4. RESULTS AND DISCUSSION
Sample OBI 12 is a 32 cm high stalagmite which was actively forming at the time of
sampling. The stalagmite was dated by seven TIMS dates starting at 8.2 ± 0.29 ka and the
youngest date was obtained 10 mm below the top (0.32 ± 0.04 ka). All dates are in
stratigraphical order and indicate a mean growth rate of 39 mm per thousand years. We
obtained a medium-resolution stable isotope record from this sample (approximately 50-year
resolution – Fig. 1). Macroscopic and thin-section microscopic inspection showed no
evidence of growth discontinuities suggesting continuous growth since 8.2 ka BP. During
most of the past 8.2 ka C isotopes vary only within1.5‰ (Fig. 1). Superimposed are smallerscale trends, e.g. low C isotope values during a few centuries from about 5.6 to 5.3 ka BP and
during an even shorter episode from 4.3 to 4.2 ka BP. We suggest that these periods of low
δ13C values correspond to times of dense forest vegetation and high soil bioproductivity (and
probably also high soil moisture) above the cave, giving rise to a high proportion of
pedogenically-derived, isotopically light C in the cave seepage waters. This interpretation of a
warmer and probably also more humid climate during periods of low δ13C values is consistent
with recent data from east-alpine glaciers showing evidence of strong recession during these
time periods (e.g., [10]). Our preliminary data also suggest that the warm phase during the 6th
millennium BP — whose end coincided with the death of the famous iceman found in the
Tyrolian Alps (cf. [11] – Fig. 2) — was probably the warmest during the past 8 ka (with the
possibly exception of the late 20th century).
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FIG. 1. C and O isotope variation along the extension axis of a Holocene stalagmite (sample OBI 12).
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The O isotope values vary only by about 1‰ during most of the Holocene, again suggesting
fairly stable climatic and hydrologic conditions. Periods of low δ13C values do not clearly
correlate with relatively high δ18O values, probably suggesting that the O isotopes are
effectively rock-buffered. This interpretation is consistent with the relatively thick rock
overburden of 80-100 m at the sampling site.
The most recent segment of the stable isotope curves shows an interesting and well known
pattern reflected mostly in the C isotope data starting with the generally warm climate during
Roman times up to the Little Ice Age (Fig. 2). This correlation between the δ13C values and
the well known cultural trends, though striking, warrants further high-resolution dating and
stable isotope analyses and should be regarded as preliminary only. Since the Little Ice Age
the C isotopic composition increased to values significantly higher than at any time during the
past 8.2 ka. Although less well pronounced, the O isotope values also increased during the last
few hundred years (Fig. 2). In order to better constrain the significance of this dramatic
increase in the C isotopic composition we analyzed tips of soda straws, modern pool deposits
and tops of stalagmites in this cave (Fig. 3). The C isotope values vary from -8.5 to as high as
–2.3‰ and delineate an evolutionary trend toward high values. The O isotopic compositions
increase only slightly by about 1‰. A possible explanation for this covariance is kinetic
isotope fractionation [12], i.e. a slight decrease in relative humidity in the cave interior
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causing enhanced degassing of carbon dioxide and mild evaporation. This hypothesis is
difficult to test in the modern cave environment, but available instrumental data suggest that
the cave interior (where the samples were taken) is close to condensation all year round.
Frisia et al. [13] studied a Holocene stalagmite record from the south-alpine Grotta di Ernesto
(Trento) and observed a similar increase in the C isotopic composition during the last few
hundred years which they tentatively attributed to extensive wood-cutting above the cave.
Anthropogenic changes of the vegetation above Obir cave is a possibility, although we found
no historical reports of extensive deforestation in this area. We speculate, however, that the
onset of the mining activity may have had a strong impact on the overall air circulation in
these caves (which lack natural entrances large enough to be surveyed by man) giving rise to
either a lower pCO2 in the interior cave air and/or a slight decrease in the water vapor
saturation. Evaporation, however, is considered to be insignificant in the present-day cave
environment. This is supported by the observation that most actively precipitating calcite is in
near isotopic equilibrium with the parent dripwater.
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Abstract. Data from the national networks of stable isotopes in precipitation in Switzerland, Germany
and Austria reveal distinct structures of climate variability within the Alpine region during the past
three decades. To investigate the possibility of linking on longer time scales water isotopes and
climate anomalies like the North Atlantic Oscillation (NAO), a high-resolution stable isotope record
of an ice core from the Bernese Alps is examined with respect to the isotope information obtained
from the precipitation data. Dating of the ice core is performed by annual layer counting of water
isotopes, controlled by well known discrete time markers like reference horizons from nuclear weapon
tests, the Chernobyl fall out, extreme events of Saharan dust falls and additionally compared to the
seasonal behaviour of chemical constituents. After checking for post-depositional effects, the defined
year-to-year isotope data sets are sub-divided into monthly composites according to the precipitation
distribution of a high altitude precipitation station from the Swiss isotope network. For the last thirty
years, the normalised data sets of the stable isotopes in the ice core show close similarities to the
regional isotope distribution and the NAO index. Although the method has to be refined, an extension
of the existing isotope record several centuries back in time to study climate variability seems to be
feasible and reasonable.

1. INTRODUCTION
Stable isotopes in precipitation contain composite information on evaporation site conditions,
air moisture transport and rainout history. Their climate signal in natural archives like ice
cores, tree rings or lake sediments is not only used to reconstruct past conditions of the water
cycle but also to validate model experiments of past and present atmospheric circulation [1,
2]. A critical review of the Global Network for Isotopes in Precipitation (GNIP) underlined
the importance of long-term data series for climate studies [3] and a recent workshop in
Hamburg “In Memoriam Hans Oeschger: Towards an Isotope Climatology“ proved the close
connection of water isotopes in European precipitation to NAO indices [4].
Great parts of Europe have experienced pronounced changes in climatic conditions during the
last decades. This stimulated interest towards an extension of climate variability indices
beyond the instrumental era to discriminate natural variability against anthropogenic
perturbations on longer time scales. Although water isotopes could serve such needs, the
292

limited time series of the GNIP data have to be extended back in time for such purpose. A few
cold glaciers, principally in the European Alps, offer such a possibility since they store, at
selected sites, the history of precipitation of several hundred years with sufficient time
resolution. However, in most cases, post-depositional processes alter the originally
accumulated isotopic (or chemical) information to an extent, which may completely mask any
climate-induced variability [5]. It is necessary to look for summit regions over 4000m in order
to retrieve ice cores from glaciers cold enough throughout the year to avoid melting and
percolating and refreezing melt water in deeper layers. Unfortunately, these sites are often
exposed to strong winds that preferentially erode light winter snow containing the most
depleted isotope values. Although in sheltered places at lower altituces winter precipitation
may stick better to the surface, increased summer melting disturbs the seasonal distribution at
such places. Since seasonal differences in the isotope content of precipitation are much larger
than those expected to trace a climate anomaly, any post-depositional change limits the
possibilities for detecting climate and environmental variability from the layers left. Examples
are shown in Fig.1. At the cold Colle Gnifetti glacier, the isotopic variability is reduced due to
the loss of winter snow and at the temperate Jungfraujoch Saddle additional melting further
reduces it.

FIG. 1. Variability of stable isotopes in monthly composites of precipitation and well dated ice core
records from the Swiss Alps.
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FIG. 2.Distribution of precipitation stations and the ice core drilling sites (top) together with
18
smoothed (25-fold Gaussian filter) and normalised δ O signals (down) on local to regional scales
north and south of the Alps.

294

Only ice cores at Fiescherhorn Plateau, drilled between 1986 and 1989, store the isotopic
variability throughout the seasons. Extensive studies of isotopes and chemical constituents
proved the good conservation of the signal [6, 7, 8]. The longest core from that site reached a
depth of 78m that corresponds to the year 1946. Fiescherhorn Plateau was re-drilled in May
2000 to continue investigations on the distribution of chemical constituents [9]. On this
occasion a high-resolution stable isotope record was performed too. In our contribution we
combine the data sets from the cores 1988 and core 2000 and compare the obtained composite
record with that of the long-term Swiss isotope network in order to examine the possibility to
reconstruct NAO indices.
2. LOCAL AND REGIONAL ISOTOPE DISTRIBUTION
Ice core drilling locations and sampling sites from the network stations used in this study are
18
shown in Figure 2 together with their respective smoothed and normalised time series of δ O.
The available stations – five from the Swiss, the Bavarian and the Austrian network
respectively - were chosen to cover with isotope data the past 30 years and the specific
climatic regions north of the Alps, south of the Alps, and within the Alps (upper part of Figure
2). Data for Swiss stations are plotted for Bern (north), Grimsel (intermediate) and Locarno
(south) to illustrate the influence of the Alpine division on circulation pattern and therefore on
the local isotope distribution. The values for the regional isotope distribution in Bavaria,
Switzerland and Carinthia are the weighted means of five individual stations (upper part of
Figure 2).
From an individual station, the comparison of stable isotope time series with the regional
average allows to assess the ability and robustness of the local signal to transmitting climate
induced changes regarding conditions in the source region and circulation modes of
atmospheric moisture. Similarities and differences in δ18O between the northern and the
southern part of the Alps are clearly visible for a single station and the regions as well.
Pronounced negative deviations from the mean starting in 1970, 1984, and 1990 are recorded
in all stations and regions. In Carinthia, the first two events started later one and two years
respectively. The same holds for the period with an increase in δ18O between 1985 and 1990.
In general, the South behaves somewhat different from the North; the similarities between
Switzerland and Bavaria are obvious.
The distribution is understandable from the geographic distribution of the precipitation
stations and their vicinity to oceanic moisture sources, the Atlantic and the Mediterranean. It
confirms also that the inter-annual stable isotope imprint from the source region and the
circulation pattern is not modified by the local micro-climatic situation. However, to what
extent the glacier at Fiescherhorn Plateau records these patterns (despite minor but likely postdepositional effects) has to be clarified prior to climate variability considerations.
Since 1983, monthly composites of precipitation (daily removed from the sampler to avoid
evaporation effects) are collected at Junfraujoch research station, only a few kilometres apart
from the Fiescherhorn drilling site. Although no official data are published for the amount of
precipitation because of uncertainties regarding wind drift at nearly 3600m in altitude, the net
weight of accumulated precipitation is reported. The isotopic signature of these monthly
samples is very similar to that of the official network stations Bern, Meiringen, Guttannen and
Grimsel. We use this record to control how much of the isotope signal is stored on the glacier
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area around. For this purpose, a test core was drilled in about 1 km distance on a sheltered
(but sun exposed) place at the temperate Jungfraujoch firn at 3500m. The results are plotted in
Figure 3.
When precipitation occurs as snow and melting is minor, the agreement between precipitation
and ice core data is nearly perfect (left). Information from rain and melt water is not stored in
the core. It does not re-freeze in deeper layers to an amount that changes seriously the isotopic
18
composition remaining in the core, at least to a depth of about 10m. In addition, the δD-δ O
relation seems not to be disturbed by fractionation processes caused by evaporation or melting
(right). Although melting plays a minor role at the drilling site on Fiescherhorn Plateau [6],
the precipitation data set from Jungfraujoch research station was also used too for controlling
post-depositional effects and to date the surface layers.

FIG.3. δD and δ O in monthly precipitation and the ice core at Jungfraujoch Firn. This coring site
keeps more isotopic information than the wind exposed Jungfraujoch Saddle in Fig. 1.
18

3. THE HIGH RESOLUTION TIME SCALE AT FIESCHERHORN PLATEAU
The first drilling at Fiescherhorn started in 1986 with the purpose to reconstruct fall out from
the Chernobyl event. Because of frequent unfavourable weather conditions, the drilling had to
be interrupted several times. For this reason, the upper part (containing the period May 1986
to February 1989) is a composite of several drilling attempts. The whole core (in the
following named FH 88) of 79m covers the period back to 1946. Dating was mainly based on
stable isotope layer counting and controlled by a complete tritium fall out reconstruction from
the beginning of the nuclear weapon tests to the year 1983 [7]. The specific seasonality of
numerous chemical constituents could be applied for a dating control [8, 9]. This technique
was also applied for the core 2000 (FH 00) and the refinement of the combined data set FH 88
and FH 00. The two important steps are 1) the time control of the surface layers with low firn
density and 2) the perfect link between the data sets of the two cores. Any shift in dating
would seriously disturb a correlation with the calendar based time scale of the isotope-inprecipitation data. These two steps are illustrated in Figure 4.
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FIG. 4. Linking and year-by-year dating of the Fiescherhorn ice cores FH 00 and FH 88.

The direct comparison of the stable isotope seasonality in the core with the monthly
precipitation data from Jungfraujoch research station is convincing. The accumulation
distribution at the glacier is not a one to one picture of the research station one and for
matching some features have to be stretched or compressed as illustrated by arrows in the
upper part of the figure. It is important that the seasonal structure of δD and δ18O remains
comparable, which indicates that post-depositional processes have not removed any important
parts of the accumulation. The individual amounts of seasonal partitions variation are
expected as natural variability. This amount of precipitation variability may influence
weighted means of isotope data sets. The linking of FH 00 and FH 88 is shown in the lower
part. Time control in both cores matches perfectly the overlapping two years. Although the
two drilling sites were chosen approximately 100m distant to avoid disturbances from the
drilling surface of 1986 to 1989, the isotopic fine structure with a resolution of more than 20
samples per year does not show differences in the overlapping period. However, the most
crucial part in comparing more quantitatively the ice core record and the precipitation data
sets is the composition of monthly means from the high-resolution ice core samples. This is
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necessary because all interesting climate data sets (including the isotope-in-precipitation data)
have at least monthly resolution. The sensibility of NAO indices to express climate variability
is also highest during specific winter month. To establish monthly composites in an ice core is
thus necessary but also the main restriction. Namely, the assumption that the distribution in
amount of monthly precipitation as recorded at high altitudes (in our case the station Grimsel
at 1950m, approximately 30km apart) is similar to that of the Fiescherhorn Plateau. We
selected the following procedure: the winter season - as usual – is defined as the part with the
most depleted stable isotope values and January of a specific year is then placed near a
meteorological anomaly; the Christmas thaw is often recorded as precipitation event with
distinct enriched stable isotopes. Furthermore, the starting point of a year should be also close
to the beginning of the seasonal tritium increase beginning February. The number of ice core
samples within these January-to-January defined years is then combined to monthly averages
according to the monthly precipitation sums at Grimsel and the respective water equivalent in
the core. Figure 5 illustrates this on a well-dated three years interval between 1975 and 1978.

FIG. 5. δ O values in a section of FH 88 normalised to the monthly precipitation distribution at
Grimsel for the years 1975 to 1978 (left) and the correlation of seasonal averages with the respective
values from Grimsel and Locarno for the years 1973 to 1986 (right).
18

Although the number of matching years increase when data is normalised it still remains
sections in the core where the data differ remarkably. This is not astonishing since the
accumulated yearly mean at Fieschehorn Plateau varies by more than a factor of 2 during the
last decades and the amount at Grimsel only in the order of 20-30%. Nevertheless, a
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correlation of composite seasonal averages (right) with Grimsel (central-north of the Alps)
and Locarno (south of the Alps) reveals some interesting features.
The correlation of the normalised Fiescherhorn and precipitation stations seasons is
remarkably good especially with Grimsel. Winter values with Locarno do not correlate, nor do
the winter values between the two precipitation stations. This may be already a hint that
winter NAO is differently influencing the isotope-in-precipitation regimes represented by
Locarno, Grimsel, and Fiescherhorn respectively.
4. THE FIESCHERHORN ICE CORE AND NAO: A PRELIMINARY CONCLUSION
We treated the constructed monthly composites from both Fiescherhorn ice cores in the same
way as the precipitation data in Figure 2 between the years 1970 and 2000 for the comparison
with the regional stable isotope distribution. In this comparison, all regional data is combined.
The same data treatment is applied to the NAO index. Since the summer months have minor
influence on the associated climate variability, we do not select specific winter month for this
attempt but rather use the whole year. Figure 6 presents the result.

18
FIG. 6. Normalised δ O variability in Alpine precipitation together with the NAO-index. All monthly
data are smoothed with a 25 fold Gaussian filter. The regional δ18O average is based on five Swiss,
five Bavarian, and five Carinthian stations respectively.

The similarities between the data, although the treatment is still preliminary, are convincing.
Small peak differences may be also a result of dating. The δ18O signal from Fiescherhorn
Plateau is linked to the varying NAO index and periods with strong positive and negative
correlation change with time. As already seen from the precipitation records, this is not
surprising, since the Alpine division separates the pathways of atmospheric circulation.
During negative NAO indices the southern parts of the Alps get more precipitation with a
stronger influence of the Mediterranean. During a positive NAO the Westerlies dominate with
a more direct influence from the Atlantic.
Tracing atmospheric moisture from the source region to the place of precipitation is an
established domain of water isotopes. The potential of tracing NAO with the GNIP data sets
has also been demonstrated in this volume. The potential of selected glacier sites in the Alps
to extend the physical behaviour of this climate anomaly back in time for several centuries
may offer new possibilities for ocean – atmosphere model experiments in the Atlantic region
that consider balance equations for stable isotopes too.
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Abstract. For the south-eastern part of Tibet, i.e. Qamdo, a carbon isotope chronology from spruce
and juniper trees, covering the last 400 and 1600 years, respectively, has been developed. Juniper treerings were sampled in pentad blocks, whereas the spruce chronology is annually resolved in order
enable appropriate calibration of isotope data with the short instrumental temperature record available.
The chronology shows a number of different climatic phases which have their analogues in Europe
and North America. A short warm phase between 1200 and 1300AD appears to correspond to the
Mediaeval Warm Period and a larger cool phase from about 1450 to 1600AD appears to correspond to
the Little Ice Age with a short recurring episode around 1850. The current results suggest that the
observed events may have occurred over the entire Northern Hemisphere, though they do not seem to
have been contemporaneous with Europe and North America.

1. INTRODUCTION
The Tibetan Plateau is of great importance for the climate system of Asia due to its large area
and average altitude of over 4000 m a.s.l.. This is especially true in view of the atmospheric
monsoonal circulation. The Tibetan Plateau is characterized by high insolation and low
albedo during northern hemispheric summer months leading to a large stable low pressure
system sucking moist air masses inland from the southeastern direction [1]. In the northern
hemispheric winter, low insolation and high albedo change the air pressure system resulting in
westerly cyclonic activity over the plateau.
For a better understanding and prediction of changes in the South Asian monsoonal intensity,
detailed investigations of the past climatic variations on the Tibetan Plateau are most useful.
The necessary informations can indeed only be drawn from the past, since all the
meteorological time series available are much too short for appropriate model investigations.
Unfortunately, very few historical climate recordings do exist of the Tibetan region [2, 3] and
the multiple historical data sets from Eastern China are difficult to interpret. They are not
always relevant for the area, as well as discontinuous and partly restricted to extreme events
of climatic or phenological provenance [4, 5, 6, 7, 8, 9, 10].
Therefore, long proxy records of high time resolution have to be investigated. In this respect,
ice cores [11, 12] and tree rings are highly promising archives containing isotope proxies, by
which variations in the natural climate system of the Tibetan Plateau can most likely be
assessed.
The present results are part of an ongoing extensive tree-ring study based on stable carbon
and oxygen isotope studies, as well as ring width and x-ray density measurements to pursue
temperature and humidity changes at several sites in High Asia.
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2. STABLE CARBON ISOTOPES AS CLIMATE PROXIES
Current models for the fractionation of stable carbon isotopes during photosynthetic uptake of
CO2 indicate that besides genetic properties and type of photosynthesis, environmental factors
such as temperature, precipitation or relative humidity, photosynthetic active radiation and
concentration of atmospheric CO2 influence the isotopic composition of plant organic matter.
Because of its importance for plant growth temperature has been and is one of the important
quantities which is being looked for in climate reconstructions. Therefore, numerous studies
have dealt with and still deal with the problem of transferring carbon isotope data of plant
organic matter into temperature values, least translating carbon isotope variations into relative
temperature changes.
Depending on the location at which plants grow, plant growth is dominated by just one or two
variables. These variables are then primarily responsible for the carbon isotope composition
of the corresponding plant organic matter. Carbon isotopes are, therefore, suited as climate
proxies for palaeoclimate research, if appropriate sites are chosen. At upper treeline sites
temperature is generally known to be the primary growth limiting ecological factor.
An expression for the photosynthetically determined carbon isotope composition in C3 plants
has first been given by [13] which reads in its most elementary form:
δ13Com = δ13Ca + εD(1 - ci/ca) + εC(ci/ca)
εD is the fractionation for diffusion (-4.4‰), εC is the fractionation at the CO2 fixing enzyme,
RuBisCO (-30‰), including the equilibrium effect for CO2 dissolution) and ci and ca are the
leaf intercellular and ambient atmospheric CO2 concentrations.
In principle, the isotope variations have to be given relative to the source value, i. e. the δ13C
value of atmospheric CO2, because any changes in the source value will otherwise be
interpreted as a false environmental or climatic signal. Therefore, isotope shifts should be
given as deviations from the source value, characterising the fractionation of the whole
process in question. Generally, this discrimination is expressed by ∆, giving the shift between
air (δ13Ca) and plant organic matter (δ13Com). To a good approximation ∆ is given by:
∆ ≅ δ13Ca - δ13Com = - εD(1 - ci/ca) - εC(ci/ca)
As long as δ13Ca is constant or known, δ13Com variations are independent of the source or can
be corrected and δ13Com can be used just as well as ∆.
Obviously, ∆ is not merely the sum of the individual fractionations. The contribution from
each step depends basically on the ratio of ci/ca. In case of reduced stomata aperture, e. g.
when dry and/or high temperature conditions prevail, the uptake rate of CO2 is restricted,
resulting in low internal CO2 concentrations. Under these conditions the corresponding
enzyme (RuBisCO) converts almost all leaf internal CO2, thus, suppressing the carboxylation
fractionation. ∆ is then primarily determined by εD which leads to low values (∆ = 4.4‰ and
δ13Com = -8 - 4.4 = -12.4‰). If the concentration of leaf internal CO2 increases, e. g. when
humid and/or low temperature conditions prevail, due to wide stomata apertures, the
fractionation for the step of carboxylation εC becomes important, while the contribution from
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diffusional fractionation can be ignored. ∆ is then basically determined by εC which results in
high values (∆=30‰ and δ13Com= -8-30 = -38‰). It should, however, be emphasized that ci/ca
is not merely a function of meteorological quantities. For example, leaf morphology and
anatomy also influence the ratio of ci /ca [14, 15]. Furthermore, under certain conditions
carboxylation efficiency can change ci /ca independent of changes of stomatal aperture. In
nature, leaf internal CO2 does not approach the two extremes discussed above. Therefore, ∆
and δ13C will generally be intermediate between the two extreme values.
From the expression of ∆ follows that atmospheric δ13Ca and pCO2 which constitute the input
level of the system, affect the carbon isotope composition of organic matter, either directly
(δ13Ca) or indirectly (ci /ca - with regard to stomata index or stomatal density). Since δ13Ca is
currently decreasing and pCO2 is increasing due to burning of fossil fuels and deforestation
[16], δ13Com values originating from the last 200 years have to be corrected accordingly, in
order to compare them with values from previous centuries.
Since the effect of increasing pCO2 on different C3-plants is under debate and still not known
in detail [17] three different kinds of corrections will be given in this paper. At present, this
uncertainty makes it indeed difficult to interpret carbon isotope variations from tree-rings
reliably.
3. MATERIALS AND METHODS
Samples of 10 Juniper (Juniperus cf. tibetica) and 5 spruce (Picea balfouriana) trees were
collected during the summers 1992 and 1994 by joint Chinese-German expeditions. The
investigated sites (31°05.3`N/ 96°58`E (juniper); 31°05`N/ 96°57.5`E (spruce)) are located
near Qamdo (31°08’N/ 96°59’E) on the southeastern part of the Tibetan Plateau. Samples
were taken from dominant trees of open forest stands near or at the alpine timberline at an
elevation of 4400 to 4600m a.s.l..
In a number of cases two or three increment cores per tree were drawn. But wherever feasible,
the sampling of tree-discs was favoured. To extend the chronology as far back in time as
possible, standing trunks from dead trees were included. The maximum number of tree-rings
collected from a single tree was 1260. Increment cores from spruce trees were analysed in
order to compare the juniper data with those from another species of that area. The core
material contained up to 589 tree-rings but the exact age of the tree could not be deduced
because the pith was not hit by the increment corer. Corresponding tree-ring material was
dated and cross-dated by dendrochronological methods which have been described elsewhere
e.g. [18, 19].
Since the juniper tree-rings were in most cases extremely narrow (often less than 0.1mm),
several rings had to be combined for one isotope sample. The cross-dated cores and prisms
were carefully cut and radially separated into successive tree-ring pentads using a razor blade.
The wood material from each tree was separately processed, ground and carefully
homogenized. Contrary to the juniper trees the ring widths of the spruce trees proved to be
rather wide. Therefore, it was no problem to separate samples on a yearly basis. After treering preparation cellulose was extracted from the woody material by using sodium hydroxide
and sodium chlorite [20]. Details of the procedure are given elsewhere [21].
Subsequently sample material (200-250µg) was packed in tin foil boats and combusted in an
excess of oxygen at 1020°C with an elemental analyser (Carlo Erba NA 1500). Carbon
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isotope ratios of the generated CO2 were analysed by an isotope ratio mass spectrometer
(Optima, Micromass Ltd.) interfaced to an elemental analyser. Carbon isotope results are
given in the international notation as [‰] versus VPDB. Analytical reproducibility, taking
into account sample preparation and mass spectrometry, was generally better than 0.1‰.
Each tree has a different δ13C mean value. To enable a comparison of these trees, especially
with regard to the set-up of an isotope chronology, it is necessary to normalize the δ13C values
to the same average for the overlapping sequences by substracting the mean of each
individual series from raw data. All dates mentioned in this article are given in AD.
Unfortunately, the pentad blocks of tree-rings from different juniper trees could not always be
taken from synchronous time periods. Therefore, averaging the single δ13C records has
resulted in a smoothed data series of yearly values (yearly averaged pentad blocks).
4. RESULTS AND DISCUSSION
Climate influences tree growth and plant isotopic fractionation, but tree growth is governed
by numerous plant physiological processes and generally does not react directly to changes of
one or more meteorological quantities. In addition, the mechanisms which transfer an
environmental signal such as temperature or any other quantity or a combination thereof into
a biological sequence of proxies do not translate linearly. The capability to optimise growth in
a given environment is a characteristic of biological systems. Consequently, trees show an
optimal response for a certain signal strength, while stronger or weaker signals provoke a
decline in the biological response.
In this respect, site conditions are highly important and site selection is imperative to
minimize the number of environmental parameters affecting tree growth and, thus, isotopic
fractionation. The Tibetan juniper and spruce trees investigated originate from one of the
highest sites for tree growth in the world. In these regions temperature is known to be the
dominant growth limiting factor. Thus, δ13C values should in the first place record
temperatures of the growing season from the corresponding years.
For calibration of the carbon isotope proxies with instrumental records the meteorological
data set from Qamdo weather station (3241 m a.s.l) was used, as well as calculated regional
means of surface temperatures [22] (see Tab. 1 and Fig. 1).
Unfortunately, the calibration of isotope values with recent meteorological data, causes a
number of problems. Firstly, most meteorological stations on the Tibetan Plateau were
established in the early 1950`s and, therefore, only data for the last 40 years are available.
Secondly, the weather station of Qamdo is situated in a valley more than 1000m below the
site of the trees investigated. The large altitudinal gradients in this area are producing local
circulation patterns which are most important for the trees and, therefore, the precipitation
record measured at this station is not representative for the stand and must not be taken up for
calibration. At least, annually resolved isotope measurements of spruce tree-ring series from
the time period between 1950 and 1994 were compared with the corresponding surface
temperature data series. According to the mechanisms of carbon isotope fractionation during
photosynthetic uptake of atmospheric CO2, the massive impact of increasing atmospheric CO2
partial pressure in conjunction with decreasing δ13CO2 values is producing a declining δ13C
trend and aggravates a reliable calibration. In order to overcome this problem year to year
changes (first differences) of tree-ring δ13C and temperature values were correlated.
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Table I. Correlation coefficients between mean tree-ring δ 13C differences
(Dδ13CSpruce) and temperature differences (DTQa) of various time intervals
measured at Qamdo and mean surface temperature differences of the Tibetan
Plateau (DΤTP) [22]. (*Significance level 5% ; ** Significance level 1%; ***
Significance level 0.1%; Spring = March to May; Veg. period = May to
September; Summer = June to August).
correlation
r

Dδ
δ13CSpruce
mean

DTQa (annual)
DTQa (Veg. period)

0.36*
0.59***

DTQa (Summer)

0.67***

DTQa (June)

0.40*

DTQa (July)

0.45**

DTQa (August)

0.50***

DTTP (Summer)

0.56***

DTTP
(Summer)

0.74***

FIG. 1. Comparision of year to year δ 13C (Dδ 13C) changes as deduced from tree-ring series of spruce
with the summer temperature changes (JJA) at Qamdo, covering the period from 1950 to 1994 (a.).
Comparison of year to year summer temperature changes at Qamdo with the corresponding averaged
summer temperature changes of the Tibetan Plateau (TP) [after 22] (b.).
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Numerous investigations show that sites in which one climatic factor is the main growth
limiting quantity exhibit a positive correlation with the corresponding carbon isotopes. Spruce
δ13C variations do likewise show a significant positive correlation with different monthly
mean and seasonally averaged temperatures of the vegetation period as measured at Qamdo
(Table I, Fig. 1). The highest correlations between δ13C and temperature changes do exist with
averaged monthly mean summer temperatures (June – August) and whole vegetation period
temperatures (May – September).
Regional climate is frequently reconstructed as an average of several instrumental data series.
The recent study mentioned above [22] uses monthly surface air temperature data from 78
meteorological stations on the Tibetan Plateau since their installation in the 1950s.
Although it is difficult to carry over site specific data to other locations, because the
ecological settings are rarely the same, tree-ring carbon isotopes of the Qamdo site have a
significant relationship with the regional summer temperature data set. Trees respond to
climate conditions particular to their site and not to grid point data, but in the present case,
differences of mean summer surface temperature at Qamdo are closely correlated with the
regional means of the Tibetan Plateau (Table I).
At Qamdo, the temperature coefficient τ derived from least-square linear regression with year
to year mean summer surface temperature is 0.26‰/°C. At this station summer temperature
changes of 1.5 to 2.0°C from one year to another are frequently observed (Fig. 1). The
summer temperature changes of the regional mean is somewhat lower which results in a
higher τ of 0.38‰/°C for the Tibetan Plateau.

±2σ
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-20.5
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FIG. 2. The δ 13C–records of tree-ring cellulose from juniper and spruce chronologies covering the
period from 1600 till 1994. Sites are located on the Tibetan Plateau near Qamdo at 4400 to 4600 m
a.s.l. Juniper tree-rings show higher δ 13C-values than spruce tree-rings, but the trends of both curves
are rather similar. The two species show a remarkable decline of more than 2.3‰ during the last 200
years. This decline documents the changes in atmospheric CO2 induced by fossil fuel burning and deforestation.
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Figure 1 indicates, that the sensitivity of tree-ring δ13C to temperature variation is not
constant. During 1977 to 1989 δ13C changes are rather low. This indicates, that the trees are
additionally influenced by other environmental quantities resulting in a compensation of the
predominant temperature regime.The temperature calibration of spruce δ13C should enable a
better climatic interpretation of the long juniper δ13C pentad record. This could only be
possible if both species have similar isotope variations.
Figure 2 displays the smoothed δ 13C–records of tree-ring cellulose of both tree-species,
juniper and spruce, from 1600 to 1994. Juniper tree-rings show rather high δ 13C-values
varying around –18.5‰, which is in line with observations of high mountain plants. On the
other hand, spruce tree-ring δ13C varies around –20.4‰. However, the trends of both curves
are rather similar, especially during the time period before 1800.
Positive excursions prevail 1645–1650, 1660–1670, 1700–1720 and 1760–1785, while more
negative δ13C values occur during 1675–1695, 1735–1755 and 1793–1815. From about 1800
onwards the isotope values decrease steadily, leading to the lowest isotope values of the
whole record. From 1825 to 1990 the record decreases by almost 2.5‰.
Generally, carbon isotope records of trees from other regions also show a decline, though the
gradients are rather different ranging from 0.7 to 4‰ (given the period since 1800) [23].
However, these differences are by no means indicating a contradiction because the
environmental conditions of various locations are generally not comparable. It has nicely been
demonstrated that trees from a dry and a moist location situated close to each other exhibited
a decrease of 0.7 and 1.4‰, respectively, considering the period from 1935 to 1989 [24].The
tree-ring δ13C decline documents the changes in atmospheric CO2 induced by fossil fuel
burning and deforestation [16]. According to the steadily increasing CO2 concentration of the
atmosphere, releasing 13C depleted CO2, the δ13C values of the last 150 years cannot be
compared with the previous, pre-industrial data unless corrected accordingly. The corrections
applied are based on measurements of atmospheric CO2 concentration and its δ13CO2 derived
from ice cores [25] and direct measurements [26, 27, 28, 29]. A correction of the changing
δ 13CO2 source value is commonly accepted, whereas the question to what extent changing
pCO2 influences plant isotopic discrimination is under discussion.
Figure 3 exhibits the possible shifts between a mere δ 13CO2 source correction and an extreme
additional pCO2 effect of 0.2‰/10ppm. This coefficient is derived from linear regression of
the difference between δ13C of tree-rings and δ13Catm as a function of pCO2 during 1740 to
1988 [30]. The dashed-dotted curve in-between the grey shaded area represents a possible
pCO2 correction of 0.073‰/10ppm, an effect derived from greenhouse experiments with oak
trees [31]. The question of correcting δ13C in tree-ring records due to the atmospheric changes
of pCO2 and δ13Catm will be discussed in detail elsewhere [17].
The moderate corrections for the changing atmospheric CO2 concentration with its
13
CO2/12CO2 shift would not lead to the warming trend, i.e. increasing δ13C-values observed
in several archives for the last decades of this century. A decrease of roughly 0.7‰ persists.
Only the extreme correction leads to an increasing δ13C trend.
If, as assumed, trees of this area and that altitude are mainly temperature limited, the declining
δ13C trend should indicate a slight decrease in the temperature regime of the site in question.
However, it has to be emphasized that such a temperature decline does not comprise the
whole year.
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FIG. 3. The δ 13C time series of the Qamdo juniper trees from 450 to 1992. For the last 200 years
different corrections have been applied to eliminate the effects of declining atmospheric δ 13CO2 and
increasing pCO2 on tree-ring carbon isotope ratios. A correction of the changing atmospheric δ 13CO2
source value is commonly accepted, whereas the question to what extent changing pCO2 conditions
influence plant isotopic discrimination is still under discussion. The grey shaded area marks the
possible shifts between a mere δ 13CO2 source correction and an additional pCO2 effect of
0.2‰/10ppm[30]. The dashed-dotted curve in between the grey shaded area represents a pCO2
correction of 0.073‰/10ppm, as deduced from greenhouse experiments with oak trees [31].

It is, thus, tacitly assumed that the signal of the isotope values is primarily expressing the
vegetation period, i.e. the summer months. The Tibetan Plataeu mean temperature record
reveals a large linearly increasing temperature trends of ~0.32°C per decade for winter, and a
small trend of ~0.09°C per decade for summer during 1955 to 1996 [22]. This does, however,
not contradict the finding of slightly decreasing summer temperatures as inferred from treerings at Qamdo. The corresponding summer temperature observed at the nearest
meteorological station shows a slight linear decrease if the whole record from 1951 to 1990 is
considered.
On the other hand, the δ18O records from three Plateau ice cores reveal increasing isotopic
enrichment (e.g. warming) for the 20th century and the temperatures inferred from these
Himalayan ice cores are the warmest of the millennium [11, 12]. The recent warming is most
pronounced at the Dasuopu glacier (28°23'N, 85°43'E), the highest elevation ice core site [11,
12] and nearest to the Qamdo tree site. Presumably the oxygen isotope record from tree-rings
will help to improve the interpretation because different relationships δ13C and δ18O indicate
different environmental impacts affecting the trees.
The whole Tibetan isotope record from juniper trees as given in figure 3 is an extension to the
already published record [32], and currently covers a period of almost 1600 years. Note,
however, that the averaged isotope curve does not represent an equally weighted sequence
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over the whole record. The earliest phase (450 to 611) is currently represented by one tree and
only from 900 onwards three or more trees were available for analysis. The period from 1370
to 1670 is even based on seven or eight trees.
As indicated earlier, it is difficult to carry over site specific correlations to other locations,
because the ecological settings are rarely the same. The southerly exposed juniper trees
encountered at the sites of investigation are sometimes covered with epiphytic beard lichens
(Lethariella zahlbruckneri) which indicate more humid environmental conditions [33] as
compared to the easterly exposed spruce trees. In this respect it has to be mentioned that dry
sites do normally show a higher correlation of δ13C with precipitation as compared to humid
sites [34] which makes it difficult to carry over the temperature coefficient τ of 0.26‰/°C
derived from spruce to the relationship of juniper δ13C with temperature.
Indeed, temperature coefficients determined at various places show a wide variety of values
[35]. However, if a mean value τ is adopted, similar to values ~ 0.33‰/°C [36, 37, 38],
several periods (780–860; 1225–1380; 1640–1670; 1700–1715; 1770–1780; 1810–1830) can
be given in which temperatures may have been by at least 0.75°C higher than the average of –
18.45‰ as deduced for the period from 611 to 1800. The most prominent deviations, i.e.
positive temperature excursions are found for the periods from 788 to 850 and from 1204 to
1360 respectively. Similarly a number of negative temperature excursions can be given, the
most prominent extending from 1012 to 1049 and 1475 to 1554. Extreme δ13C maxima are
observed at about 800, 1250 and 1700 to 1715, while two strong minima are given at 1040
and 1550, respectively. It is interesting to note that the shift from a minimum to the
subsequent maximum is generally proceeding faster than the corresponding decline from high
isotope levels to low levels. The periods of transition from cold to warm phases appear to
have been always rapid, while the transitional periods from warm to cold seem to have been
sluggish.
In conclusion, a number of different climatic phases can be established which have their
analogues in Europe and North America. A short warm phase between 1200 and 1300 appears
to correspond to the `Medieval Warm Period` and a longer cool phase from about 1450 to
1600 appears to correspond to the `Little Ice Age` with a short recurring episode around 1850.
The current results suggest that the observed events may have occured over the entire
Northern Hemisphere, though they do not seem to have been contemporaneous with Europe
and North America.
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Abstract. Sedimentation dynamics in the Cienfuegos Bay was investigated based on profiles and
inventories of 210Pbex and 137Cs in cores collected at two sites. The age of sediment layers was
determined using the CRS model. Both cores show changes in sedimentation regime in the last 40
years. Since 1960-1965 sediment accumulation rates have doubled in both cells of the bay, from 0.2 to
0.4 g.cm-2.y-1. This change was probably one of the factors that influenced the important
environmental modifications observed in the area.

1. INTRODUCTION
Cienfuegos Bay is a semiclosed bay with a surface area of 90 km2 and an average depth of 14
m, connected to the Caribbean Sea by a narrow channel about 3 km long (Fig. 1). The bay is
divided in two well-defined hydrographic cells, due to the presence of a submerged ridge
about 1 m below the water surface. The northern cell receives most of the anthropic impact
from the outfall of Cienfuegos City, industrial pole in the country, and the fluvial supply of
Damuji and Salado rivers, draining agricultural areas. The southern cell receives a lower
anthropic impact from the Caonao and Arimao river inputs. Part of this southern cell is a
natural protected park, which represents a niche of migratory birds and marine species in
conservation status.
The bay represents the most important natural resource in the province, due to fishing
activities, maritime transport, tourism industry, and natural parks. In the last three decades,
deleterious ecological signes in the area have been observed. Declining of biodiversity in the
ecosystem, bethonic communities’ movement, reduction of size and capture levels of
commercial marine species, erosion of coastline, could be associated with changes of the
sedimentation regime in the bay.
The natural radionuclide 210Pb and the anthropogenic 137Cs have been widely used as tools
studies of sedimentation regime on a time scale less than 100 years [1,2,3].
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FIG. 1. Location of Cienfuegos Bay and the sampling sites.

In the present study, 210Pbex and 137Cs dating techniques were employed to estimate the recent
sedimentation rates in the Cienfuegos Bay.
2. METHODS
Two sediment cores, (South and North, Fig. 1) have been collected in 1999 using a gravity
corer. The core South was collected at a water depth of 19 m, and the core North at a water
depth of 9 m. The length of the cores was 0.93 m. The cores were extruded and sliced
immediately in 1.5 cm intervals. Aliquots of 5g of each core sections were used for
complementary analyses like water content, porosity, calcium carbonate, granulometric and
mineralogic compositions. The remaining parts were dried at 60 °C prior to radiometric
assay.
Subsamples of dried sediment from each section were sent to the Centro Ricerche Ambiente
Marino, ENEA, Italy, where they were analysed for 210Pb [4], 226Ra, and 137Cs contents, by
gamma spectrometry using low background intrinsic germanium coaxial detector coupled
with multichannel analyser. The samples were placed in sealed containers and left for three
weeks before counting to ensure the stabilishment of 222Rn/226Ra equilibrium. 210Pb was
determined via its gamma emissions at 46.5 keV, and 226Ra by the 295 kev, 352 keV and 609
keV gamma rays emitted by its daughters 214Pb and 214Bi. 137Cs was measured by its
emissions at 662 keV. Efficiency calibration was performed using a Standard U-Ore
(CANMET) and QCY44 Certificated Solution (Amersham). NBS and IAEA Reference
Material were used to check the accuracy of the results. The reported uncertainty in the
measured activity was calculated from the random counting error at the one standard
deviation level.
Of the two simple models that can be used for calculating 210Pb dates, CIC (Constant Initial
Concentration) and the CRS (Constant Rate Supply), we have selected the second one, which
is more accurate, when the 210Pb vertical profile is irregular, as in our case [5].
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210

Pb inventories were calculated by integrating from the surface to the deepest detectable
activity. Concentrations in missing intervals were linearly interpolated from adjacent
measured values.
3. RESULTS AND DISCUSSION
In Table I and II the concentration of unsupported 210Pb and 137Cs for the core South and core
North are presented, respectively.
The complementary analyses indicate that there is no evidence of significant variations in the
characteristics of the fluvial supply. The vertical distributions show homogeneous grain-size
and mineralogic composition.
Figure 2 shows the vertical profile of 210Pbex and 137Cs in core South.
210

Pbex profile is irregular with non-monotonic variations in activity with depth. These
fluctuations indicate that the activity of the sediment reaching the seabed has varied with time.
This core shows two different trends: below about 30 cm depth the profile is quite regular,
with 210Pb activity declining monotonically. Above 30 cm strong irregularities are observed.
In this case, the CRS model is recommended for calculating 210Pb dates [5,6]. The CRS model
indicated two layers with different sediment accumulation rates. The deeper part of the core is
characterised by a sediment accumulation rate of 0.26 g cm-2 y-1, while, around 30 cm depth
and towards the surface, the rate increases to 0.42 g cm-2y-1.
The vertical profile of 137Cs shows maximum values around 28 cm, corresponding to a CRS
date 1969 and to the discontinuity of the 210Pb profile.
The major irregularities observed in the layers 10 - 15 cm and 22 - 27 cm might be related to
extreme meteorological events in the area: intense rainfall in June 1988 (1000 mm in 7 days),
that enhanced particle supply from the rivers, and the increased frequency of hurricanes in
1963-1966, that might have led to intense sediment re-suspension. Figure 3 shows the vertical
profile of 210Pbex and 137Cs in core North.
As for core South, there is a discontinuity in the 210Pb vertical profile at a depth of about 40
cm. Also in this case the CRS model indicated two layers with different sediment
accumulation rates: 0.20 g cm-2.y-1 in the deep layer (up to the late fifties) and 0.46 g cm-2.y-1
in the upper layer. In this case the vertical profile of 137Cs shows a smeared peak
corresponding to CRS dates between 1945-1965.
The irregularities in the radionuclide profiles in the upper layer and the changes in
sedimentation regime in this area may be related to a combination of anthropic factors and the
above mentioned natural events. In fact, in the late fifties, the catchment area of the rivers
flowing into this part of the bay have been interested by intense de-forestation for agricultural
development.
An increase in sedimentation rates is visible in the two cores, documenting changes in the
sedimentation regime in the last four decade in the whole bay.
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Table I. Cumulative sediment mass, water content (%), concentrations
of 210Pbex and 137Cs in sediment core South.
Cumulative
Depth interval
Sediment mass
)
(cm
(g.cm-2)
0 – 1.5
0.16
1.5 - 3
0.49
3 – 4.5
0.87
4.5 - 6
1.28
6 – 7.5
1.81
7.5 - 9
2.21
9 – 10.5
2.74
10.5 - 12
3.28
12 – 12.5
3.87
12.5 - 15
4.5
15 – 16.5
5.18
16.5 - 18
5.87
18 – 19.5
6.58
19.5 - 21
7.28
21 - 22.5
7.99
23.5 - 24.5
8.81
24.5 - 25.5
9.25
25.5 - 26.5
9.7
26.5 - 27.5
10.13
27.5 - 28.5
10.59
29.5 - 30.5
11.48
31.5 - 32.5
12.4
32.5 - 33.5
12.89
34.5 - 36.5
14.02
36.5 - 37.5
14.52
47 - 48.5
20.55
53 - 54.5
24.22
56 - 57.3
25.93
57.3 - 59
26.78
62 - 63.5
29.37
65 - 66.5
31.11
66.5 - 68
31.99
72.5 - 74
35.42
81.5 - 83
40.81

210

H2O
( )
%

Pbex
(Bq.kg-1)

79
76
74
73
70
69
68
65
64
62
59
59
59
58
59
61
59
57
58
58
58
56
55
57
55
59
58
64
60
58
58
59
60
58

99 ± 6.1
97 ± 9.0
95 ± 6.2
92 ± 7.1
101 ± 8.1
89 ± 7.8
67 ± 6.3
68 ± 4.8
67 ± 6.0
68 ± 5.4
70 ± 6.4
63 ± 4.8
61 ± 3.8
59 ± 5.7
74 ± 5.1
65 ± 3.9
71 ± 4.9
66 ± 5.4
64 ± 5.1
61 ± 3.5
56 ± 3.4
54 ± 4.1

23 ± 2.3
15 ± 1.6
14 ± 1.2
8 ± 0.8
7 ± 0.7
6 ± 0.5
3 ± 0.6

137

Cs
(Bq.kg-1)

9.9 ± 0.5
9.9 ± 0.5
12.7 ± 0.6
7.9 ± 0.4
7.8 ± 0.4
11.3 ± 0.6
12.0 ± 0.6
11.5 ± 0.6
10.7 ± 0.5
11.9 ± 0.6
10.7 ± 0.5
13.6 ± 0.7
12.1 ± 0.6
10.7 ± 0.5
11.5 ± 0.6
14.0 ± 0.7
12.3 ± 0.6
11.4 ± 0.6
9.2 ± 0.5
9.4 ± 0.5
8.6 ± 0.4
7.3 ± 0.4
6.7 ± 0.3
2.2 ± 0.2

0.3 ± 0.0
0.1 ± 0.0
NM
NM
NM
NM
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Table II. Cumulative sediment mass, water content (%), concentrations
of 210Pbex and 137Cs in sediment core North.
Depth
(cm)
0-1
4 - 5.5
5.5 - 7
10 - 11.5
13 - 14.5
14.5 - 16
16 - 17.5
17.5 - 19
19 - 20.5
20.5 - 22
22 - 23.5
23.5 - 25
28 - 29.5
29.5 - 31
32.4 - 34
34 - 35.5
37 - 38.5
41.5 - 42.5
45.5 - 47
50 - 51.5
54.5 - 56
57.5 - 59
65 - 66.5
72 - 73.5
85.5 - 87.5

Cumulative
Sediment
mass
(g.cm-2)
0.25
0.87
1.59
3.02
4.18
4.92
5.55
6.5
7.22
7.87
8.61
9.23
11.14
11.71
12.89
13.78
15.24
17.03
19.1
21.47
23.79
25.3
28.86
31.58
37.78

H2O
(%)
86
79
78
78
76
78
73
73
72
73
73
75
76
75
73
74
76
77
73
76
74
73
76
75
76

210

Pbex
(Bq.kg-1)
30 ± 4.0
33 ± 4.0
38 ± 5.0
39 ± 7.0
37 ± 4.5
36 ± 4.3
36 ± 4.3
25 ± 3.0
29 ± 3.5
22 ± 2.7
22 ± 2.7
22 ± 2.6
22 ± 2.6
27 ± 3.3
33 ± 4.0
9.7 ± 1.2
13 ± 1.5
8.6 ± 1.0
7.8 ± 1.0
2.4 ± 0.3
0.82 ± 0.1
0.38 ± 0.1

137

Cs
(Bq.kg-1)
3.7 ± 0.5
4 ± 0.5
3.4 ± 0.5
3 ± 0.5
3.9 ± 0.6
5.8 ± 0.7
6.6 ± 0.8
4.4 ± 0.7
4.1 ± 0.6
3 ± 0.5
1.6 ± 0.3
1.1 ± 0.1
0.5 ± 0.1
2.1 ± 0.2
7.3 ± 0.9
9.4 ± 1.1
14.9 ± 0.9
9.4 ± 1.1
15.7 ± 1.9
15.3 ± 1.8
4.7 ± 0.6
3.1 ± 0.4
0.6 ± 0.1
0.5 ± 0.1
NM

4. CONCLUSIONS
A clear signal of change in sedimentation regime in the last 40 years has been identified from
the vertical radionuclide profiles in the two sediments cores.
Although the two cells of the bay are separated by a shoal and receive different particles
inputs from different sources, the change in sediment accumulation rates are strongly
correlated, and correspond to the same date (1960 - 1965).
The recent sediment accumulation rates (0.40 - 0.45 g.cm-2.y-1) is almost double that
estimated for the period before 1960 (0.26 to 0.42 g.cm-2.y-1). These changes in the
sedimentation processes are probably connected with concomitant changes in the land uses.
The increases in sediment accumulation rates might be one of the factors influencing the
observed important changes in biodiversity of the bay and the spatial migration of benthic
communities.
This work constitutes the first example of application in Cuba of the techniques that uses
210
Pbex and 137Cs as “clocks for dating” the sedimentation processes.
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Abstract. Isotope ratio determinations in concert with geochemical and palynological analyses
performed on material from German continental archives (lake sediments, peat cores) provided
information about paleoclimatic and paleoenvironmental changes in Central Europe throughout the
last 15,000 years. Oxygen isotope ratio variations of (i) bulk carbonates from lake sediments (Lake
Steisslingen) and of (ii) cellulose extracted from peat cores suggest the following climatic trends: an
early postglacial climate optimum in the Bølling; a distinct cooling phase during the Younger Dryas;
an early Holocene warming period in the Preboreal; another warming phase in the Boreal leading into
the mid-Holocene warm period; a gradual decrease of mean annual air temperatures since the midHolocene warm period. Evaluation of other isotopic proxy data in concert with geochemical and
palynological information revealed that the above-described climatic variations in Central Europe
triggered marked paleoenvironmental changes in the study region between the Bølling and the onset of
the mid-Holocene warm period. Elevated organic carbon contents in lake sediments and increasing
δ13C values of organic carbon were typically associated with climatic warm phases and seem to
indicate enhanced in-lake productivity. Pollen counts and biomarker data suggest a predominance of
Betula during climatic warm phases and a predominance of Pinus during colder periods. The Mid
Younger Dryas event was observable in pollen and biomarker data, but oxygen isotope ratios of bulk
carbonates from Lake Steisslingen did not record temperature variations at that time. The data
presented for the chronozones Bølling through Boreal provide evidence that the elucidation of
paleoclimatic and paleoenvironmental variations on our continents can benefit greatly from a joint
interpretation of isotope analyses, palynological evidence, and inorganic and organic geochemistry
data derived from continental archives.

1. INTRODUCTION
Within the framework of a multidisciplinary research initiative funded by the German Science
Foundation (DFG), continental archives including laminated lake sediments and peat deposits
were sampled at numerous locations throughout the Federal Republic of Germany.
Geochemical, palynological, and isotopic tools were combined to derive information about
paleoclimatic and paleoenvironmental changes in Central Europe throughout the last 15,000
years. Here we report on results from the study of two laminated lake sediment records (Lake
Steisslingen, Hämelsee) and two peat cores from the Weser-Ems region in northern Germany.
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For all continental archives, the goal was to use the oxygen isotope ratios of (i) lake
carbonates or (ii) peat cellulose to assess paleoclimatic changes by reconstructing the isotopic
composition of paleo-precipitation and by assessing changes in the water balances of the
study areas. Interpretation of other isotopic proxy data (δ13Ccarb, δ13Corg) in concert with
geochemical (e.g. total inorganic or organic carbon, biomarker) and palynological information
were subsequently used to assess the extent to which paleoclimatic variations triggered
paleoenvironmental changes in the study area.
2. MATERIALS
Sediment cores obtained from Lake Steisslingen (SW Germany) provided an almost
continuous postglacial sedimentary record spanning from the Oldest Dryas to the Subatlantic
period. A well-defined chronostratigraphy was established based on sediment type
successions with characteristic organic matter and carbonate contents [1], pollen associations
[2], volcanic ash layers such as the Laacher See Tephra (LST) and the Vasset Kilian Tephra
(VKT) [3] and 14CAMS dating, as summarized in [4]. Laminated lake sediments from
Hämelsee (Central Germany) were deposited between the end of the Younger Dryas and the
Boreal and provided a high-resolution record for the early Holocene. Additionally, two peat
cores obtained from raised bogs in the Weser-Ems region (NW Germany) were analyzed
chemically and isotopically. 14CAMS dating revealed that the peat cores represented
paleoclimatic and paleoenvironmental records for the second half of the Holocene (6,245
years BP to present).
3. METHODS
Sediments from Lake Steisslingen (SW Germany) were dried at a maximum temperature of
40°C prior to chemical and isotopic analyses. Pollen counts, contents and isotopic
compositions of total organic carbon and bulk carbonate were determined by standard
techniques. Lipids were extracted by ultrasonication with dichloromethane/methanol 9:1 v/v
and purified over SPE cartridge with aminopropyl-phase. N-alkane identification was
achieved by GC separation via known retention times and mass spectrometric identification.
Lake sediments from Hämelsee were characterized by a high siderite content. CO2 for carbon
and oxygen isotope ratio measurements was obtained by reacting siderites from 84 laminated
sediment layers with 100% phosphoric acid at 90°C for several hours in a Gilson-type
sampler and isotope measurements were subsequently performed by continuous flow isotope
ratio mass spectrometry (CF-IRMS).
Peat cores from the Weser-Ems region were subdivided at different intervals. A core from site
‘Lengener Moor’ was sampled at 1 cm intervals, while peat representing 20 cm intervals was
homogenized for the ‘Marcardsmoor’ core (code B211). After the samples were air-dried,
cellulose was extracted by standard techniques [5]. δ18O values of the peat cellulose were
determined by pyrolysis CF-IRMS using a Finnigan MAT TC/EA reactor coupled to a delta
plus XL via a Conflow II interface.
The obtained isotopic compositions are reported as δ values, representing deviation in per mil
(‰) from the internationally accepted standards (PDB, V-SMOW), such that
δ = [(Rsample/Rstandard)-1]*1000,
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where R is the 13C/12C or 18O/16O ratio of sample and standard, respectively. Analytical
uncertainties including extraction, gas preparation, and mass spectrometric measurements
were <±0.2 ‰ for δ13Corganic, <±0.15 ‰ for δ13C and δ18O of bulk carbonates, and ±0.4 ‰ for
δ18O peat cellulose.
4. RESULTS AND DISCUSSION
Figure 1 summarizes total organic (TOC) and total inorganic carbon (TIC) contents and
isotope ratios of total organic carbon (δ13Corganic) and bulk carbonate (δ13Ccarb, δ18Ocarb). The
δ18O values of bulk carbonate varied between –8.1 and –1.9 ‰ throughout the observation
period. During the Oldest Dryas and the Bølling, δ18Ocarbonate values around –4 ‰ were
observed. Throughout the Allerød, the δ18Ocarbonate values decreased to approximately -6 ‰. In
the Younger Dryas, a further decrease of 2 ‰ was found, resulting in δ18Ocarbonate values as
low as –8.1 ‰. At the beginning of the Holocene, a sharp increase of the oxygen isotope
ratios to values of up to -3.5 ‰ was observed. After a decrease of the δ18Ocarbonate values in the
early Boreal (-5 ‰), a further sharp increase occurred at the beginning of the Atlantic, with
δ18Ocarbonate values as high as -1.9 ‰. Variations of oxygen isotope ratios of bulk carbonate in
Lake Steisslingen suggest an early climate optimum in the Bølling and clearly recorded the
cooling event of the Younger Dryas. An early Holocene warming event in the Preboreal and a
second warming phase in the Boreal leading into the mid-Holocene warm period are also
documented.
Evaluation of other isotopic proxy data in concert with geochemical and palynological
information revealed that the above described climatic variations in Central Europe triggered
marked paleoenvironmental changes in the study area throughout the last 15,000 years. Figure
2 displays the pollen distribution and long-chain n-alkane content ratios for sediments from
Lake Steisslingen for the time period between the Oldest Dryas and the Boreal chronozones.
During the early climatic optimum in the Bølling, a transition from tundra to open forest
vegetation is documented by the onset of Betula pollen after previous dominance of
Artemisia. Palynologically observed vegetational shifts are also documented by the
compositions of plant wax-derived long chain n-alkanes (biomarkers). Whereas epicuticular
wax from Betula species is dominated by the nC27-alkane, most grasses and Artemisia show a
clear preference for nC31. The ratio nC27/(nC27+nC29+nC31), therefore, reflects wax alkane
input from different plant groups/species. Evidently, the strong appearance of Betula during
the Bølling is mirrored by an increasing nC27/(nC27+nC29+nC31) ratio (Fig. 2). High TOC and
TIC contents in the lake sediments (Fig. 1) are possibly also a consequence of the moderate
climate resulting in high in-lake productivity. The appearance of Juniperus pollen (Fig. 2) is
another indicator of climatic amelioration. A decrease in the δ13C values of organic matter
from –26 ‰ to less than –32 ‰ in the sediments of Lake Steisslingen during the Bølling
indicates that the change from tundra to open forest vegetation was possibly accompanied by
an increase in lacustrine (pytoplanktonik) organic matter production.
Continuously decreasing δ18Ocarbonate values throughout the Allerød (Fig. 1) are believed to
indicate decreasing mean annual temperatures. This climatic shift was accompanied by
decreasing sedimentary TOC contents (Fig. 1), a steady decline in Betula pollen, and a
simultaneous increase in Pinus pollen (Fig. 2). This trend was mirrored by a decreasing
nC27/(nC27+nC29+nC31) ratio.
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FIG. 1. Total organic carbon (TOC) and total inorganic carbon (TIC) contents, δ18O and δ13C values
of bulk carbonate, and δ13C values of bulk organic matter for sediments from Lake Steisslingen for the
time period between the Oldest Dryas and Atlantikum chronozones.
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FIG. 2. Pollen distribution and the long-chain n-alkane ratio nC27/(nC27+nC29+nC31) for sediments
from Lake Steisslingen for the time period between the Oldest Dryas and the Boreal chronozones.

The cooling event of the Younger Dryas coincides with a low abundance of Betula pollen and
a high abundance of Pinus pollen, initially accompanied by a low nC27/(nC27+nC29+nC31)
ratio (Fig. 2). A brief (<50 years) increase of Betula pollen and of the nC27/(nC27+nC29+nC31)
ratio might indicate the Mid Younger Dryas Event (MYDE), although δ18Ocarbonate values do
not reveal significant temperature variations during that period (Fig. 1).
Sediments deposited during a first Holocene climate optimum in the Preboreal were again
characterized by a high abundance of Betula pollen and by sharply increasing δ13Corg and
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δ13Ccarb values (Fig. 1), suggesting enhanced in-lake productivity. This interpretation is
supported by high total organic carbon contents in the sediments (Fig. 1). Similar observations
made for early Holocene sediments from the Hämelsee indicate that the proposed Preboreal
warming event had at least regional significance in Central Europe.
After a slight decrease in the isotope ratios of organic and carbonate carbon of Lake
Steisslingen sediments in the early Boreal, both δ13Corg and δ13Ccarb values increased again
sharply in the later stages of the Boreal and at the beginning of the Atlanticum (Fig. 1). This
event marks the beginning of the mid-Holocene warm period, which presumably resulted in
increased productivity and eutrophication in Lake Steisslingen.
Since the oxygen isotope ratios of bulk carbonate from Lake Steisslingen did not constitute
reliable paleoclimatic proxy data for the second half of the Holocene [4], δ18O values of
cellulose extracted from the two peat cores (Fig. 3) were interpreted as an alternate record. A
gradual decrease in the δ18Ocellulose values of 3 ‰ was apparent between the mid-Holocene
climate optimum (+24 ‰) and present (+21 ‰). The high resolution oxygen isotope data for
the ‘Lengener Moor’ core coincide with δ18Ocellulose values of the low resolution
‘Marcardsmoor’ core (code B211) at several segments. In other intervals, a marked deviation
of the δ18Ocellulose values was observed, with the ‘Lengener Moor’ core displaying generally
the higher values.
The organic components of peat, derived from a variety of plants occupying Weser-Ems
wetland areas, provide an archive of the isotopic response of various plants to changes in
atmospheric temperature and moisture. Oxygen isotope ratios of cellulose from plants
supplying organic matter to these wetlands should dominantly respond to changes in the
isotopic composition of atmospheric moisture, which is in turn related to atmospheric
temperature and/or airmass circulation variations. However, differences in hydrologic settings
for the wetland plants would likely manifest as variable isotopic responses to changes in
atmospheric moisture content. Homogenization of peat cellulose over longer intervals (as for
the ‘Marcardsmoor’ core) would reduce or even erase individual plant responses to
atmospheric moisture content in favour of the more dominating precipitation isotopic
composition signal. Subtracting 28 ‰ from the ‘Marcardsmoor’ core δ18Ocellulose values to
account for the biochemical fractionation between leaf chloroplast water and plant cellulose
[6] results in an inferred reconstruction of δ18Oprecipitation since the mid-Holocene climate
optimum (see Figure 3).
The observed trends in the δ18Ocellulose values of both peat cores are interpreted as a gradual
decrease in the oxygen isotope ratios of precipitation in the study region since the midHolocene. This is attributed to the combined effects of a decrease in the regional mean annual
air temperature and a potential change in airmass dynamics. Intervals of coincidental δ
18
Ocellulose values in both cores probably represent periods of higher atmospheric moisture that
are separated by drier intervals. The latter are indicated by the markedly higher δ18Ocellulose
values of the ‘Lengener Moor’ core compared to those of the ‘Marcardsmoor core’ (code
B211).
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FIG. 3. δ18O values for cellulose (lower x-axis) extracted from two peat cores from the ‘Lengener
Moor’ and the ‘Marcardsmoor’ (code B211) in the Weser-Ems region in NW Germany and inferred
δ18O values of paleowater on the upper x-axis. The mean annual δ18O value of modern precipitation in
the study area is –7 ‰ (see arrow on upper x-axis).

5. CONCLUSION
In the study of sedimentary material from continental records, isotope data alone do not
always provide the basis for unequivocal interpretations of paleoclimatic or
paleoenvironmental change. The here presented data for the chronozones Bølling through
Boreal provide evidence that the elucidation of paleoclimatic and paleoenvironmental
variations on our continents can benefit greatly from a joint interpretation of isotope analyses,
palynological evidence, and inorganic and organic geochemistry data. A similar data base for
material from continental archives representing the second half of the Holocene is currently
not available.
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ACCELERATOR MASS SPECTROMETRY: AN IMPORTANT TOOL
FOR THE GEOCHRONOLOGY OF PAST CLIMATIC EVENTS*
(Abstract)
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NSF Arizona AMS Laboratory, University of Arizona,
Tucson, Arizona, United States of America
The development of a good chronology is very important to the understanding of past climatic
changes and their relationship to other events. The correlation of distinct climatic features
requires a precise chronology. More important also is the need to be able to correlate
phenomena which are dated independently. For example, several authors have tried to crosscorrelate climatic events observed in Greenland ice cores with climatic events identified in
other terrestrial and marine records.
The improvement in the radiocarbon calibration curve over the last 25,000 yr and the ability
to cross-correlate fluctuations in the 14C curve directly with those in the ice-core records has
improved the situation. This extension of the calibration curve uses tree rings to about 11,900
calibrated years and beyond, using corals and varved marine sediments [1]. Other records take
us back to the limits of radiocarbon dating, using lake sediments and speleothems.
Another important problem in geochronology of past climate change is that events may be
manifest differently in different parts of the world. For example, the uniformly “cold”
younger Dryas in northern Europe can be correlated with oscillatory cold and wet behavior in
other parts of the world. Chinese loess deposits show an oscillatory pattern during this time
period, and the deserts of the American southwest show a drought followed by a period of
increased precipitation. Hence, we must identify local and regional variations as well as
global events.
Many megafuana became extinct close to the end of the late Pleistocene and the exact time of
these extinctions, and whether they are cause by climate alone, or by other pressures such as
the expansion of humans into previously unoccupied areas.
The exact timing of climatic change is also of importance in understanding the expansion of
early man in the New World. The exact time of arrival of early man in the western
hemisphere is usually thought to be close to the end of the last glacial, via a Bering land
bridge. The rapid expansion of early man into central north America does not appear to have
occurred until about 12,000 radiocarbon years BP. This is still consistent with the established
idea of an ice barrier east of the Rockies which ceased to exist about this time. The Bering
land bridge would have remained intact until ~10,000 radiocarbon years BP. We can
understand this However, recent evidence of some possible older occupations raises some
questions about this model and there may also have been other modes of settlement.
During the Holocene, we also observe climatic fluctuations. An excellent example is the
periodicity of forest fires in western North America. Meyer et al. [2] showed these can be
correlated with periods of aridity. Other periodicities in the Holocene climatic record can
often be related to solar fluctuations, the most obvious are the medieval warm period and the
Maunder minimum, a time also associated with colder weather in Europe.
*

Only an abstract is given here as the full paper was not available.
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In this paper, we will highlight paleoclimate studies which can be well dated using AMS
radiocarbon. These signals manifest themselves not only in the climate record but affect the
extinction of megafauna and archeological events. There are also climatic effects in such
varied reservoirs as Chinese loess deposits, forest fire recurrence, meteorite weathering rates
and other phenomena will be discussed, as well as the more familiar ice cores and oceanic
sediments. We will also focus on hiatuses in the radiocarbon calibration curve which appear
to be related to some major climatic events.
REFERENCES
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CLIMATIC CHANGES AT HIGH ALTITUDES FROM C-14 DATING AT THE
DISCOVERY SITE OF THE ICEMAN OETZI*
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An extraordinary archaeological discovery was made in 1991 at a high-altitude mountain pass
(Tisenjoch, 3120 m) of the Ötztal Alps near the Austrian-Italian Border. Two mountain hikers
accidentally found the body of a man sticking half-way out from a shallow ice-filled
depression. Unusual climatic conditions had partly freed the body from his icy grave, where
he apparently had rested for thousands of years. Radiocarbon dating of bone and tissue of the
Iceman “Ötzi” - as he was quickly nicknamed - revealed that he had lived some 5200 years
ago [1,2]. This established Ötzi as the oldest well-preserved body from the Neolithic period.
In addition to the body, a variety of equipment was found at the site, most of it dating to the
same time period [3]. A collection of this and other measurements with emphasis on the
environment of the Iceman can be found in [4]. The Iceman story with emphasis on 14C dating
is summarized in [5].
Recently, we dated a variety of materials found at the discovery site of the Iceman with 14C
AMS at the Vienna Environmental Research Accelerator (VERA) [6]. Among these materials
there are plant remains which grow at high altitudes when the conditions are favorable. They
thus serve as sensitive indicators of climatic conditions. The 14C dates cover a time range
from approximately 6000 to 4000 years ago, and give first hints on how the climatic
conditions may have changed at the Iceman discovery site during this period of time.
Combining this with materials found at the site which must have been brought there by
animals and/or humans, the 14C dates support the general hypothesis that in ancient times
people in this region first populated high-altitude areas of the Alps above the timber line,
since there they found natural pastures for domesticated animals. It is likely that these first
settlers approached the Alps from the south, which also seems to be the direction from which
the Iceman came to the Tisenjoch..
In this paper we will summarize our current ideas of the climatic conditions in the Ötztal Alps
around the period of the Iceman. In order to get a more general picture also other climatic and
environmental indicators (e.g. pollen analysis) of this region will be considered. At present,
we are engaged in additional 14C measurements of plant remains from the Ötzi site, which
should help to establish a more detailed picture about temperature variations in this time
period.
*
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CLOCKS FOR QUATERNARY ENVIRONMENTS IN AUSTRALIA*
(Abstract)
C. TUNIZ**
Australian Nuclear Science and Technology Organisation,
Menai, New South Wales, Australia

The Australian continent offers a variety of natural systems where records of the Earth's past
environment have been stored, including sediment cores, tree rings, rock surfaces and corals.
Rock varnish, mud-wasp nests and pack-rat middens provide alternative archives for
vegetation and environmental change in arid areas, where continuous sedimentary sequences
or trees are not available. Each of these media contain specific information on past climatic
conditions but we must determine their chronology and decipher the relevant environmental
parameters. Cosmogenic radionuclides, such as 14C, 10Be, 26Al and 36Cl, analysed by
accelerator mass spectrometry, provide valuable radiometric clocks to establish an absolute
time scale for the environmental events of the Quaternary. U-series, potassium-argon, argonargon and optically stimulated luminescence are other dating methods used in
palaeoenvironmental studies. ANSTO supports the Quaternary science community in
Australia providing the analysis of long-lived radionuclides: some significant projects from
this program will be illustrated.
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REAL TIME MONITORING OF ISOTOPIC CO2 IN THE ATMOSPHERE*
(Abstract)
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Newark New Jersey, United States of America
A system suitable for real time analysis of atmospheric carbon dioxide concentration and
isotopic ratios is under development. The system is based on laser assisted isotope ratio
analysis [1] (LARA) and should be suitable for unattended use at field stations.
A schematic of laboratory version of the system is shown in Figure 1. Two sealed lasers, one
resonant only with 13CO2 and the second resonant only with 12CO2 compare optogalvanic
responses from air slowly flowed through a low pressure electrical discharge cell to signals
from a similar sealed cell containing a known CO2 gas mixture. For system development,
standard air [2] is flowed at 0.4 SCCM through one cell. The entire system, which is run
under PC control, can be left unattended for long periods.

HOST P C

M1
C13 Laser
E xci ta tion/
Detec ti on

M2

E xcitation/
Detec tion

C12 Laser

M6

M3
M4

M5

S2

S1

Air
Supply

Figure 1. Experimental setup for
mirrors, S1, S2 are beamstops .

Pump

Optogalvanic spectroscopic detection of carbon isotopes in air. M1-M6 are

The LARA technology has previously been successfully applied for isotopic CO2
measurements in human breath [3] which is approximately 5% CO2. In order to obtain
adequate signal levels at the two order of magnitude lower concentrations in the atmosphere,
several enhancements are required, including multipass of the laser beam through the air
discharge and improved detection and analysis algorithms. Preliminary results indicate that
concentration variations at the 0.1ppm level and 13C/12C ratio variations at the 0.5 G level can
be obtained with a few minutes averaging times.
For field operation, relative humidity and temperature in the flow system will have to be
controlled. Extension to 18O/16O ratios using a third laser is possible. CO and CH4
measurements will also be possible with the development of a pre-concentration gas
separation module for the flow stream.

*
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Abstract. 129I is an important tracer of human activities as well of environmental processes. However,
its potential can only be exploited if the 129I abundances in and the pathways between the different
environmental compartments are known. Until today, our knowledge of the radioecology of 129I is still
insufficient. Results are presented from a long-term project which shall improve this situation. 129I and
127
I abundances were investigated in precipitation, surface and ground waters from Lower Saxony,
Germany, and in soil samples from various European locations. From the analysis of 129I in rain, 129I
annual deposition densities were determined for the time period from 1997- 1999. We conclude that
129
I deposition rates in Switzerland and Germany increased by three orders of magnitude since 1950
and changed just little after 1987. The different 129I/127I ratios in precipitation, surface and ground waters allow to estimate mean residence times of iodine in surface soil zones. From the analysis of soils,
129
I deposition densities at various places of Europe were determined. Thereby, the 129I natural equilibrium deposition density as well as that of the fall-out from atmospheric weapon tests was estimated.
Elevated 129I abundances in Ukrainian soils contaminated by Chernobyl fall-out provide a basis for
retrospective dosimetry of the radiation exposure due to 131I. Soil profiles from Germany exhibit the
influence of ongoing emissions from European reprocessing plants and demonstrate the complexity of
iodine migration. Biospheric 129I/127I ratios in Germany are an order of magnitude lower than in precipitation. Because of the disequilibrium of iodine isotopes in the different compartments further detailed investigations of the pathways of 129I through the environment to man are considered necessary.

1. INTRODUCTION
The long-lived radionuclide 129I (T1/2 = 15,7 Ma) is produced in nature by cosmic-ray induced
spallation of Xenon in the atmosphere and by spontaneous fission in the geosphere. The natural abundances of 129I have been globally and sustainably changed by anthropogenic 129I released due to atmospheric explosions of nuclear weapons, nuclear accidents and most importantly due to releases from reprocessing plants. Though these changes are of radiological relevance only in the closest proximity of reprocessing plants, they should be carefully monitored
and the potential of 129I as a man-made tracer for environmental processes should be exploited. This requires a detailed understanding of the pre-nuclear baseline values, of the anthropogenic changes, of the radioecology of 129I, and of the environmental chemistry of iodine. However, due to analytical and methodological problems the radioecology of 129I is still
insufficiently known and further investigations of the pre-nuclear abundances and of anthropogenic changes are needed [1]. We therefore started systematic investigations to establish
reliable analytical protocols for 129I and 127I analyses in various environmental materials [1-5],
to improve our knowledge about the environmental abundances and behaviour of 129I, and to
provide the baseline data for some tracer applications, in particular with respect to retrospective dosimetry [5, 6].
*
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This paper deals with the development with time of atmospheric 129I fall-out and 129I deposition densities in Europe and shortly addresses the potential of 129I for retrospective dosimetry
of the exposure to 131I from the Chernobyl accident. Exemplary data on the migration of 129I
in soils and on the 129I transport from surface to ground waters are presented. Finally, the biospheric response to the environmental 129I contamination is discussed.
2. MATERIALS AND METHODS
Since 1997, precipitation, surface waters and ground water samples from Lower Saxony,
Germany, were collected at various stations of the Deposition Measurement System. Moreover, surface and shallow ground water samples were taken at stations of the Information System of Surveillance of Environmental Radioactivity (IMIS) (Fig. 1). In order to establish a
spatial separation, Lower Saxony was divided into four regions with sampling sites of every
sample type each. In addition to open field precipitation sampled in each region, through-fall
precipitation was collected in two regions; through-fall here means rain that falls down on
forests and interacts with the canopy of the trees on its way down. The four regions were chosen to represent the close proximity to the North Sea (region I), northern German lowlands
distant from the North Sea (region II), the fringe of the Harz mountains (region III) and the
area of the Elbe river in Lower Saxony in the vicinity of Gorleben (region IV). Up to 10 L of
precipitation were made available to us as three-months composite samples. 2 L of surface
water were collected as spot samples once a quarter and 10 L of ground water once half a
year. Two 1 L North Sea water samples was taken singularly near the shore in 1999 at SpiekaNeufeld. Samples were made alkaline and stored in the dark in polyethylene containers until
analysis.

FIG. 1. Sampling sites of natural waters and soil in Lower Saxony, Germany.

Soil samples were obtained from different sources. A total of 48 soil profiles was taken between 1995 and 1997 at Moscow and in the Northern Ukraine and analyzed for 129I and 127I
using RNAA and AMS [7]. In 1999, seven well characterized soil profiles were taken at
seven locations in Lower Saxony down to a maximum depth of 250 cm. For three of the latter
profiles the analyses of 129I and 127I were finished up to now. A pre-nuclear soil profile from
1939 was obtained from the Timiryazev Agricultural Academy, Moscow, courtesy of Prof.
Dr. A. Fokin.
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For matrix separation and enrichment of iodine two different methods were used. All the solid
environmental samples were combusted under an excess of oxygen with adsorption of the
iodine in the exhaust gas as iodide in an aqueous alkaline NaHSO3 solution. The chemical
yield of the iodine extraction was determined using 125I as tracer. For liquid samples only an
enrichment of iodine is necessary for the analysis of 129I. For this preparation a solid phase
extraction (SPE) on an anion exchange resin is carried out after carrier addition. Before the
SPE, all iodine species must be converted into iodide. The concentrations of 127I in the filtered
aqueous samples and in the NaHSO3 solution were analyzed by ion chromatography (IC)
and/or inductively coupled plasma mass spectrometry (ICP-MS). The concentration of 129I
was determined by measuring the ratio 129I/127I via accelerator mass spectrometry (AMS).
Further details of sample preparation, AMS techniques and measurements, and quality control
measures are given elsewhere [1-6, 8].
3. ATMOSPHERIC FALL-OUT OF 129I IN GERMANY AND SWITZERLAND
The geometric means and standard deviations of 129I, 127I and of 129I/127I ratios in precipitation
and in surface and ground waters from Lower Saxony, Germany, are given in Table I for the
three years period from 1997 to 1999. The detailed results are presented elsewhere [4, 6]. We
will focus first on the discussion of the 129I/127I ratios. According to model calculations, e.g.
[9], iodine pathways through the environment are recognizable via these 129I/127I ratios. The
North Sea and the North Atlantic act as buffer reservoirs for both, stable iodine and 129I, the
latter being mainly emitted by the European reprocessing plants Sellafield and La Hague [10,
11]. The subsequent transfer through marine and land atmospheres to precipitation takes place
with only a short time scale of about two weeks [9]. In the atmosphere, mixing with iodine
from other natural sources occurs and also a direct influence of atmospheric releases from
reprocessing plants to 129I in precipitation is possible. After iodine is deposited on the ground
by wet or dry precipitation, the iodine isotopes are slowly transported into surface and ground
waters. These compartments have distinctly lower 129I/127I ratios, which makes it possible to
estimate residence times of iodine in catchments via the time dependence of 129I abundances.
As iodine is biophilic, these residence times may provide evidence regarding the biological
condition of a catchment when compared to tritium residence times.
Table I. 129I/127I in several Lower Saxonian natural waters from 1997-1999 as geometric means with
standard deviations
129

Sample

Precipitation
(open-field)

129 127

I
in µg/kg

I/ I
in 10-10

n

I

10

17.0

· 1.34±1

3.10

· 1.39±1

8250

· 1.20±1

II

9

6.07

· 1.41±1

1.48

· 1.31±1

6190

· 1.34±1

±1

1.33

· 2.05

±1

4650

· 1.82±1

III

9

4.09

· 1.87

IV

9

3.57

· 1.61±1

1.31

· 1.45±1

3740

· 1.59±1

Precipitation

II

9

24.1

· 1.40±1

6.92

· 1.31±1

5260

· 1.13±1

(through-fall)

III

9

14.2

· 1.33±1

5.08

· 1.23±1

4220

· 1.29±1

I

12

7.20

· 2.25±1

23.6

· 1.48±1

460

· 2.07±1

Surface

II

12

0.94

· 1.67±1

6.52

· 1.25±1

219

· 1.61±1

water

III

11

0.24

· 1.58±1

5.74

· 1.43±1

62.8

· 1.68±1

IV

12

0.67

· 2.00±1

8.56

· 1.61±1

118

· 2.04±1

I

3

0.283

· 1.39±1

4.24

· 1.30±1

99.2

· 1.51±1

Ground

II

4

0.560

· 1.23±1

3.90

· 1.26±1

222

· 1.56±1

water

III

4

0.0367

· 2.37±1

1.83

· 4.24±1

30.3

· 1.93±1

0.0065

±1

4.98

±1

2.0

· 5.80±1

IV
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127

I
in µBq/kg

Region

5

· 5.76

· 1.21

In 1950, atmospheric 129I/127I ratios in background regions of the northern hemisphere exceeded 10-9 [1,3]. 129I deposition does not show a prominent bomb peak in an alpine ice-core
[12] as for instance observed for 14C, 36Cl and 137Cs. Isotopic ratios and deposition densities
continued to increase in Europe until the end of the 1980s (Fig. 2). Since then, ratios of nearly
10-6 were observed in Germany and Switzerland and remained constant until today. The fallout of the Chernobyl accident by wet deposition was just a short-term episode with a highest
measured 129I/127I ratio of nearly 10-5.
1E-05

1E+14
D, Chernobyl fall-out [13]
CH, Fiescherhorn ice core [12]
D, rain, Hannover [6]
D, rain, Mappenberg [14]
D, rain, various locations [15]
D, rain, Lower Saxony, this work
CH, rain, Dübendorf [16]
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FIG. 2. Development of I/ I isotopic ratios in precipitation as revealed by analyses of precipitation
from Switzerland and Germany. The solid line is an eye-guide only. Data of refs. [12], [13], and [16]
are calculated under the assumption of an 127I content of 1,4 µg/kg. For comparison, the development
of 129I emissions from the La Hague reprocessing plant, which is the dominant source in Europe, is
given.
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FIG. 3. Development with time of annual deposition densities of 129I in Germany (full circles) [14, 15,
and this work] and Switzerland (open circles) [12, 16].
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The annual 129I deposition rates as calculated from the measured 129I concentrations in precipitation and annual precipitation rates rose during the last five decades from 0.01 mBq m-2 a-1 in
1950 in Switzerland by nearly three orders of magnitude to a geometric mean of 6.4 × 2.1±1
mBq m-2 a-1 for all four regions of Lower Saxony, Germany, during 1997-1999 (Fig. 3). The
present deposition in Lower Saxony is inhomogeneous with time and place and shows even
some seasonal dependence [4]. The fact, that 129I emissions of the La Hague reprocessing
plant, which is the dominating European source, also increased by about three orders of magnitude (Fig. 2) does not yet give conclusive evidence about the pathways of 129I from the
emittents to Germany and Switzerland. Though the majority of the emissions occurs into the
sea, it is not yet clear whether the present fall-out is dominated by the marine or the atmospheric emissions [16].
4. 129I IN SOILS
From the 129I activity concentrations in the samples of the soil profiles, deposition densities
D(d) are calculated according to:
∞

D(d ) = ∫ As (d ′) ⋅ ρ (d ′) dd ′

(1)

d

with
D(d)
As(d)
ρ(d)
D(d=0)

deposition density as function of depth d in Bq m-2
activity per unit mass in the depth interval [d, d + ∆d] in Bq kg-1
soil density in the depth interval [d, d + ∆d] in g cm-3
integral deposition density in Bq m-2

For stable iodine, deposition densities were defined analogously by replacing As(d) by the 127I
concentrations in the soil, C127(d) in g g-1. Illustratively, we show in Fig. 4 the depth dependence of 129I and 127I deposition densities and of the 129I/127I ratios in a soil profile from Klein
Lobke, Lower Saxony, Germany. More than 99 % of 129I is still observed in the upper 60 cm
of the profile. But the 129I/127I ratios below this depth still are of the order of 10-10, i.e. about
two orders of magnitude higher than the natural equilibrium ratio in the marine hydrosphere.

I-129 in mBq/m² ; I-127 in g/m²
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FIG. 4. Deposition densities of stable iodine and of iodine-129 in a soil profile from Klein Lobke,
Lower Saxony, Germany.
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Integral deposition densities, D(d=0), of 129I were determined from the analysis of soil profiles (Table II). The up to now lowest deposition density was found in a soil profile taken in
1939 in Lutovinovo, Russia, which also showed the lowest isotopic ratio in soils of (0.057 ±
0.011) × 10-10 [5]. However, this ratio is a factor of four higher than the pre-nuclear marine
129 127
I/ I equilibrium ratio of ∼ 1.5 × 10-12 [17]. Due to the danger of modern contamination
during long-term storage, pre-nuclear soil profiles can give only upper limits of the natural
equilibrium deposition densities. Contamination during sample preparation and analysis is not
a problem here since the complete analytical blanks in our work typically yield 129I/127I ratios
below 2 × 10-13.
Table II. Integral 129I deposition densities as derived from the analysis of soil profiles from differently
contaminated areas
number of
profiles

depth
in cm

date of sampling

integral 129I deposition densities
in mBq ⋅ m-2

Lutovinovo, Russia

1

35

1939

0.084 ± 0.017

Moscow, Russia

2

40

1996

49 ⋅ 1.5 1

Zhytomir, Ukraine

12

40

1997

38 ⋅ 1.7 1

Lower Saxony, Germany

3

250

1999

139 ⋅ 1.2 1

Zone III, Ukraine

24

40

1995

130 ⋅ 1.5 1

Zone II, Ukraine

7

40

1995

848 ⋅ 1.5 1

location

±

±

±

±

±

Integral deposition densities in Lower Saxony, Germany, are more than three orders of
magnitude higher than the pre-nuclear value derived for Lutovinovo, Russia. They are also
higher than in Moscow, Russia [5], or Zhytomir, Ukraine, both regions being not significantly
contaminated by fall-out from the Chernobyl accident. Only in areas of Ukraine which are
seriously contaminated by this accident, we observed higher integral deposition densities than
in Germany [7]. Table II gives geometric means and standard deviations of integral deposition
densities in contamination zones II (137Cs deposition density 555-1480 kBq/m2) and III (137Cs
deposition density 185 – 555 kBq/m2) of northern Ukraine. There, 129I can be used for estimates of the fall-out of 131I from the Chernobyl accident. In the highly contaminated areas of
Ukraine, the majority of 129I deposition occurred instantaneously. Thus, the depth profiles
allow to investigate the migration of 129I in detail. In Ukraine, more than 99 % of the Chernobyl fall-out still resides in the top 30 cm of the soils. Generally, the 129I deposition densities in
the soil profiles from Ukraine and from Moscow show a roughly exponential decrease with
depth [7]. In Lower Saxony, Germany, the situation is much more complicated due to the
complex fall-out pattern with a continuous, but strongly time-dependent deposition (Fig. 2, 3).
5. 129I IN SURFACE AND GROUND WATERS IN LOWER SAXONY, GERMANY
The deposition of atmospheric 129I is the most important source in the upper terrestrial environment in central Europe. When using the precipitation values of Fig. 2 as an input function
in a simple exponential model [18] for the transfer of iodine in the surface of a catchment [4],
one can estimate mean iodine residence times in the surface soil zone and compare these values with tritium data (Table III). In this model, mean transition times τ are calculated according to
t
τ = −
(2)
ln(1 − H (t ))
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with the time t of constant input and the fraction H(t) of the input signal that is observed in the
investigated compartment. t characterizes the time span between the sampling time of the respective sample and 1986, the interpolated beginning of the constant input; H(t) is given as
the ratio of 129I/127I in the examined sample and the mean precipitation value of 6.5 × 10–7. τ is
calculated for each individual sample and geometric means are given in Table III with standard uncertainties of the mean. This modelling suggests a horizontal and vertical iodine transport delayed by one to three orders of magnitude compared to water movements. Surface and
ground waters show similar values except for region IV, where an impermeable zone at the
ground water sampling site is supposed.
Table III. Mean residence times of iodine in surface soil zones based on a simple exponential model
and characteristic time constants of water transfer into groundwater deduced from 3H in ground water
with standard uncertainties

Sample

Surface
water

Region

τiodine

I

biased by sea water

II
III
IV

Ground
water

364
1290
670

·
·
·

in a
–

1.14

±1

–

1.16

±1

–

1.24

±1

–

±1

7

±

5

I

828

·

1.25

II

359

·

1.23±1

12

±

1

·

1.36

±1

9

±

4

2.15

±1

19

±

2

III
IV

129

τtritium

in a

2670
40200

·

I IN THE BIOSPHERE

Also the present biospheric iodine isotopic composition has been drastically changed compared to pre-nuclear values. The up-to-now lowest isotopic ratio has been measured in a pig
thyroid gland powder prepared by Parke-Davis in 1943 in the USA. The mean of the two
analyses of (0.058 + 0.012) × 10-10 [1, 5] is still higher than the measured pre-nuclear ratios in
ocean sediments. The thyroid glands sampled in 1947 in the USA turned out to have 129I/127I
ratios 10 to 60 times higher than the pre-nuclear marine equilibrium ratio and thus are suspected to be affected already by 129I releases during the Manhattan project and the onset of the
nuclear age.
Present days’ isotopic ratios in human and animal thyroid glands from Lower Saxony in Germany, which is well away from nuclear installations emitting 129I, show much higher ratios
[19]. In bovine thyroid glands, 129I/127I ratios of (110 ± 10) × 10-10, (47 ± 5) × 10-10, and (400
± 196) × 10-10 were observed in 1978 (n = 25), 1981 (n= 22), and 1992/93 (n = 9), respectively [19, 20]. The fall-out caused by the Chernobyl accident in Western Europe just appeared as a short-term peak in the isotopic ratios as revealed by analyses of animal thyroids
from Austria and Germany [21]. Pre- and post-Chernobyl human thyroid glands from Germany analyzed at ZSR showed 129I/127I ratios of (216 ± 114) × 10-10 (n = 13) and (320 ± 156)
× 10-10 (n = 26), respectively. 129I/127I ratios are about one order of magnitude lower in thyroid
glands from the southern hemisphere as revealed by analyses of human and animal thyroid

342

glands from Chile [19]. This is well in line with the general differences between global weapons fall-out in the southern and northern hemispheres, on the one hand, and the fact that the
emissions from reprocessing plants mainly take place on the northern hemisphere, on the
other.
With respect to the radiological significance of these 129I/127I ratios, one can estimate the associated radiation exposure on the basis of a specific activity model [1]. Assuming the data of
ICRP reference man for human iodine content and uptake [22] and a dose factor for a child in
its first year of 2.2 × 10-7 Sv/Bq [23], an equilibrium 129I/127I ratio of 100 × 10-10 corresponds
to an annual effective equivalent dose due to intake of 129I of Heff ≈ 5 nSv/a. Thus, it can be
concluded that the present situation is radiological not significant. It is to note, however, that
this is just a coarse estimate which takes not into account the existing disequilibrium of 129I
and 127I in the environment.
The 129I/127I ratios observed up to now in human and animal thyroid glands in Europe do not
yet reach the ratios in precipitation. Given the continuous input of 129I, a further increase of
biospheric 129I/127I ratios is to be expected. In the data obtained over 20 years there appeared
an average increase by about an order of magnitude, though there is a considerable scatter of
the data [6]. Since there is a strong disequilibrium of iodine isotopes in the different environmental compartments, the exposure of man and animal to 129I, in principle, cannot be estimated on the basis of a specific activity model and the above estimate is just a zero order approximation. For a realistic assessment of the exposure to 129I the radioecological pathways of
129
I to man and animal have to be investigated in more detail.
CONCLUSIONS
In Europe, as all over the world, the natural abundance of 129I have been sustainably changed.
But, in Western Europe these changes are going on. 129I/127I ratios in precipitation stabilized
after a decades-long increase at a level of nearly 10-6. These ratios are more than one order of
magnitude higher than recent ratios of biosphere iodine measured in Germany. The different
environmental compartments in Europe show extreme disequilibrium between 129I and stable
iodine with the expected consequence of a further rise of biospheric 129I/127I ratios. In spite of
the fact that the present global biospheric 129I abundance does not give rise to a significant
radiation exposure, the future development should be carefully surveyed. 129I turns out to be
an outstanding quantitative indicator of the long-term human impact onto the environment. It
has the potential of a powerful tracer of environmental processes and offers a possibility of
retrospective dosimetry after accidental and routine fall-out situations.
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PORTFOLIO OF RECENT CLIMATE CHANGE STUDIES UTILISING
AMS AT ANTARES, ANSTO*
(Abstract)
D. CHILD, A. SMITH, D. FINK, Q. HUA, G. ELLIOT, A. WILLIAMS, G. JACOBSEN
ANSTO, Lucas Heights, New South Wales, Australia
The application of Accelerator Mass Spectrometry (AMS) to the measurement of the
radionuclides 14C, 10Be, 26Al and 36Cl has dramatically increased our understanding of factors
that affect climate and has led to a greater understanding of natural processes. Using the
ANTARES AMS facility at ANSTO we are able to analyse samples containing as few as 105
atoms of these radionuclides.
Cosmogenic radionuclides produced by the interaction of cosmic rays with the upper
atmosphere and exposed surface rocks are stored in natural archives. By measuring small
variations in the concentrations of these isotopes over time, information can be inferred about
the systems governing these changes.
Over the last four years we have undertaken a broad range of climate change and
environmental studies, based on the ultra-sensitive technique of accelerator mass spectrometry
(AMS). Some specific examples of projects investigating the ice sheet at Law Dome,
Antarctica and minerals extracted from geological surface formations will be given.
To support this research program, ANSTO operates a suite of geochemistry laboratories
specifically for the processing of ice, sediment and rock samples into AMS targets, in addition
to pre-treatment and preparation laboratories for radiocarbon sample processing.
Cosmogenic Isotopes as Palaeo-archives in Air from Polar Ice: Accumulating ice sheets
consist of a porous, compacting layer of snow (the firn) overlying the compacted, impervious
ice.
Due to diffusive and gravitational mixing of the air in the firn (age spreading) and the air
bubble formation process in the ice which further convolutes the atmospheric signal, there
have been difficulties establishing the chronology of palaeo-atmosphere archives within the
ice. By measuring the CO2 14C bomb pulse it has been possible to improve the numerical
modelling of these processes, resulting in direct improvements in the chronology and
resolution of important long term Southern Hemisphere atmospheric records.
In addition, CH4 was extracted from the firn air samples to examine the anthropogenic
contribution from fossil fuel use to the global atmospheric methane budget.
Methods of gas extraction, target preparation and AMS measurement were developed to treat
samples containing as little as 12µg of carbon. Aspects of these methods and applications will
be discussed.
10

Be in Antarctic Ice: 10Be concentration in ice is often assumed to be dependent on the snow
accumulation rate. We decided to test the validity of this approach in recent times by
measuring the 10Be concentration in 3 cores from Law Dome, Antarctica, with known
chronology and from sites with widely varying accumulation rates [1]. These sites receive
snowfall from the same air mass as it moves from east to west across the dome.
*
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The known chronology permitted sampling from mid year to mid year, with an annual sample
having an approximate volume of 1L.
Sample handling and preparation techniques were devised to limit contamination of the ice by
terrestrial dust and to maximise retention of the ~106 10Be atoms present. A combination of
clean room procedures, filter arrays and ion exchange chromatography were used.
This investigation determined that 10Be had been primarily deposited by wet deposition in
recent times, and consequently the measured 10Be concentration contained no information
about the accumulation rate. Several pilot studies have been conceived by this work, for
example examination of the transport processes involved in incorporating 10Be into the ice by
utilising the large disparity between half-lives for 7Be and 10Be. Aspects of these studies and
the methodology used will be discussed.
In situ cosmogenic radionuclides: By measuring in situ produced cosmogenic radionuclides
accumulated in minerals, the history or evolution of geomorphic formations, where previously
buried mineral material has been exposed to cosmic ray irradiation, can be elucidated [2].
This technique is generally applicable to the time period between 5ka to 5Ma, and where
erosion rates are within 0.1 to 10 mm/ka.
Due to the many factors affecting in situ accumulation rates (eg altitude, latitude, burial of the
surface, shielding from cosmic radiation and carry over of cosmogenic isotopes from previous
exposures) an intimate knowledge of the geomorphology and geology of the sampling
environment are imperative.
The ANTARES AMS facility, ANSTO, has been used to collaboratively examine a number of
geological events. Some examples of such projects are:
•
•
•

Study of 10Be depth profiles from sand regolith escarpments to determine their
formation history.
To determine the extent and history of Pleistocene glacial advances in key Tasmanian
and Antarctic glaciation sites.
A search for evidence of the Southern Hemisphere younger Dryas in New Zealand and
Tasmania.

It has been critical to these projects to provide sample processing abilities of high precision
[3]. Young samples (<15ka) such as those required for a younger Dryas search contain less
target material (10Be, 26Al and 36Cl) and therefore require more careful handling. Also, to
simplify calculation of sample ages from measurement results, a single mineral matrix
(generally quartz) is isolated from the sampled rock types and processed. Aspects of these
applications for exposure age dating and the sample processing required for these projects will
be discussed.
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MITIGATION OF GLOBAL WARMING AND THE ROLE OF
IDENTIFICATION OF GREENHOUSE GAS SOURCES
Y. KAYA
CREST program, Japan Science and Technology Corporation,
Tokyo, JAPAN

Abstract. Japan Science and Technology Corporation (JST) is an organization supporting R&D of
frontier science and technologies under the full sponsorship of the government of Japan. Under the
umbrella of JST the author is in charge of a program called "Environment friendly social systems"
which includes more than 20 research projects for better environment (with as an average of 1 million
US dollars per project per year). One of the projects in this program is on development of isotopomer
technology and its use in identifying greenhouse gas (GHG) sources headed by Prof. N.Yoshida. JST
earnestly hopes that it can contribute as much as possible to mitigation of global warming through the
support of important research projects such as Yoshida's.

1. DIFFICULTIES IN GREENHOUSE GAS (GHG) REDUCTION
Needless to say that global warming is one of the most serious environmental threats mankind
has experienced in its history. The framework convention of climate change (FCCC) declares
that the ultimate aim of the convention is to stabilize greenhouse gas (GHG) concentration in
the air. Taking into account that the concentrations of various GHG's in the air such as CO2,
CH4 and N2O increased significantly at least last hundred years probably due to expansion of
human activities on the earth, realization of the FCCC's ultimate aim seems not to be an easy
task. Particularly anthropogenic emission of CO2 which occupies more than half of GHG
radiative forcing has increased substantially mainly due to increase in fossil fuel consumption
which has expanded roughly proportional to expansion of economic activities of the world.
According to IPCC [1] stabilization of CO2 concentration in the air requires long term
continuous efforts for reducing CO2 emission, as shown in Fig.1. Although it is still uncertain
what level of CO2 concentration in the air is appropriate as the target, 550 ppmv has been very
often used in many scenario analyses of global warming. Fig.1 indicates that to realize 550
ppmv target CO2 emission be limited to the present level by the end of this century and
reduced to almost 1/4 of the present level in the long run. What efforts in energy sector are
needed to satisfy this requirement?
Many global modellers tried to answer this question, and a typical answer can be found in the
analysis conducted in the government of Japan under the name of "New Earth 21" which aims at
envisaging long term global scenarios of stabilizing climate change in the long run [2]. Fig. 2
breaks down efforts necessary to limit global CO2 emission to 550 ppmv by the end of 21st
century. The basic criterion of choosing this scenario is the cost: in other words the scenario in
Fig. 2 is the least cost scenario of realizing 550 ppmv level of CO2 concentration. If without
global warming the world CO2 emission will be the top line reflecting the world preference on
coal as the cheapest and the most abundant fossil fuel source. However, limiting CO2
concentration to 550 ppmv requires introduction of a lot of measures reducing CO2 emission.

351

FIG. 1. CO2 emissions leading to stabilization at concentrations in the air.

FIG. 2. CO2 emission reduction effects of technological options under a 550 ppmv limit.
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Not only substitution of coal by natural gas and other less carbon dependent fossil fuels than
coal, but also various new measures such as introduction of renewable energy as
photovoltaics, wind power and biomass and of CO2 removal and disposal should be expanded.
Nevertheless these measures are still in their infancy and vast, extraordinary efforts are called
for to satisfy the above requirements well in time.
When we look at short term future envisaged by the Kyoto protocol, the situation may be
more serious despite that it aims only at reducing GHG's to a certain degree as the first step
toward the realization of the ultimate target of stabilizing GHG concentrations in air. Let us
take the case of Japan as an example. The government of Japan agreed in Kyoto to reduce
GHG emission by 6 % by around 2010 when compared to the level in 1990. According to the
government plans GHG emission should be stabilized by efforts of energy conservation and
fuel switching, and furthermore be reduced by 6 % by other efforts such as utilization of
emission trading. However we also foresee a number of difficulties in putting these measures
into effects. To realize this let us look at recent macroscopic figures of economy and energy in
Japan . We see that about 95% of radiative forcing of GHG's from Japan comes from CO2. So
focussing our attention only on CO2, the author introduces a simple analytical tool, i.e.
disaggregation of CO2 emission in the folowing factors [3].
CO2 = ( CO2/ Energy )( Energy / GDP ) GDP

(1)

where CO2/Energy (or C/E) is the carbon intensity of primary energy, Energy/GDP (or E/G) is
the energy intensity and GDP is the gross domestic product.
Table I Rates of Change of 3 factors(%/year)

1980-89
1990-99
2000-2010
(scenario)
20th century,
world average

Carbon
intensity
C/E
- 0.7
- 0.6
- 0.6
- 0.3

Energy
Intensity
E/G
- 1.8
+ 0.4
- 2.2
- 0.9

Gross Domestic
Product
GDP
+ 3.5
+ 1.1
+ 2.0
+ 3.0

CO2 eimission

+ 0.7
+ 0.9
- 0.8
+ 1.8

Equation (1) means that the average rate of change of CO2 emission is simply a sum of those
of three factors, i.e. C/E, E/G and GDP. Table I exhibits recent trends of these figures together
with those for the government plan for next 10 years. It is seen that we are required to reverse
the trends of energy conservation of last ten years and also to keep the level of fuel switching
despite of worsening public acceptance of nuclear power.
2. IMPORTANCE OF IDENTIFYING GHG SOURCES AND THE ROLE OF JST
In the previous section the author has stressed how difficult it is to reduce GHG's.
Nevertheless, possible serious outcomes of global warming such as sea level rise compels us
to doing all kinds of efforts for mitigating global warming. We should also notice the
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importance of scientific efforts to reduce uncertainties about GHG emission and sink sources
and also their quantities.
In case of CO2 its anthropogenic emission sources are mainly in energy and industry sectors
and the total amount of its emission can be evaluated from economic and industrial statistics
of fossil fuel consumption. However we have only limited knowledge about CO2 absorption
by geosphere and ocean: the word "missing sink" symbolizes this situation.
More uncertain are emissions and absorptions of other GHG's such as CH4 and N2O. Unlike
CO2 any data of anthropogenic emissions of these gases are not available in ordinary
statistics.CH4 emission sources include natural gas fields, gas pipelines, rice fields, landfills
and cows and N2O comes from agriculture, industry and energy consumption. There are
estimates of these emissions but with much lower accuracy than that those of CO2. At non
CO2 GHG session of GHGT-5 held in Cairns, Australia in August 2000 a question raised from
the floor to the authors of the session about the accuracy of their estimates of emissions, and
the reply indicated the accuracy of estimates of CH4 and N2O to be around 50-100 %.
Taking into account that not only CO2 but also CH4 and N2O are "official" GHG's registered
in Kyoto protocol we are required to make efforts for identifying emissions of these gases
with as high accuracy as possible. The first step to do this is to identify where these gases
come from and then how much they are. The author is convinced that the technology of
isotopes and isotopomers helps very much this process and appreciates in this sense the
efforts by NOAA CMDL GHG group to expand global networks of measuring GHG's.
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Abstract. Nitrous oxide (N2O) is an important trace gas in the stratospheric chemistry as well as in the
tropospheric radiative balance. Although there have been observations on the distribution of N2O in
the atmosphere and its flux from individual sources, the global N2O budget is not fully understood.
The isotopic information of N2O has been useful for constraining the N2O cycle since each source and
sink has its own isotopic signature and isotope fractionation that is unique to the process. We have
recently developed a method to determine isotopomers of N2O and showed that intramolecular
distribution of 15N is a parameter that has more fundamental and sensitive information than bulk 15N
abundance for constraining the atmospheric N2O budget. Here, we report the fractionation of
isotopomers during ultraviolet photolysis of N2O in a 206 to 210 nm region. The fractionation factors
are different among isotopomers and the site preference between two nitrogen isotopomers becomes
larger along with the photolysis. The isotopomer fractionation factors of this representative
wavelength are close to the apparent fractionation factors observed in the stratosphere indicating
ultraviolet photolysis in the stratosphere is the dominant sink of N2O. Sources of atmospheric N2O
including terrestrial and oceanic biological processes, agricultural activities, industrial formation and
fossil fuel combustion are expected to be characterized to better constrain the global budget of N2O.

1. INTRODUCTION
Nitrous oxide is an important trace gas in the atmosphere. Although its abundance in the
troposphere is about 316 ppb, it has a global warming potential as well as carbon dioxide and
methane and is increasing by about 0.3%yr-1 [1]. In the stratosphere, N2O is decomposed by
ultraviolet photolysis and photo-oxidation with an excited oxygen atom, and the reactive
decomposition products are incorporated into ozone depleting reactions [2]. Sources of
atmospheric N2O exist in the troposphere and include terrestrial and oceanic biological
processes such as nitrification and denitrification, industrial formation as a byproduct in nylon
production, fossil fuel combustion, and so on [1]. However, the global N2O budget is not fully
understood.
Natural isotope abundance in N2O can be used to constrain the N2O cycle [3,4], as similar
manner that applied to carbon dioxide, methane, and so on. Previous studies revealed that
N2O in the stratosphere is enriched in 15N and 18O [4,5], and the back flux of such heavy N2O
*
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from the stratosphere into the troposphere is considered an important key to estimate the
magnitude of surface natural and industrial source of N2O. We have developed a
mass-spectroscopic method to determine isotopomers of nitrous oxide [6] and found that the
enrichment in 15N at the center position of the asymmetric NNO molecule is larger than at the
end position for the tropospheric N2O, and that the difference is increases in the stratosphere
[7]. Almost concurrently, other researchers have also reported similar site-specific enrichment
in 15N of N2O in the stratosphere by similar manner as ours [8] or infrared absorption
spectroscopy [9].
The mechanism of the heavy-isotope enrichment of N2O was first supplied by the theoretical
calculation in Ref. [10], which showed that the shift of N2O absorption spectrum due to the
difference in zero-point energy of each isotopomers causes the fractionation. They predicted
the difference of the 15N enrichment at the two intra-molecular sites and wavelength
dependence of the enrichment, which turned to be generally in accordance with recent
laboratory experiments [11-13] and stratospheric observations [9,14].
However, recent laboratory photolysis experiments showed disagreement with the theoretical
calculation in the magnitude of the enrichment. In addition, apparent enrichment factors
obtained from stratospheric observations are variable with altitude [14] presumably because
the actual photolysis occurs by variable spectrum of the sun instead of monochromatic light. 
In this paper, we intend to estimate the fractionation factors of isotopomers of N2O in the
stratospheric sink processes by simulating the photolysis, to discuss about wavelength
dependence of the fractionation factor and compare the results with other simulation
experiments and theoretical calculations, and to compare the results with stratospheric
observations and discuss about N2O behavior in the stratosphere.
2. NOMENCLATURE
We define an isotopomer as one of the set of molecules that are isotopically substituted. Since
N2O has an asymmetric structure, and nitrogen and oxygen have two and three stable isotopes,
respectively, following five isotopomers are significant at natural abundance level: 14N14N16O,
14 15 16
N N O, 15N14N16O, 14N14N17O and 14N14N18O. If we name the center and end positions of
the nitrogen atom α and β, respectively, we can define isotopomer ratio for each position, and
express it as a permil deviation from the reference material [6]:
α
α
δ15N = {15R / 15R(std) – 1} × 1000

(1)

δ15Nβ = {15Rβ / 15R(std} – 1} × 1000

(2)

where 15R denotes the ratio of 15N to 14N and
standard material for nitrogen isotope ratio.

15

R(std) is the ratio for atmospheric N2, the

Conventional “nitrogen isotope ratio in N2O” equals the average of two isotopomer ratios
since it does not distinguish these two isotopomers:
δ15Nbulk = {15Rbulk /

15 bulk

R

(std} – 1} × 1000

= (δ15Nα + δ15Nβ ) / 2.
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(3)

Oxygen isotope ratios are expressed by conventional notation:
δ17O = {17R / 17R(std) – 1} × 1000

(4)

δ18O = {18R / 18R(std) – 1} × 1000

(5)

where 17R and 18R are the ratio of 17O and
standard mean ocean water (SMOW).

18

O to

16

O, respectively, and standard material is

3. EXPERIMENTAL
3.1. Photolysis experiments
Since nitrous oxide has an absorption band in a 170 to 230 nm region that overlaps with the
so-called “atmospheric window” ranging between 200-210 nm in the stratosphere, it is
photolyzed to molecular nitrogen and excited oxygen atom [15]:
N2O + hν

-----> N2 + O(1D).

(6)

One more reaction known as N2O sink is oxidation by O(1D) produced mainly by the
photolysis of ozone [15]:
N2O + O(1D)

-----> 2NO (ca. 60%)

(7a)

-----> N2 + O2 (ca. 40%)

(7b)

When integrated over the whole stratosphere, relative contributions of these reactions are 90
and 10%, respectively [16], so we first concentrated on the photolysis in this study. To avoid
the possible side reaction with O(1D) produced by the photolysis of N2O, we quenched the
excited oxygen by nitrogen gas [17, 18] and checked its effectiveness by changing mixing
ratio of N2 and N2O.

YAG
Laser

355 nm

Dye
Laser

412~
420 nm

206~
210 nm

Silica window

Reaction cell

Optical
crystal

FIG. 1. Apparatus used for photolysis of N2O.
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Figure 1 shows a schematic diagram of our experimental setup for photolysis. We used a dye
laser (Lambda Physik, SCANMATE2) pumped by the third harmonic of a Nd:YAG laser
(Continuum, Powerlite 8000) to generate the light of between 412 and 420 nm, and obtained
the second harmonics of 206.1, 207.1, 209.1 and 210.1 nm through a BBO-A crystal. The
light source operates at a repetition rate of 10 Hz with a 206-210 nm pulse energy of ~0.4 mJ,
pulse duration of 10 ns and resolution of 0.2 cm-1. The wavelengths of 412 and 414 nm were
obtained through Exalite 411 (Exciton, INC., dissolved in p-dioxane, approximately 7×10-4
mol/l), and those of 418 and 420 nm were obtained through Exalite 416. Calibration of the
wavelength was carried out by measuring opto-galvanic spectra of Ne.
An aliquot (~2.5 cm3STP) of N2O (δ15Nbulk = -1.59‰, δ15Nα = -3.61‰, δ15Nβ = 0.42‰ and
δ18O = 21.70‰, determined by our N2O isotopomer standard that were calibrated against
atmospheric N2 and SMOW [6]) was introduced to a Pyrex glass cell of 4 cm inside diameter
and 24 cm length (approximately 300 cm3 volume). The cell was equipped with
UV-transparent silica windows of 2 mm thickness at both ends, and optically illuminated area
was estimated at about 0.2 cm2.
For the quenching of O(1D), ultra pure N2 (>99.9998%, Nippon Sanso Co., Ltd.) was added.
Mixing ratio of N2 to N2O was typically set to be 150 after the similar photolysis experiment
of Ref. [18], but in the experiment at 207 nm, the ratio of 50, 100, and 200 was also tested.
Total pressure of the sample mixture was 4.3×104 ~ 1.3×105 Pa (320 ~ 1000 Torr).
After the sample mixture was irradiated at room temperature for 3 to 10 hours, residual N2O
was collected at 77 K and purified through cold bath at ~200 K (for drying) and Ascarite
(Thomas Scientific, for removing trace CO2). Amount of the N2O was measured
manometrically.
3.2. Mass spectrometric analysis
Isotopomer ratios of the photolyzed samples are measured relative to non-photolyzed N2O on
a modified Finnigan MAT 252 mass spectrometer (Thermoquest K.K.) using a conventional
dual inlet. Experimental details are given elsewhere [6]. Briefly, intramolecular distribution of
15
N was determined by analyzing molecular and fragment ions of N2O produced by electron
impact ionization. NO+ contains α nitrogen only, while N2O+ contains both α and β nitrogen,
so that we can deduce the isotope ratio in nitrogen for both α and β site. When converting
measured ratios to isotopomer ratios, we applied experimentally determined correction factor
for scrambling of nitrogen atom during ionization, and assumed the mass-dependent
relationship between abundance of 17O and 18O [17].
4. RESULTS AND DISCUSSION
To analyze the isotopomer data, we assume that the photolysis is irreversible reaction and that
isotope fractionation factor is constant during the reaction. Then, the isotopomer ratios should
satisfy Rayleigh equation and we can obtain the enrichment factor ε from relationship
between isotopomer ratios and residual fraction of N2O [18].
δ - δ0 = εlnf
where
δ
ε
f

is isotopomer ratio (‰),
is the enrichment factor (‰),
is the remaining fraction of N2O (=[N2O]/[N2O]0),

and parameters with subscript zero correspond to the values before photolysis.
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(8)

Figure 2 shows Rayleigh plots obtained at 207.1 nm. It is clear that all isotopomer ratios are
getting higher with the progress of the photolysis, and enrichment in 15N is higher at α site
than at β site.

FIG. 2. Rayleigh plots for photolysis of N2O at 207.1 nm for
O-containing isotopomers (b).

18

15

N-containing isotopomers (a) and

Three open symbols in each plot in Fig. 2 were obtained when the mixing ratio of N2 and N2O
were 200, 50, and 100, although irradiation time is also different. We can see that the
quenching of excited oxygen atom was effective and hence contribution of photo-oxidation
was negligible.
bulk α β
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FIG. 3. Enrichment factors during photolysis at various wavelengths experimentally obtained in this
study and others [11,12,13], and theoretically calculated value of Ref. [10,19]. For the convenience
for comparison, enrichment factors are shown by positive value, although they are negative in our
definition using Eq (8) in text. Error bars show the standard deviations of the regression slopes.
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In Fig. 3 shown are the enrichment factors obtained at 206.1 and 207.1 nm together with the
similar experimental data reported in Ref. [11-13] and theoretical calculation in Ref. [19]. The
photolysis at 209 and 210 nm was not successful because the BBO crystal was gradually
degraded during the experiments at shorter wavelengths. Nitrous oxide was decomposed only
by 8% after 15-hour irradiation and we were able to obtain only three and two data points at
209 and 210 nm, respectively. Thus, the data at 209 and 210 nm were found to give larger
errors or offsets when we fit the data by linear regression and calculate the slope (not shown).
Our results at 206.1 and 207.1 nm show smaller values than the experimental data in Ref. [12]
at 207.6 nm for each isotopomers. The difference seems to have been caused by some
difference of experimental details including analysis of the isotopomers (FTIR absorption
spectroscopy was used in Ref. [12]) and/or the dependency of enrichment factor on
wavelength though we cannot resolve the effect of these factors at present. However, it is
clear that the enrichment factors increase with wavelength when we compare the existing data
at 193 nm [11,12] and at 211 [12] and 213 nm [13]. This is in accordance with the prediction
in Ref. [10] and we can confirm that their theoretical treatment is generally appropriate.
However, a closer look at the experimental and theoretical enrichment factors reveals that the
former is higher than the latter for the whole wavelength range and for the all isotopomers. An
explanation of this discrepancy has been recently proposed by Ref. [13] that the simple
approximation of the model does not consider the dissociation of initially excited N2O
molecule. Our results support such suggestion that further revision should be needed in
theoretical calculation.
Next, we compared the enrichment factors of simulation experiments with those of
stratospheric observations. We have observed the vertical profiles of N2O isotopomers over
Japan using a balloon-borne cryogenic air sampler [14]. Although the apparent enrichment
factor obtained by applying Rayleigh model was not constant throughout the stratosphere, we
found it constant if we divide the stratosphere into the higher and lower region at the altitude
of about 24 km. The shaded area in Fig. 4 indicates the apparent enrichment factor with
estimated error in regression analysis.
In Fig. 4, the slope of the wavelength dependence of the photolysis enrichment factor shows a
positive correlation with the difference of stratospheric apparent enrichment factors between
higher and lower region, so that the wavelength at the crossing point of the regression line and
shaded area is almost same for all isotopomers. If we assume the fractionation of N2O is
solely caused by photolysis, this may indicate that in the higher region, the contribution of
longer wavelength is larger than in the lower region.
In fact, the stratospheric in situ enrichment factor during photolysis (εphoto*) is weighted mean
of enrichment factors in photolysis at wavelength λ (εphoto(λ)) over the whole wavelength
range, where the product of actinic flux (I) and absorption cross section (σ) is taken as a
weight. Therefore, if we define effective wavelength (λeff) at which εphoto equals the εphoto*, it
is possibly dependent on altitude, latitude, seasons, and so on [14]:
εphoto* = εphoto(λ)I(λ)σ(λ)d λ / I(λ)σ(λ)d λ
= εphoto(λeff).

(9)

This may explain the difference of stratospheric enrichment factor between higher and lower
region and suggests that there would be variation in εphoto* with respect to time and space.
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FIG. 4. Comparison of apparent enrichment factors observed in the stratosphere over Japan [14,
shaded area] and photolysis enrichment factors obtained in laboratory experiments for (a), bulk
nitrogen; (b), α nitrogen; (c), β nitrogen; (d) oxygen. Dotted lines are regression lines for the
photolysis data.

Another factor that can affect the apparent enrichment is mixing of N2O that has been
decomposed in different extent. This can occur during transportation of N2O in the
stratosphere. Authors of Ref. [18] showed that a simple one-dimensional diffusion model
gives the apparent enrichment factor reduced by about 50% and it can explain the difference
of enrichment factors between Ref. [10] and their observations for bulk N and O in the lower
stratosphere [5].
One more possible factor is contribution of photo-oxidation, Eqs (7a) and (7b). According to
Ref. [17], enrichment in oxygen isotope of N2O is less in photo-oxidation than in photolysis.
Although there are no data respect to bulk and site-specific nitrogen isotope ratio, contribution
of this sink reaction may decrease the apparent enrichment factor. From the higher to the
lower altitudes, actinic flux contributing photolysis of N2O becomes weaker exponentially
because of the absorption by ozone, while the production rate of O(1D) does not decrease as
rapidly [15]. Therefore, the lower enrichment in the lower region of the stratosphere may
indicate that in the lower stratosphere contribution of photo-oxidation to N2O destruction is
larger than 10%, that is currently estimated value for whole stratosphere based on a
two-dimensional photochemical model [16]. Our estimation based on observations and
available data of laboratory experiments indicated that the contribution of photo-oxidation
could be up to 60% in the lower stratosphere [14].
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5. CONCLUDING REMARKS
Enrichment of heavy isotopomers of N2O during photolysis at 206 and 207 nm was different
between each isotopomers, which is in accordance with other simulation experiments,
theoretical calculation, and stratospheric observations. Magnitude of the enrichment is higher
than that of the theoretical calculation, suggesting that the simple model of the latter should be
revised. Comparison with other experiments conducted at different wavelength ascertains that
the enrichment factor depends on the wavelength. In situ enrichment factors obtained from
stratospheric observations suggest that the effective wavelength in photolysis would be
variable between 190 and 200 nm when compared to those of photolysis experiments, but
factors other than photolysis should also be investigated.
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Abstract. Polyisotopic element atoms that are present in a molecule form a pool of isotopomer
molecules. Mono- and polyisotopomers are distinguished depending on the quantity of atoms of
polyisotopic elements. Methodical approaches have been considered for the quantitative determination
of the isotope composition of an element included in mono- and polyisotopic molecules. A possibility
of the equally probable (homogeneous) and non-equally probable (non-homogeneous) distribution of
isotopes of a polyisotopic element, the atoms of which have different positions in the molecule of
polyisotopomer, has been shown. Factors disturbing the homogeneous distribution of isotopes of the
element in the polyisotopomer pool have been revealed. When a polyisotopomer is involved in a massdependent process or reaction, the homogeneity of isotope distribution of the element is disturbed both
in the residual and newly formed pools of polyisotopomer. By the example of CO2 (polyisotopomer by
oxygen) it has been shown that one can judge of the history of the analyzed pool formation by
distribution of oxygen isotopes within this pool. The isotope content in the oxygen sites of
polyisotopomer is a diagnostic feature of CO2 involvement in the efflux from a reservoir or influx to
the analyzed reservoir from an external source.

1. INTRODUCTION
In the course of their study of radioactive elements, Soddy [1] and Fajans [2] first revealed
compounds (isotopes) which contained atoms of an element different in weight but having the
same nuclear electric charge and close chemical properties. By the example of neon, Thomson
[3] demonstrated the existence of isotopes in light elements using a mass spectrograph. Also
Aston [4] and Dempster [5] detected and measured isotope abundances of many other
elements with the use of a mass spectrograph. Thus, it was shown that there are natural pools
of molecules, which contain isotopic atoms of the corresponding polyisotopic element, i.e.,
isotopomers. Mono- and polyisotopomers are distinguished depending on the quantity of
atoms of this element in the molecule structure.
Monoisotopomers are molecules with only one atom of polyisotopic element in their
structure. Polyisotopomers are molecules with two and more atoms of polyisotopic element. If
polyisotopomer by element A contains another element B, then this polyisotopomer may be
symmetrical or asymmetrical relative to element B. In its turn, element B may be a mono- or
polyisotopic element. If it is monoisotopic, then there is only one cluster of molecules
isotopically different by element A (a monocluster pool of polyisotopomer). If element B is a
polyisotopic element, then each of its isotopes will have a corresponding cluster of molecules
isotopically different by element A (i.e., a polycluster pool of polyisotopomer). Carbon
dioxide (CO2), for example, as a polyisotopomer by oxygen, will be a symmetrical
isotopomer relative to carbon and consist of 12C- and 13C-clusters. Polyisotopomer by
nitrogen N2O will be an asymmetrical isotopomer relative to oxygen and consist of three
clusters (16O-, 17O-, and 18O-clusters). Polyisotopomer tetrafluoroethylene (F2CCF2) will be a
symmetrical and monocluster polyisotopomer by carbon. It should be noted that, according to
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the established practice, the isotopic composition of element A is measured by the
quantitative analysis of molecules isotopically different by this element, using the cluster of
the most widespread isotope of element B. The abundances of isotopic atoms for mono- and
polyisotopomers are measured by different methodical approaches. The current report was
aimed to analyze the known methods of measuring the abundances of stable isotopes of
elements occurring in the pool of mono- and polyisotopomers.
2. THEORY
2.1. Monoisotopomers
Precision mass spectrometric measurements of the ratios of abundances of stable isotopes in
monoisotopomers were initially developed in [6-10]. The analysis of isotope abundances of
the polyisotopic element A occurring in a monoisotopomer consists in the quantitative
determination of the ratio of isotopically different molecules with the element A in the
monoisotopomer pool, i.e.,
R = [pA]/[qA]

(1)

where [pA], [qA] are quantities of molecules containing pA and qA isotopes of the analyzed
element A (q > p). The equation describing the isotope distribution in the molecule pool of the
monoisotopomer can be written as
R – R0 = 0

(2)

where R is a variable, R0 is the ratio of abundances of isotopically distinctive molecules pA
and qA in the pool of the tested monoisotopomer.
Modeling the efflux of the monoisotopomer from a reservoir as a first order reaction would
give us the ratios of isotopic abundances (rf) in a residual part (1-f) of the monoisotopomer
pool to the initial isotopic ratio (r0) as
rf=r0(1-f)1/α-1

(3)

where α is the discrimination (fractionation) coefficient of the qA isotope containing
monoisotopomer relative to the pA isotope containing monoisotopomer; f is the fraction of
monoisotopomer which has left the reservoir; and r=1/R=[qA]/[pA].
Analogous to the monoisotopomer efflux, the ratios of the element A isotopic abundances (pf)
in the isotopomer pool transferred from a donor reservoir can be expressed as
pf=r0(1-(1-f)1/α )/f

(4)

If the monoisotopomer containing the element A has three or more isotopic atoms (for
instance, oxygen has three isotopes: 16O, 17O and 18O), there are three or more isotopically
distinctive species of molecules. In this case, the abundances of these molecules make up a set
of the isotope abundance ratios of the element A. Using one isotopic molecule species as a
reference, the quantities of other two or more isotopically distinct molecules can be compared
with the above quantity of molecules. Mass dependent or mass independent fractionation may
occur only in the molecule pool of the monoisotopomer bearing the element with more than
two isotopes.
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2.2. Polyisotopomers
The isotope abundances of polyisotopic element in the pool of polyisotopomer were first
measured by the analysis of the corresponding monoisotopomers obtained from
polyisotopomers. For example, the 13C/12C ratios in organic substances (polyisotopomers by
the carbon element) were determined using CO2 (monoisotopomer by carbon), which was
obtained by quantitative oxidation of these substances. It is obvious that the differences in the
carbon isotope content of different carbon positions in the polyisotopomer molecule are
leveled by this operation. Isotopic variations of the element constituent of polyisotopomer
were revealed by specific chemical reactions isolating structures with the analyzed element.
For example, in case of amino acids and organic acids it was possible to isolate and measure
the carbon isotopic composition of the carboxyl group and the rest part of the molecule
separately, using the reactions of decarboxylation [11]. It was shown that amino acids
produced by photoautotrophs were characterized by the lower content of isotope 13C in the
alkyl portion of the amino acids as compared with their carboxyl group. On the other hand,
amino acids synthesized by heterotrophic organisms have in their carboxyl groups the carbon
atoms with the lower content of 13C isotope relative to the rest part of the amino acids.
Thus, the isotope distribution of the polyisotopic element A in the polyisotopomer pool may
be intramolecularly heterogeneous, i.e., the ratio of abundances of isotopic atoms of the
element A may be distinguished in different sites in the molecule.
Possible finding of isotopic heterogeneity (non-homogeneity) in a polyisotopomer by the
quantitative mass spectrometric analysis of the ratios of its isotopically distinctive molecule
ions was first proposed in 1974 [12]. Later, this approach was further developed by the
examples of analysis of the oxygen isotope composition of CO2 as an oxygen diisotopomer
[13, 14]. The idea of calculation of isotope distribution of the element A in the
polyisotopomer pool using a set of isotopically distinctive molecules will be considered in
details in the next part.
For simplicity of reasoning, let us consider the distribution of isotopes pA and qA of the
element A in the diisotopomer pool. Abundances of these isotopes are equal to a and b,
respectively (where a + b = 1 by definition) and their isotopic composition is represented by
value R = a/b. If the element A has the same isotope abundances by positions 1 and 2 in the
molecule (i.e., R1 = R2 = R0 = a/b), then the equation characterizing the distribution of isotopes
in the pool of this isotopomer can be formulated as
(R – a/b)2 = 0,

(5)

where a and b are abundances of isotopes pA and qA of the analyzed element A.
If b≠ 0, then the equation (5) will be written as
b2R2-2abR+a2=0

(6)

Since a + b = 1, the values a2 and b2 reflect the probabilities of finding one of the isotopes pA
or qA by two positions of the element A in the molecule, and 2ab is the probability of their
simultaneous finding by these positions. Previously Zyakun and Schidlowski [13] discussed
that the values b2, 2ab, and a2 have to be proportional to peak intensities in the mass spectrum
of diisotopomer: I2 = k b2 is the peak intensity determined by the quantity of molecules having
in two sites only isotope qA; I1= k 2ab is the peak intensity corresponding to the quantity of
molecules having pA and qA isotopes simultaneously by two positions; I0 = k a2 is the peak
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intensity corresponding to the quantity of molecules having only isotope pA by two positions
in the molecule of diisotopomer (k is the coefficient of proportionality). Normalizing the
intensities of the peaks I2, I1, I0 by I2, we obtain a set of values in Eq. (6): 1, I1/I2 and I0/I2, or 1,
2a/b, and a2/b2. It is quite obvious that the solution of the equation (6) with the values 1, I1/I2
and I0/I2 will be Ro = a/b, i.e., the ratio of abundances of isotopic atoms pA and qA of the
element A in diisotopomer.
In case of non-homogeneous isotope distribution in two-site molecules with a different
probability of finding isotopes pA and qA by each of the two positions in the pool of
diisotopomer (i.e., R1 ≠R2), Eq. (6) can be presented as
(R – R1)(R – R2) = 0
or
R2 - (R1 + R2) R + R1R2 = 0

(7)
(8)

The values 1, (R1 + R2) and R1R2 are normalized intensities of the peaks of molecular ions in
the mass spectrum of diisotopomer with different ratios of isotopic atoms pA and qA of the
element A in each of its positions in diisotopomer. Therefrom it follows that the quantity of
isotopically distinct molecules in the isotopomer pool is determined by the ratios of
abundances of isotopes pA and qA of the element A by its individual sites in the molecule. One
should remember that the data obtained from solution of the corresponding mathematical Eqs.
(5) and (7) may evidence only the existence of sites of the element A in the molecule, which
enable the finding of isotope atoms in the analyzed pool with the same or different probability
but not identification of their sites in the molecule directly.
The proposed approach to the assessment of the isotope composition of the element A in
polyisotopomers allows their classification by distribution of isotopes of the element A within
the molecules. If the probability of finding an isotope atom of the element A by all its sites in
the molecule is the same (i.e., R1 = R2 = R3 = … = Rn = R0), then such a distribution of
isotopes of the element A in the polyisotopomer pool is called homogeneous. The equation
presenting the homogeneous distribution of the element A isotopes will be as
(R – R0)n = 0

(9)

where R = R0 is the solution of this equation.
Non-homogeneous distribution of isotopes of the element A in the pool of polyisotopomer is
distribution of isotope atoms that can be found by each of n-sites of the element A with
different probabilities (i.e., R1≠ R2≠R3≠…≠Rn). The equation reflecting the non-homogeneous
distribution of isotopes of the element A in the polyisotopomer pool will be written as
(R – R1) (R – R2) … (R – Rn) =0

(10)

where R1, R2,… Rn. are the solutions of Eq.(10).
It should be noted that the values Ri (i = 1, 2, …, n) may be both real and complex numbers. If
polyisotopic element A contains a mixture of isotope atoms, one of which is predominant in
abundance while the rest are in minor quantities, then the isotope composition of the element
A in the polyisotopomer pool can be determined by the following three known methods:
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1. The conventional practice determination of the isotope atom abundance ratios of the
element A represented as a measurement of quantities of two isotopically distinct molecule
species, one of which contains atoms of only predominant isotope and the other has one
atom of the minor isotope along with the major isotope of the element A.
2. The atomic isotope abundance ratios of the element A in the pool of the analyzed
polyisotopomer calculated as a ratio of the quantity of sums of molecules bearing the light
(pA) and heavy (qA) isotopes, respectively.
3. The average value of isotope abundance ratios calculated as an average of values Ri (i=1,2,
… n) for all sites of the element A in the polyisotopomer.
Let us compare the data on the isotope composition of the element A in the polyisotopomer
pool obtained by the above approaches by the example of a diisotopomer using the Eq. (8). In
case of homogeneous distribution of isotopes of the element A in diisotopomer, its isotope
composition is characterized by values R1=R2=Rav, where R1 and R2 are isotope abundance
ratios of the element A for site 1 and site 2 in the diisotopomer, respectively; Rav is an average
of values R1 and R2. The equation describing the isotope distribution of the homogeneous
two-site molecule pool can be written as
R2-2RavR+(Rav)2=0

(11)

Peak intensities I2, I1, and I0 in the mass spectrum of the diisotopomer are proportional to the
values 1, 2Rav and (Rav)2 (see Eq. 11). The conventional practice of the pA and qA isotopic
analysis of the element A in diisotopomer relies on the two most intensive peaks of the
diisotopomer mass spectrum as:
Rc=I0/I1

(12)

Rc=(Rav)2/(2Rav)= Rav/2

(13)

or

Using the peak intensities I2, I1, and I0 in the mass spectrum of diisotopomer, the atomic
isotope ratio can be calculated as
or

Ra= (2I0 + I1)/(I1 +2 I2)

(14)

Ra= (2(Rav)2 + 2Rav)/( 2Rav +2) = Rav

(15)

Consequently, in case of homogeneous distribution of isotopic atoms of the element A in
diisotopomer the atomic and conventional values Ra and Rc are equal or proportional to the
average isotopic value Rav.
In case of non-homogeneous isotope distribution of the element A, the two-site diisotopomer
pool has two values of isotopic ratios R1≠R2 for the element A in site 1 and site 2,
respectively. The equation describing the isotope distribution of the non-homogeneous twosited diisotopomer pool would be presented as
(R -R1)(R- R2)=0
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(16)

or

R2-( R1+ R2)R + R1R2=0

(17)

where R1 and R2 are the solutions of Eq. (17).
Peak intensities I2, I1, and I0 in the mass spectrum of the diisotopomer are proportional to the
values 1, (R1+ R2) and R1R2 (see Eq. 17), respectively. If Rav=(R1+R2)/2, then R1= Rav +∆R
and R2= Rav -∆R. Eq. (17) may be rearranged to
R2-2RavR + (Rav )2-(∆R)2=0

(18)

Determination of the pA/qA isotopic ratios for diisotopomer pool with non-homogeneous
isotope distribution by conventional practice would be calculated as
Rc=[(Rav )2-(∆R)2]/2Rav = [Rav - (∆R)2/Rav]/2

(19)

The atomic isotope ratios for non-homogeneous isotope distribution in the two-sited molecule
pool are determined as
Ra=[2((Rav )2-(∆R)2)+2 Rav]/(2 Rav+2)= Rav-(∆R)2/(Rav+1)

(20)

The value ∆R reflects deviations of the abundances of isotope atoms of the element A by its
individual sites in the diisotopomer molecule from Rav. From Exps. (19) and (20) it follows
that if the value ∆R is presented by real numbers then the ratios of Rc and Ra will have the
lower values than Rav, (i.e., Ra <2 Rc < Rav) and if the value ∆R will be presented by imaginary
numbers then the Rc and Ra values will be higher than Rav (i.e., 2 Rc > Ra > Rav).
3. FACTORS CAUSING THE DISTURBANCE OF HOMOGENEOUS DISTRIBUTION
OF THE ELEMENT ISOTOPES IN DIISOTOPOMER POOL
3.1 Different sources of element A in diisotopomer
One of the factors, which may be the reason of disturbed homogeneity of isotope distribution
in the polyisotopomer pool, is different sources of the element A for its different sites in the
molecule. An example may be carbon dioxide obtained at low-temperature oxidation of CO
using I2O5 in the reaction [15]:
CO + I2O5

CO2

In this case, one oxygen atom in CO2 comes from CO (R1) and the other one – from J2O5–
oxidant (R2). If R1≠R2, then the CO2 pool will be non-homogeneous by oxygen isotopes. It is
essential to note that R1 and R2 have to be real numbers and Ra <2 Rc < Rav.
3.2 Kinetic isotope effects
The second factor disturbing the homogeneity of distribution of isotope atoms in the
polyisotopomer pool is a difference in reaction rates for isotopically distinct molecules (the
kinetic isotope effect during the diffusion efflux/influx of molecules from/to reservoir,
consumption of diisotopomer molecules in chemical and biochemical processes, etc.) With
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incomplete utilization of the molecule pool in reactions or processes, its remaining part will
show a change in relations between isotopically distinct molecules relative to their initial
quantity. This will result in a change of the values in Eq. 18 relative to their initial values.
Let us consider the changes in the isotope abundance ratios of the element A in the
diisotopomer pool. In this case, the kinetics of the element A isotope fractionation should deal
with two sets of the pA and qA isotopically different molecules, i.e. a) pA2M and pAqAM; b)
p
A2M and qA2M . A mathematical expression describing the fractionation of the element A
isotopes during the efflux, which involves the molecules A2M isotopically distinct by the
element A (variants a, and b), may be presented as:
rf(1,2)=r0(1,2)(1-F)(1-α1,2)/α1,2

(21)

where index 1 or 2 shows the presence of one or two qA atoms, respectively; α1 and α2 are the
fractionation coefficients of pAqAM and qA2M molecules relative to pA2M.
A change in the quantities of pAqAM and qA2M isotopically different molecules relative to
p
A2M, depending on the share (F) of A2M consumed, may be expressed in δ units as

δ (pAqAM)=[(1-F)(1-α1)/α1-1] ⋅1000 %o

(22)

δ (qA2M)=[(1-F)(1-α2)/α2-1]⋅1000 %o

(23)

and

In case of mass-dependent fractionation of the molecules of A2M, the isotopically different by
the element A, the coefficients α1 and α2 are known to be proportional to the square root of a
ratio of masses of the respective molecules, i.e.

α1~([ pAqAM]/[ pA2M])1/2
and

α2~([ qA2M ]/[ pA2M])1/2

(24)

(25)

By dividing Exp. (22) by (23), we find that the mass-dependent fractionation of A2M
isotopically different by the element A can be expressed as:
k=δ( pAqAM)/δ(qA2M)≈α2(1-α1)/α1(1-α2)

(26)

Let a certain reservoir contains a pool of diisotopomer with homogeneous distribution of
isotopes of element A (R0). In the course of a certain reaction, diisotopomer molecules
bearing predominantly an isotopically light element A are released from the reservoir. As a
result, the share of isotopically heavy molecules will be increasing in the portion of
diisotopomer remaining in the reservoir as diisotopomer will efflux, while the other reservoir
where some part of molecules enters will contain, respectively, isotopically light molecules of
diisotopomer as compared with the initial reservoir. In both cases (efflux and influx), the
isotopic composition of the element A in diisotopomer molecules will be characterized by the
equation (18).
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If homogeneity in distribution of the isotopes of element A is not disturbed in the remaining
pool of diisotopomer under its efflux, then ∆R = 0 and Rav > R0. We will name such
fractionation of the isotopes of the element A as a collinear (proportional) fractionation. If
each of the isotopic forms of diisotopomer under efflux and influx is characterized by
different constants of reaction rates, then the value ∆R≠0 (non-collinear fractionation of
isotopes). It can be easily seen that in case of efflux the free member in the equation (18) will
be less than that observed under homogeneous distribution of the isotopes of the element A in
the diisotopomer pool. This implies that (Rav)2–(∆R)2 < (Rav)2, or (∆R)2 > 0. In case of influx
of isotopically different molecules into the reservoir, the quantity of isotopically light
molecules of diisotopomer will be higher than under homogeneous distribution of the element
A isotopes in this reservoir, i.e., (Rav)2 – (∆R)2 > (Rav)2, or (∆R)2 < 0. From the latter
inequality it follows that the value ∆R will be an imaginary number, while R1 and R2 are
represented by complex numbers. It is obvious that at non-collinear fractionation of isotopes
the value ∆R may depend both on the weight of isotopically different molecules of
diisotopomer (mass-dependent fractionation) and on other factors (e.g., the secondary isotopic
effects determined by the influence of neighboring isotopic atoms during the dissociation or
formation of bonds in a molecule). Thus, the above analysis has offered the main parameters
determining the isotopic composition of polyisotopomer. Table I shows isotopic
characteristics of polyisotopic element Ⱥ, which follow from the analysis of the
polyisotopomer pool.
Table I. Isotopic characteristics of the diisotopomer pool bearing polyisotopic element A
Isotopic characteristics
1. Symmetrical distribution of Ⱥ
2. Asymmetrical distribution of Ⱥ

Remarks
In addition to element Ⱥ, molecule contains
other elements

3. Monocluster isotope pool of Ⱥ
4. Polycluster isotope pool of Ⱥ

Molecule has monoisotopic ȼ
Molecule has polyisotopic ȼ

5. Homogenous distribution of isotopes
6. Non-homogenous distribution of isotopes

R1 = R2 =Rav; ∆R=0
R1 =Rav +∆R; R2 =Rav -∆R; ∆R≠0

7. Fractionation of isotopes:
Efflux of isotopically different molecules
Influx of isotopically different molecules
8. Collinear efflux/influx
9. Non-collinear efflux/influx
10. Mass-dependent fractionation
11. Mass-independent fractionation

R1 ≠ R2; (∆R)2>0
R1 ≠ R2; (∆R)2<0
R1 = R2; R1 ≠ R2; ∆R=0
R1 ≠ R2; ∆R≠0
k≈α2(1-α1)/α1(1-α2)
k≠α2(1-α1)/α1(1-α2)

4. APPLICATIONS
Let us consider the change in the oxygen isotope characteristics of the carbon dioxide pool
during the molecule efflux from reservoir and influx to a certain reservoir. The analysis will
use a 12C-cluster of CO2 molecules isotopically different by 16O and 18O, i.e., ɋ16Ɉ2, ɋ16Ɉ18Ɉ,
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and ɋ18Ɉ2. An equation reflecting the distribution of oxygen atoms in this case can be written
as
48

I R2-46I R+44I=0

where 44I, 46I and
respectively.

48

(27)

I are quantitative characteristics of isotope molecules in the ɋɈ2 pool,

At a non-collinear and mass-dependent efflux of ɋɈ2 from the reservoir, the quantity of
molecules containing 16Ɉ will decrease along with ɋɈ2 run-off. Depending on the share of
carbon dioxide efflux (f), the contents of ɋ16Ɉ18Ɉ and ɋ18Ɉ2 relative to ɋ16Ɉ2 (i.e. 44Ife=1.0 ,
46
Ife and 48Ife) will be found by expressions
46

Ife=46I0(1-f)1/α1 -α1

(28)

48

Ife=48I0(1-f)1/α2 -α2

(29)

In case of CO2 influx into the reservoir, the quantities of ɋ16Ɉ18Ɉ and ɋ18Ɉ2 relative to ɋ16Ɉ2
(i.e. 44Ifi=1.0 , 46Ifi and 48Ifi) will be calculated as
46

Ifi=46I0(1-(1-f)1/α1)/f

(30)

48

Ifi=48I0(1-(1-f)1/α2)/f

(31)

where α1=([C16O18O]/[C16O2])1/2 and α1=([C16O18O]/[C16O2])1/2 are coefficients of
fractionation of isotopically different molecules of carbon dioxide.
The average value of oxygen isotope composition by two sites in ɋɈ2 molecule (Rav) and the
value ∆R during the CO2 efflux from the reservoir (index e) and the CO2 influx into the other
reservoir (index i) will be determined using expressions
Rav(e,i)=46If(e,i) /2 48If(e,i)

(32)

∆R(e,i) =[(46If(e,i) )2-4 48If(e,i) 44If(e,i)] 1/2/248If(e,i)

(33)

From (32, 33) it follows that with ɋɈ2 efflux/influx from/into reservoir the value Rav will
decrease, while the absolute value ∆R, on the contrary, will increase.
To be specific, let us consider the change in the isotope composition of carbon dioxide
characterized by δ18Ɉ = -0.73 %ɨ relative to PDB standard, under its efflux from one
reservoir and influx into another. In case of homogeneous distribution of 18Ɉ in the initial
pool of ɋɈ2, the average value of isotope contents by two sites of oxygen will be Rav= 471.77,
while the corresponding equation will be presented as
4.4930 R2 -4239.34 R +106=0

(34)

As mentioned above, the quantitative parameters in the equation (34) will change at the efflux
of this ɋɈ2 from one reservoir and its influx into another reservoir. Values Rav and ∆R
characterizing distribution of oxygen isotopes in ɋɈ2 in the first and second reservoirs will
also change.
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FIG. 1. Relationship between values Rav and (∆R)2 of carbon dioxide model reservoir for different
values f reflecting the increasing portions of reservoir depletion from 0 to 0.9 is represented by Rav =(0.03368±0.00014) (∆R)2 + (472.0±0.08).The variation coefficient for the last term of this Rav
expression is 0.02%.The discrimination coefficients for the functions 46Ife (Expr. 28) and 48Ife (Expr.
29) are α1=1.022474 and α2= 1.0444659. Values of 46I0 and 48I0 are borrowed from Expr. 34.

Figure 1 shows a linear dependence between Rav and (∆R)2 for different values f reflecting the
portion of ɋɈ2 efflux from one reservoir:
Rav = k(∆R)2 + R0

(35)

where R0 is the characteristic of distribution of isotopes 16Ɉ and 18Ɉ in the initial reservoir; k
is the coefficient of proportionality. From expression (35) it follows that determination of no
less than two values of the pair of parameters Rav and (∆R) in the course of efflux and/or
influx of ɋɈ2 will allow the calculation of value R0 characterizing oxygen isotope
composition in the initial reservoir.
5. DETERMINATION OF ISOTOPE COMPOSITION OF OXYGEN IN CARBONATE
The basic postulate of determination of isotope distribution was an assumption that the
distribution of 18O in carbonate is homogeneous. An object of the analysis was barium
carbonate enriched with 18O isotope, whose oxygen isotope composition was strongly
different from natural water and orthophosphate acid used as a reagent. Carbonate
dissociation by acid results in the formation of CO2, whose oxygen isotope composition may
be non-homogeneous due to incompleteness of the reaction, its partial exchange with the
water present in the acid, etc. Temperature and time of the reaction, as well as the amount of
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carbonate participating in the reaction, were used as factors affecting the degree of carbonate
dissociation and homogeneity of 18O distribution in CO2.
Table II gives the results of analyzing the content of CO2 molecules, isotopically different by
oxygen, which were obtained under acid dissociation of carbonate, and the values Rav and (i
∆R) calculated by expressions (32) and (33).
Table II. Isotope characteristics of CO2 obtained at barium carbonate dissociation by
orthophosphoric acid
N
1.
2.
3.
4.
5.

44

I
1.000
1.000
1.000
1.000
1.000

46

I
1.20207
1.17495
1.25270
1.06270
0.95730

48

I
0.53556
0.50846
0.47268
0.43970
0.37670

Rav
1.1223
1.1554
1.1903
1.2084
1.2706

±i ∆R

0.7796
0.7948
0.8359
0.9022
1.0200

Note
28ɨ, 30 min, 30 mg
25ɨ, 30 min, 30 mg
20ɨ, 30 min, 30 mg
20ɨ, 30 min, 16 mg
100ɨ, 60 min, 30 mg

As follows from Table II, the characteristics of oxygen isotope composition in CO2 formed
indicate a non-homogeneous distribution of 18O in CO2, depending on the conditions of
carbonate dissociation (temperature and time of reaction, amount of carbonate). At the same
time, the values R1,2 =Rav ±i∆R represented by complex numbers evidence the influx of ɋɈ2
to the analyzed reservoir. Using the values Rav and i∆R for ɋɈ2 samples obtained at acid
dissociation of barium carbonate (Table II), an equation (36) has been defined by the method
of least squares, which reflects the dependence between Rav and (i∆R)2.
Rav =-(0.2854±0.0145)(i∆R)2+(0.9765±0.0126)

(36)

The coefficient of variations for the free member in the equation (36) was 2.3%. At (∆R)2=0
we determine the value R0 characterizing the oxygen isotope composition in the analyzed
barium carbonate. In this case, R0=0.9765±0.0126, which corresponded to the content of 18Ɉ
in carbonate of 50.6±0.3% .
Thus, the above example demonstrates the possibility to determine the true ratio of oxygen
isotopes in carbonate, using several CO2 samples obtained at partial dissociation of this
carbonate.
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POTENTIAL USE OF THE NON-RANDOM DISTRIBUTION
OF N2 AND N2O MOLE MASSES IN THE ATMOSPHERE
AS A TOOL FOR TRACING ATMOSPHERIC MIXING
AND ISOTOPE FRACTIONATION PROCESSES
R. WELL
Institute of Soil Science, University of Göttingen, Germany
R. LANGEL, A. REINEKING
Isotope laboratory for biological and medical research, University of Göttingen, Germany
Abstract. The variation in the natural abundance of 15N in atmospheric gas species is often used to
determine the mixing of trace gases from different sources. With conventional budget calculations one
unknown quantity can be determined if the remaining quantities are known. From 15N tracer studies in
soils with highly enriched 15N-nitrate a procedure is known to calculate the mixing of atmospheric and
soil derived N2 based on the measurement of the 30/28 and 29/28 ratios in gas samples collected from
soil covers. Because of the non-random distribution of the mole masses 30N2, 29N2 and 28N2 in the mixing gas it is possible to calculate two quantities simultaneously, i.e. the mixing ratio of atmospheric
and soil derived N2, and the isotopic signature of the soil derived N2. Routine standard measurements
of laboratory air had suggested a non-random distribution of N2-mole masses. The objective of this
study was to investigate and explain the existence of non-random distributions of 15N15N, 14N15N and
14 14
N N in N2 and N2O in environmental samples. The calculation of theoretical isotope data resulting
from hypothetical mixing of two sources differing in 15N natural abundance demonstrated, that the
deviation from an ideal random distribution of mole masses is not detectable with the current precision
of mass spectrometry. 15N-analysis of N2 or N2O was conducted with randomised and non-randomised
replicate samples of different origin. 15N abundance as calculated from 29/28 ratios were generally
higher in randomised samples. The differences between the treatments ranged between 0.05 and 0.17 δ
‰ 15N. It was concluded that the observed randomisation effect is probably caused by 15N15N fractionation during environmental processes.

1. INTRODUCTION
The variation in the natural abundance of 15N in atmospheric gas species is often used to determine the mixing of atmospheric trace gases from different sources (e.g. Rahn & Wahlen,
2000 [1]). With conventional budget calculations one unknown quantity can be determined if
the remaining quantities are known. From 15N tracer studies in soils with highly enriched 15Nnitrate a procedure was developed to calculate the mixing of atmospheric and soil derived N2
based on the measurement of the 30/28 and 29/28 ratios in gas samples collected from soil
covers (Hauck et al., 1958 [2]). Because of the non-random distribution of the mole masses
30
N2, 29N2 and 28N2 in the mixing gas it is possible to calculate two quantities simultaneously,
i.e. the mixing ratio of atmospheric and soil derived N2, and the isotopic signature of the soil
derived N2. This principle can theoretically be used as a tool to study the mixing of N2 and
N2O from different sources with distinct differences in natural abundance 15N. Because
maximum differences in 15N abundance of natural systems is several orders of magnitude
lower compared to 15N tracer experiments a sensitivity analysis is necessary to investigate if
non-random distribution of mole masses in natural samples can be detected.
Recently, variations in the intramolecular site preference of 15N in N2O isotopomers were
discovered in atmospheric samples (Yoshida & Toyoda, 2000 [3]; Röckmann et al., 2000 [4])
and were attributed to differences in site preference among N2O sources. The possibility of
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preferred formation of either 14N15N or 15N15N species during the transformation of N2 or N2O
in geospheric processes has to our knowledge not yet been considered. If such an effect would
exist, then it would result in a deviation from random distribution of dinitrogenous mole
masses.
Routine standard measurements of laboratory air had suggested a non-random distribution of
N2-mole masses (Well et al., 1998 [5]). The 29/28 ratio of laboratory air increased by 0.14 δ
‰ after passing a microwave equilibration unit to randomise mole masses. This finding can
be either attributed to the above described processes or to an unknown experimental error
during isotope analysis.
The aim of the present study was (1) to conduct a sensitivity analysis on the theory of using
non-random distribution of N2 and N2O mole masses to identify sources with different isotopic signatures, and (2) to investigate the existence of measurable non-random distribution of
N2 and N2O mole masses by analysing samples of different origin.
1.1 Isotope effects from the mixing of sources differing in 15N abundance
1.1.1 Principle
Hauck et al. (1958 [2]) proposed a method (referred to as “HAUCK-method” in the remainder
of the paper) to study denitrification in soils with the 15N tracer technique. This method uses
the distribution of the N2 mole masses 28, 29 and 30 to calculate the mixing of N2 evolved by
denitrification from highly enriched nitrate with atmospheric N2. The calculations are based
on the assumption, that the N2 mole masses from the different pools are randomly distributed,
i.e. they follow a binomial distribution, which can be expressed as follows.
14

a = 1 - 15a

14 2

a + 2(14a15a) + 15a2 = 1

(1a)
(1b)

where 14a and 15a denote the atomic fractions of 14N and 15N, respectively. From Eq. 1b expressions can be derived to calculate the frequencies of masses 28, 29 or 30 at any given 15a:
28

(2a)

29

(2b)

30

(2c)

x = (1 –15a)2
x = 2 (1-15a) 15a
x = 15a2

If N2 from two pools (1 and 2) with different 15N enrichment mixes, then the frequency of
each of the N2 mole masses as well as of the 15N frequency can be described with a general
mixing formula:
15

amix = d 15a1 + (1 - d) 15a2

(3)

where d denotes the mixing ratio. The 15N atom fraction of the mixture is defined by the frequency of the three molecular species
15

amix = (29xmix + 2 30xmix)/[2 (28xmix + 29xmix + 30xmix)]

(4)
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If the three N2 mole masses are randomly distributed 30N2 can be omitted in the calculation:
15

amix = 29xmix /(2 28xmix + 29xmix)

(5)

However, N2 mole masses are non-randomly distributed in a gas mixture as described above.
Thus, Eq. 5 would result in a value deviating from the ideal 15amix. Consequently , the measurement of masses 29 and 28 is not sufficient. Direct or indirect determination of 30N2 is necessary for accurate calculation of 15amix using Eq. 4. The HAUCK-method uses the relationships of Eqs. 1 – 4 in order to calculate the mixing ratio d and the 15a of the enriched nitrate
pool (15ap). Various equations have been developed in order to calculate d and 15ap from N2 or
N2O isotope ratios (Siegel et al., 1982 [6]; Mulvaney, 1984 [7]; Arah 1992 [8]; Well et al.,
1998 [5]). Since then, the HAUCK-method has successfully been used in various studies to
measure soil denitrification in the field or laboratory.
The natural isotope signatures of many gas species in the environment are subject to multiple
fractionation processes and therefore vary considerably in space and time. The natural range
of δ 15N of N2O for example is approx. 50 ‰ (Rahn & Wahlen, 2000 [1]) with lowest values
in N2O from terrestrial processes and highest values in the oceans. Principally, the HAUCKmethod can be used in order to supply additional information for calculating the mixing of gas
species with at least two atoms of one element per molecule like e.g. N2 and N2O. With conventional mixing models, a mixing ratio of two components can be obtained if their isotopic
signatures are defined. In addition to the mixing ratio the HAUCK-method provides the isotopic signature of one of the components, if the distribution of the mole masses of the other
component is defined. Thus, the use of the HAUCK-method for analysing natural abundance
stable isotopic signatures could theoretically improve the understanding of global budgets of
certain gas species.
1.1.2 Sensitivity Analysis
The range of natural isotopic abundances is small compared to the high 15N enrichment of the
tracer experiments where the Hauck-method is used. Therefore, it is necessary to evaluate if
instrumental precision of isotope ratio mass spectrometers (IRMS) is sufficient to apply the
HAUCK-method to natural abundance levels. A direct proof of the mixing of two sources
with distinct differences in 15N enrichment would be to verify that the distribution of the mole
masses in the gas mixture is non-random. In the following it is investigated if this verification
is possible with the actual precision of IRMS. The theoretical isotope ratios of hypothetical
gas mixtures of two N2 pools with varying values for 15a1, 15a2 and d are compared to isotope
ratios of samples with equal 15N abundance but with random distribution of mole masses. Table I gives an example with d = 0.5, 15a1 = 6 δ ‰ and 15a2 = -40 δ ‰ . These values were chosen in order to demonstrate the maximum signal that can be expected from the variation in the
15
N natural abundance of N2O . Eqs. 2 a - c are used to calculate molecular frequencies for
each fraction of the mixture. Eq. 3 provides the molecular frequencies and the 15N abundance
of the non-equilibrium gas mixture. Eqs 2 a – c are used again to calculated molecular frequencies of an equilibrium sample with random molecular distribution but with the same 15N
abundance as the non-equilibrium sample. The differences between equilibrium and nonequilibrium values are - 0.002 δ ‰. These calculations were also conducted for a range of d
of 0.5 to 0.0005 and for a range of differences between 15a1 and 15a2 of 1 to 100000 δ ‰. The
resulting differences between equilibrium and non-equilibrium values in terms of δ ‰ 15N
are plotted in Figure 1. The sensitivity of our IRMS for 15N gas analysis is typically between
0.03 and 0.1 δ ‰. Recently, a reproducibility of 0.01δ ‰ was achieved for N2/O2 ratio meas-
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urements with an improved gas inlet system (Leuenberger et al., 2000 [9]). From Table I and
Figure 1 it can be seen that the effect from mixing of sources with natural 15N abundance is
not detectable with the current sensitivity of IRMS. The positive isotope effect of 0.14 δ ‰
from randomising as observed earlier (Well et al., 1998 [5]) is two orders of magnitude higher
than the maximum N2O mixing effect calculated in Table I. Because the range of natural
abundance 15N is smaller for N2 than of N2O the maximum mixing effect of N2 would be even
lower than for N2O. It can be concluded that the observed isotope effect is either a methodical
effect from the equilibration procedure, or must be attributed to an unknown fractionation of
the 15N15N molecule during atmospheric processes.
Table I. Theoretical isotope data of two equilibrium samples with different 15N abundance and of a
mixture of the two components (d = 0.5). Non-equilibrium values of the mixture are derived from the
mixing of the molecular frequencies of the two samples. Equilibrium values are calculated from the
15
N atom fraction of the mixture assuming binomial distribution of the mole masses.

Sample 1

δ15Ν
15
a

Mixture
nonnon-equilibrium equilibrium
equilibrium
equlibrium

Sample 2

6
-40
-170,039
-170,019
-3
-3
-3
3,6844 *10 3,5166 *10 3,6005 *10 3,6005*10-3

28

x

0.99264

0.99291

0.99281

7,1*10-9

7,3417 *10

30

1,3575 *10-5 1,2366 *10-5 1,2971*10-5 1,2964 *10-5

x

7,0084 *10

-3

0.99281

29

x

-3

7,1750 *10

-3

7,1751 *10

-0,0019
0

-3

-1,41E*10-8
7,1*10-9

29/28-ratio 7,3961 *10-3 7,0579 *10-3 7,2270 *10-3 7,2270 *10-3

-1,42*10-8

30/28-ratio 1,3676 *10-5 1,2454 *10-5 1,3064*10-5 1,3057 *10-5

7,1*10-9

1.00E+04
1.00E+03
1.00E+02

x(eq) - xnon-eq (δ ‰ )

1.00E+01
1.00E+00
1.00E-01
1.00E-02
1.00E-03

d = 0.5

1.00E-04

d = 0,05

1.00E-05

d = 0,005

1.00E-06

d = 0,0005

1.00E-07
1.00E-08
1.00E-09
1
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10000

100000

xp1 - xp2 (δ ‰ )

FIG. 1. Theoretical deviation of 29/28-ratios (δ ‰ 15N) between equilibrated and non-equilibrated
mixtures of two pools with different 15N atom fraction. Differences between pools 1 and 2 = 1 to
100000 δ ‰ 15N. Mixing ratio (d) = 0.5 to 0.0005. The detection limit for 15N is between 0.01 and 0.1
δ ‰ 15N (see text).
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1.2 Analysis of the distribution of 15N15N, 14N15N and 14N14N in N2 and N2O
1.2.1 Objectives
The first objective of the measurements was to evaluate if the previously observed randomisation effect reflects the true distribution of N2 mole masses in the atmosphere or if this was
only a methodical effect of the equilibration procedure. In case of a true effect for N2, it was
intended to investigate also the distribution of N2O mole masses.
1.2.2 Choice of method
A deviation of the actual distribution of N2 mole masses from the ideal random distribution
can principally be detected in two different ways. If all three molecular species are measured
directly, then the measured distribution has to be compared with the calculated random distribution. Direct measurement of mass 30 is complicated by a high background as a result of
the formation of 30(NO)+ in the ion source of the mass spectrometer (Siegel et al., 1982). To
overcome this problem we developed a procedure to measure m/z 30 indirectly by comparing
the 29/28 ratio of a sample with non-random distribution of mole masses with the 29/28 ratio
of the same sample after randomisation of the mole masses with an electrodeless discharge
(Well et al., 1993 [10]; 1998 [5]). Principally, this equilibration procedure is the ideal approach to verify the non-random distribution 15N15N, 14N15N and 14N14N in N2 and N2O, because the non-randomness is directly proved by any deviation between randomised and nonrandomised samples. However, it has to be confirmed that the equilibration procedure yields
an ideal random distribution.
1.2.3 Instrumentation
Isotope analysis of N2 and N2O was conducted using an instrumentation that was previously
described in detail (Well et al., 1998 [5]). Briefly, an elemental analyser (Carlo Erba ANA
1400) was coupled to an isotope ratio mass spectrometer (Finnigan MAT 251). The interface
connecting both instruments included a high frequency discharge unit, which enabled onlineequilibration of the gas samples prior to isotope analysis. Gas samples of 80 µl were injected
with an automated syringe sampler (Combi PAL, CTC Analytics). The injection needle of the
sampler was protected with an Ar flow to avoid air contamination. N2O was reduced to N2 in
the reduction column of the elemental analyser. The purpose of the equilibration procedure
was to create a random distribution of mole masses in samples with initially non-random distribution. The result is an increase in the number of 14N15N molecules while the number of
14 14
N N and 15N15N molecules decreases.
The instrumentation described above was extended to enable removal of N2 or N2O prior to
isotope analysis. A GC-column (Porapaq QS, 30°C) was connected to the carrier gas circuit of
the elemental analyser. Thus, it was possible to separate the N2 and N2O fractions of the gas
samples before passing the reduction column and to analyse each component separately. The
actual configuration of the inlet system requires a sample size of > 50 µg N to obtain maximum precision. For 15N2O analysis N2O concentrations of the gas samples must therefore be
relatively large, i.e. > 50%.
1.2.4 Samples
The deviation between equilibrated and non-equilibrated replicates was measured in a variety
of samples containing N2 and/or N2O. N2 from combustion of urea, high purity compressed
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N2 and N2O as well as laboratory and outside air were analysed. Sub-samples were filled into
12 ml vials sealed with butyl stoppers and crimp caps. N2O produced during the following
soil denitrification experiment was also measured.
Anaerobic slurries of an organic soil were prepared in 8 screw-cap bottles (300 ml) sealed
with silicone septa. Each bottle was supplemented with 100 g soil and 100 ml nitrate solution
(1000 mg N l-1), sealed, flushed with He and incubated at 25°C for 7 days. Subsequently, the
bottles were heated to 80°C to degas N2O from the liquid phase. The headspace gas was then
flushed out with a He flow (30 ml min-1), scrubbed for CO2 and water vapour in Ascarite and
MgClO4, and was frozen in a liquid N2 cold trap. The gas from the 8 bottles was concentrated
into one sample of approx. 20 ml pure N2O. Finally the trap was heated to transfer the sample
into an evacuated 12 ml vial which was cooled with liquid N2.
2. RESULTS AND DISCUSSION
15

N abundance of the samples ranged between -21.6 δ ‰ (soil gas) and 1.4 δ ‰ (N2 from
combustion of urea) (Table II). Equilibration always produced an increase of the 15N values,
i.e. a gain of 15N14N molecules, and a loss in 15N15N and 14N14N molecules. The shifting
ranged between 0.05 and 0.17 δ ‰ 15N. The differences between the shifting of each sample
are close to the detection limit as the standard deviations of the measurements were between
0.02 and 0.11 δ ‰.
TABLE II. Deviation of 29/28 ratios in equilibrated and non-equilibrated replicate samples
expressed as δ 15N (‰).
δ 15Ν
Sample
compressed N2
laboratory air
outside air
soil gas
compressed N2O (1)
compressed N2O (2)
N2 from combustion of
urea

Measured Nspecies

non-equilibrated

N2
N2
N2
N2O
N2O
N2O
N2

-14.033 ± 0.019
-0.037 ± 0.057
0.019 ± 0.098
-21.625 ± 0.022
-3.999 ± 0.085
-4.898 ± 0.078
1.362 ± 0.075

equilibrated

-13.981 ± 0.073
0.119 ± 0.123
0.116 ± 0.095
-21.569 ± 0.063
-3.827 ± 0.101
-4.747 ± 0.070
1.446 ± 0.072

equilibrated –
non-equilibrated

N

0.052 ± 0.075
0.156 ± 0.136
0.097 ± 0.138
0.056 ± 0.067
0.173 ± 0.132
0.152 ± 0.105
0.085 ± 0.104

5
5
5
3
6
13
5

It is notable that the standard deviations varied considerably between the samples. In the samples with lowest standard deviation of the non-equilibrated replicates, the variation was always higher for the equilibrated replicates. This indicates the existence of a methodical effect
of the equilibration procedure. Additional factors of variation are the sensitivity of the mass
spectrometer, sample dilution with laboratory air during the repeated application of subsamples from one vial, and the true variation of 15N abundance between the sub-samples.
Sample dilution is insignificant for N2O analysis because atmospheric N2O concentration (0.3
ppm) is negligible compared to the pure N2O of the samples. It is also unimportant for the air
samples because these are almost identical with the potentially diluting laboratory air. True
variation of 15N abundance between sub-samples of laboratory air and compressed N2O was

381

suspected because some of the sub-samples exhibited consistent deviations from the mean
(data not shown).
The shifting in 15N abundance between equilibrated and non-equilibrated samples was lowest
in the N2O sample from soil denitrification (0.052 δ ‰) and in the compressed N2 (0.056 δ
‰). Highest differences occurred in the compressed N2O samples (0.152 and 0.173 δ ‰) and
in laboratory air (0.156 δ ‰). None of the samples was stable during equilibration. This may
reflect that all of the samples were in a state of isotopic non-equilibrium. However, we cannot
yet exclude the existence of an experimental effect of the equilibration procedure. To evaluate
this possibility it would be necessary to measure samples with an ideal random distribution of
mole masses. It is difficult to find appropriate samples because each process of N2 or N2O
formation may include fractionation processes. Because of this uncertainty it is not yet possible to quantify the extent of non-equilibrium of each sample. However, the differences between the samples in the shifting during equilibration are a clear indicator for the existence of
non-equilibrium at least in some of the samples.
The observed shifting of 0.052 to 0.173 δ ‰ is more than one order of magnitude larger compared to the maximum difference of 0.002 δ ‰ that was calculated for the mixing of two
sources with difference in 15N natural abundance. It can be concluded that the shifting must be
attributed to additional processes. Recently, differences in the fractionation factor of N2O isotopomers were proved [3,4]. Yung and Miller [11] predicted a maximum fractionation for
15 15 16
N N O. If isotope fractionation was also different for 15N15N and 15N14N during N2 turnover processes, then the distribution of N2 mole masses in the atmosphere would deviate from
the ideal random distribution. It is possible that the observed isotope shifting during equilibration of air samples reflects this hypothetical non-equilibrium.
The 15N15N16O isotopomer is not measurable with the techniques that have been reported so
far [3,4]. The method presented above is principally suitable to measure this molecule. Thus,
it is a potential tool to prove 15N15N16O fractionation effects and to use this isotopomer as an
additional tracer to investigate the global N2O budget.
Refinements of the methods are necessary to increase its precision. This can be achieved by
reducing the factors of variation mentioned above and by modifying the inlet system as described by Leuenberger et al. [9]. To prove the significance of a non-random distribution of
15 15
N N, 14N15N and 14N14N in N2 and N2O it is necessary to measure more samples from
different environments.
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USE OF LEAD-210 AS A TRACER TO COMPENSATE CLIMATOLOGICAL
EFFECTS OF AIRBORNE SULPHATE TRENDS
J.P. PAATERO , T. RUOHO-AIROLA, J. HATAKKA, Y. VIISANEN
Finnish Meteorological Institute, Air Quality Research,
Helsinki, Finland

Abstract. In Europe the sulphur emissions have decreased from 26 millions of tons in 1980 to less
than 8 millions of tons in 1998. The annual atmospheric sulphate concentration in Finland, however,
fluctuates, and only after 1988 a clear downward trend in the concentration is evident despite the over
20 percent sulphur emission reduction during the 1980’s in Europe. We have used the natural
radionuclide 210Pb as a tracer for continental air masses in order to distinguish the causes for the
variations in sulphate concentrations in the ground-level air. The observed variability in sulphate
concentrations can be due to spatial and temporal changes in sulphur emissions, or due to variations in
the prevailing large-scale weather systems transporting continental, maritime or arctic air masses to
Finland. The latter factor can be attributed to the North Atlantic Oscillation (NAO), a periodic
variation of the temperature and salinity conditions in the North Atlantic Ocean. The results indicate
that with the help of 210Pb the impact of climatological factors can be compensated to obtain a more
emission-related sulphate concentration time series.

1. INTRODUCTION
The long range transport of acidifying components has been a serious environmental problem
in Finland, as well as in the other Nordic countries, for decades. Sulphur has a key role in the
acidifying problem. It is mainly emitted as sulphur dioxide from anthropogenic sources:
consumption of fossil fuels and industrial processes. The primary compounds undergo
transformation in the atmosphere: sulphur dioxide tends to oxidize to sulphate. The sulphur
compounds are removed from the atmosphere by wet and dry deposition causing harmful
effects on the surface water and fish as well as forest soil properties [1,2]. The geographical
distribution of sulphur dioxide emissions affecting the atmospheric particle-bound sulphate
concentration in Finland is presented in Fig.1 [3]. They have been discussed in detail in the
reports of the EMEP (Co-operative programme for monitoring and evaluation of the long
range transmission of air pollutants in Europe) project under the Convention on Long-range
Transboundary Air Pollution (LRTAP). The present emission values are based on national
emission reports and, in some cases, on estimates made within the framework of the EMEP
project [4]. The EMEP emission database is currently probably the most complete and reliable
emission survey covering the whole Europe.
Lead-210 (210Pb) is a decay product of 222Rn. The source of atmospheric 222Rn is the
continental areas of the Earth. Oceans and anthropogenic activities are a negligible source.
This facilitates its use as a tracer for continental air masses. Lead-210 is also a tracer for
secondary aerosols, e.g. particle-bound sulphate, as it is also formed in the atmosphere from
gaseous precursors. 210Pb has a radioactive half-life of 22 years, but in the atmosphere its
concentration is determined by the residence time of the aerosol particles carrying it.
Observed atmospheric residence times have varied from a few days to a few weeks [5,6].
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FIG. 1. Sulphur emissions (as tons of sulphur dioxide) in Europe in 1998 [3].

2. MATERIALS AND METHODS
Finnish Meteorological Institute (FMI) has analyzed daily aerosol samples (3500 m3 of air per
day) at Nurmijärvi, southern Finland (60°30’N, 24°39’E) for 210Pb since 1965 [5]. The
measurements have been carried out by alpha counting of the in-grown 210Po six months after
the sampling.
Daily concentration of sulphur dioxide and particulate sulphate have been measured at the
background monitoring station of Ähtäri (62°35’N, 24°12’E) since 1973. The station is
situated in an agricultural area surrounded by fields and forests. The measurements were not
affected by local sources until late 90's when the increased traffic on a road 100 m south to the
measuring station caused relocation of the measurement site. A new station was established 5
km to the north-west from the previous one in June 1997.
The particulate sulphate has been measured from Whatman paper filters. The air volume flow
was about 2 l/min during the time period 1973-1998, and about 17 l/min after that. The
samples were analyzed first with X-ray fluorescense method, and since 1987 by ion
chromatography. The methods for sampling and analysis have been kept as comparable as
possible by parallel measurements during the changes in order to create long time series.
The quality of the results have been ensured by a quality assurance programme, which
included e.g. intercalibrations and field intercomparisons organised by the ECE/EMEPprogramme. The sampling and analysis methods, the station, as well as the quality assurance
procedure have been discussed in detail in the FMI’s annual report series “Air Quality
Measurements” [7].
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The distance between the monitoring sites at Ähtäri and Nurmijärvi is about 220 km but the
activity concentration of 210Pb is practically the same at both sites. The reason for this is that
the 210Pb concentration depends on large-scale weather phenomena and especially the origin
of the air mass. Local effects, such as nocturnal surface inversion layers, have only a marginal
effect to 210Pb activity concentrations [8].
3. RESULTS AND DISCUSSION
In Europe the sulphur emissions have decreased from 26 millions of tons in 1980 to less than
8 millions of tons in 1998 [3]. During the same time the sulphur emissions in Finland have
decreased from almost 300 000 tons to less than 50 000 tons (Fig. 2). The annual atmospheric
sulphate concentration, however, fluctuates, and only after 1988 a clear downward trend in
the concentration is evident despite the over 20 percent sulphur emission reduction during the
80’s (Fig. 3). A significant (p<0.01) downward trend has been calculated for particulate
sulphate at Ähtäri for the time period 1987-1996. The annual Sen's slope estimate was -0.05
and the relative total change for the period -50%. For the longer period 1981-1996 the trend
was also significant (p<0.001), but the annual slope more gentle (-0.04). The seasonal Kendall
slope estimate was used to calculate difference in trend between summer and winter seasons.
At Ähtäri the downward trend (p<0.01) was somewhat steeper (-0.05) during the winter
months than during the summer months (-0.04) [9].
The explanation to this apparent discrepancy between emissions and concentrations is the
prevailing weather patterns bringing frequently continental air masses to Finland. This, in
turn, is related to the North Atlantic Oscillation (NAO), a periodic variation of the
temperature and salinity conditions in the North Atlantic Ocean [10]. The NAO variations
cause periodic climatic variations in e.g. wind direction and speed distributions and, therefore,
also in 210Pb concentrations [11]. This effect can be seen also in sulphate concentrations,
although the effect is obscured by the changes in the anthropogenic sulphur emissions (Fig.
4). For example, the low sulphate concentration in the air in 1983 can be explained by the
simultaneous high NAO index. This wintertime NAO index is determined as the
December…March sea-level barometric pressure difference between Portugal and Iceland.
When the NAO index is high, the westerly winds become more dominant bringing maritime
air masses with low sulphate concentrations in Finland. When the NAO index is low the
continental air masses with a high sulphate content become more frequent. In the 1990’s the
anticorrelation between the atmospheric sulphate concentration and the NAO index becomes
more evident. This can be related to the gradual changes in source areas of atmospheric
sulphur compounds. The relative contribution of long-range transported sulphur increases as
the nearby emissions in northern Europe have decreased. The long-range transport is more
affected by the variations in large-scale weather systems than short-range transport. Thus the
changes in large-scale weather patterns is more easily reflected to the sulphate concentrations.
The observed sulphate concentrations [SO4 obs.] can be normalized, however, in respect to
simultaneous 210Pb concentrations [210Pb] with:

[SO

4 norm .

]

=

[SO ] − [
4 obs .

210

]

Pb − AVG
× SO4 obs.
AVG

[

]

,

where [SO4 norm.] is the normalized sulphate concentration and AVG the average 210Pb activity
concentration in 1965-1999 (= 285 µBq/m3). This way we can reduce the effect of purely
climatological factors to the sulphate concentration observations (Fig. 5). The result is a
temporal sulphate concentration behaviour, which resembles more the annual sulphur
emissions.
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4. SUMMARY AND CONCLUSIONS
We have used 210Pb as a tracer for continental air masses in order to distinguish the causes for
the variations in sulphate concentrations in the ground-level air. The observed variability in
atmospheric sulphate concentrations can be due to spatial and temporal changes in sulphur
emissions, or due to climatological effects, in other words the prevailing large-scale weather
systems transporting continental, maritime or arctic air masses to Finland. The results indicate
that with the help of 210Pb the impact of climatological factors can be compensated to obtain a
more emission-related sulphate concentration time series.
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Abstract. Samples of modern pollen were analysed for their stable carbon isotope composition and
compared with environmental variables to assess the potential of this method as a new quantitative
terrestrial palaeoindicator. Results demonstrate a strong positive correlation (r2=0.68) between the
temperature during a development period (approximately 4 weeks) prior to efflorescence and į3Cpollen.
Owing to variations in the chemical composition of the pollen grains and associated post depositional
diagenesis we favour the isolation of the sporopollenin exina for isotopic analysis. A broad similarity
in isotopic response was observed between three European tree genera, however significant absolute
differences in į 3Cpollen preclude any meaningful interpretation or palaeoenvironmental inference
based solely upon a potentially variable bulk pollen sample. Consequently, we propose the isolation
and analysis of a single genus when examining samples from antiquity. Preliminary extraction
methods indicate that this approach is feasible using manual separation/hand picking methods and
standard combustion continuous-flow isotope ratio mass spectrometry. If these initial results are
representative of wider plant response, į3Cpollen may be used to reconstruct environmental change
during pollen development and provide an indication of variations in mean annual temperature.

. INTRODUCTION
Pollen stratigraphy is one of the most widely used and powerful tools in palaeoclimatic
research [-4]. Whilst interpretations of conventional pollen records have shown a remarkable
degree of consistency, it is recognised that there are several possible sources of error that
require careful consideration. These include spatial and temporal variations in the source of
pollen production, its development, dispersal, deposition and preservation, as well as changes
in the climatic relationship of modern and palaeo-pollen assemblages and time lags between
an environmental event and its manifestation in the palaeo-record. This latter factor is
particularly significant in situations where the environmental forcing is either too short in
duration or too low in magnitude to overcome local vegetative inertia [5].
The physiological and environmental factors influencing carbon isotope fractionation during
photosynthesis are directly linked to the carbon stable isotope composition (į3C) of the
resulting photosynthate [6-8]. This relationship has been successfully exploited to include
į3C analysis of a range of bulk and organ specific plant material as palaeoenvironmental
proxies [9-]. The theoretical basis for this association was modelled by Farquhar [2] who
was able to demonstrate environmental control on į3C through modification of stomatal
conductance and/or assimilation rate. Since the dominant source of carbon is the same, the
fundamental principles linking į3C, climate and plant response should also apply to į3Cpollen.
Pollen, like wood, comprises a variety of distinct chemical components [3], a cellulose
intine, polysaccharide outer layer, a central nucleus and a sporopollenin exine. The relative
proportions of these components vary between both species and degree of diagenesis [4-6].
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Amundson and co-workers [7] were able to demonstrate that the į3C of raw pollen could be
linked to the host plant material. As it is likely that these components have differing isotopic
values resulting from the different processes occurring during their formation or through
preferential diagenesis, it may therefore be necessary to isolate a single component of the
pollen grain for isotopic analysis. From these initial investigations we have developed this
work to demonstrate that this signal is also preserved in a single component of the pollen
grain, the sporopollenin exine [8]. The pollen exine is particularly resistant to diagenesis [9]
and also carries the morphological information essential to the correct identification of the
parent plant genus/species. It was therefore decided that isolation and analysis of the
sporopollenin exine would provide the most reliable signal for the meaningful interpretation
of a palaeosequence.
The term sporopollenin was first used by Zetzsche [20] to describe the resistant component
remaining after digestion of spores and pollen grains, (“sporonin” and “pollenin”). Although
the exact structure of sporopollenin is not fully known it has been suggested, based upon
infra-red spectroscopy, that it most likely comprises β-carotenoid esters of approximate
formula C90H42O27. [3] Potential therefore exists for the measurement of three isotopic
species from this material. This paper describes some of our initial investigations
methodological refinements and results from a study to assess the potential for stable isotope
analysis of pollen as a quantitative terrestrial palaeoindicator.
2. METHODOLOGY
In conventional palynology the cellulose intine is removed during sample preparation through
the acetolysis (acetylation) process [2]. Amundson et al. [7] have shown that this process,
can lead to the contamination of the sample material by the reagents used for acetylation or by
the incomplete removal of cellulose acetate (a by-product of the acetolysis reaction). For this
reason we developed a carbon free alternative to acetylation that could be used to prepare
pollen grains for stable carbon isotope analysis in which the cellulose is removed from the
pollen grain through the addition of concentrated sulphuric acid [8]. We recommend such
steps that isolate a single component for palaeoapplications, although the accompanying
methodology and protocol may require significant variation depending upon the sample and
its surrounding sediments.
In addition to the isolation of a single component, we investigated also the necessity for the
isolation and analysis of a single genus/species over the hypothetical measurement of a bulk
pollen sample. Samples of Pinus sylvestris, Picea abies and Betula pendula pollen were
collected from mixed plant communities along an altitudinal transect in Switzerland. Both raw
and extracted pollen grains were analysed to establish the nature or presence of a species
effect through differences in bulk pollen chemistry or similarity in response between sites. A
significant difference in į3Cpollen between genera would necessitate the isolation of a pure,
single genus sample for isotopic analysis.
To investigate the nature of the pollen isotope signal samples of modern Pinus sylvestris
pollen were collected across a network of 3 European sites (Table I). Pinus sylvestris has one
of the widest distributions of any tree species. It is also a significant pollen producer and can
be easily recognized and sampled in the field by relative non-experts. The trees sampled
originated principally from botanical gardens and arboreta. Sampling across such a wide
network was only made possible through the invaluable support and collaboration of many
colleagues (Table I). Ideally sampling should be standardized to limit collection to natural or
semi-natural communities, however this was not always possible. The strategy adopted did,

391

however, facilitate location and comparison of the resulting pollen isotope data with existing
climatic datasets.
Samples were collected during or shortly after florescence, sieved to remove any remnant
flower heads or similar large impurities, vacuum dried and stored in a freezer to prevent
mould growth. Relatively little is known about isotopic variation during pollen development,
however, since significant shifts are known to occur within individual trees, leaves and
branches, samplers were instructed to collect pollen from a number of flower heads around a
number of trees where possible in an attempt to accommodate such variation until a more
accurate quantification of these effects can be made.

Table I. Sample location, approximate timing of pollen development, į3Cpollen and
meteorological data used in this study.
Location

į3Cpollen Developmen Developme
t Period
nt Period
Latitude Longitud PDB
(°N)
e (°E)
(‰)
(Month) Temperatur
e (°C)

Murmansk
Rovaniemi
Helsinki
Uppsala
Tallin
Dawyck
Crowthorne
Wroclaw
Halle
Freiburg
Dresden
Kiel
Utrecht
Meise
Thessaloniki

68.57
66.33
60.8
59.90
59.25
55.25
5.23
5.05
5.50
48.00
5.07
54.8
52.06
50.56

33.02
25.50
24.57
7.60
24.47
-02.50
-00.49
6.52
.90
07.35
3.47
0.0
05.07
04.20

-28.84
-28.48
-26.48
-27.99
-26.30
-26.69
-26.00
-24.55
-27.97
-26.52
-26.05
-27.38
-28.48
-27.23

•

40.30
43.38
45.42
44.50
47.45
47.0
42.38
42.38
45.48
40.27
47.3
48.57
46.3
48.5

22.57
07.2
04.57
-00.42
07.2
-0.35
07.2
23.22
5.58
-03.32
08.20
2.27
08.45
6.22

-24.09
April
-25.22
April
-27.70
April
-26.99
April
-27.56
April
-28.26
April
-29.6
April
-27.00
April
-27.26
April
-29.04 March/April
-29.
April
-27.73
April
-26.72
April
-30.63
April

Nice
Lyon
Bordeaux
Mulhouse
Nantes
Nancy
Sofiya
Zagreb
Madrid•
Zurich
Le Chesnay
Moveto
Vienna
•Samples
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collected after cessation of florescence.

June/July
June
May/June
May/June
May/June
May
May
May
April
May
May
May
April
April

Sample Collection

0.60
.03
2.40
.4
2.28
.29
3.42
4.70
0.0
3.66
4.76
2.43
09.40
09.3

Botanical Garden Murmansk
R. Jalkanen
M.Kotilainen
K. Bremer
J. Ellia
D.Knott
A. Loader
B. Bogacz
Botanical Gardens, Halle
Botanical Gardens, Freiburg
Tech. University, Dresden
Botanical Gardens, Kiel
Botanical Gardens, Utrecht
Botanical Gardens, Meise

5.07
2.80
0.74
.05
09.89
09.6
09.26
2.6
.60
.0
08.57
09.40
0.40
.80

A Gerasimidis
Botanical Garden, Nice
P.Berthet
M.Vautravers
Botanical Garden, Mulhouse
C. Figeneau
P. Romaric
P. Geber
M. Jurkovic
Botanical Garden, Madrid
Botanical Garden, Zurich
D. Lobreau-Callen
N. Loader
F. Tocl

The stable carbon isotope ratios of the archived pollen were determined using a VG-SIRA II
isotope ratio mass spectrometer interfaced with a FISONS NA600NC (The Godwin Institute
for Quaternary Research, Cambridge) and a Europa ANCA-GSL combustion isotope ratio
mass spectrometer (Environmental Dynamics Institute, University of Wales, Swansea).
Results are expressed as per mil (‰) deviations from the Pee Dee Belemnite standard [22,23].
Repeat analyses of a laboratory standard pollen yield a reproducibility typically less than 0.
per mil ( standard deviation).
The į3Cpollen data are compared with temperature from meteorological stations nearest to the
collection sites (Table I). Although the pollen initial is formed in the growing season of the
previous year, a period of between 4-6 weeks immediately prior to pollen release is believed
to represent the period during which the majority of pollen mass is accumulated [24]. The
average temperature during this period, hereafter referred to as 'development period
temperature' was correlated against į3Cpollen. Although development period temperature may
be a physiologically relevant and useful indicator for some palaeoclimate analyses the
relationship between į3Cpollen and a more stationary climate indicator, mean annual
temperature (MAT), was also determined.
3. RESULTS
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Carbon isotope analyses of selected pollen samples suggest that when operating under
standard conditions ca. 500 spruce exina approximate to 9 micrograms of carbon. To what
extent such samples sizes are representative of the local signal is yet to be determined,
however it demonstrates that for carbon isotope analysis relatively small samples are required
(Figure ).
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FIG. 1. Relationship between sample sizes (No. Picea abies pollen grains (filled triangles) and
reference material (filled squares)) and mass spectrometer peak area. Open triangle represents a
sample comprising 1,000 Pinus sylvestris grains.
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FIG. 2. Relationship between į13Cpollen and site altitude for three European tree genera; Picea abies
(triangles), Betula pendula (diamonds) and Pinus sylvestris (squares. The significant offset between
the three trend lines demonstrate the requirement for analysis of pollen from a single genus.
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FIG. 3. Relationship between į13Cpollen and development period temperature (with 1 standard error
confidence interval). Open circles and filled triangles represent the 'southern group' (including
Madrid) and 'northern group' respectively.
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FIG. 4. Relationships between į13Cpollen and (a) mean annual temperature and (b) latitude for the
'northern' (black triangles) and 'southern' (grey circles) groups. The data for Madrid (black square)
may be associated with another, more southern group.

From a comparison of the three European plant genera analyzed it is also apparent that
significant differences exist between their raw carbon isotope signals. These off-sets are likely
to relate to differences in the processes operating during photosynthesis and the role of stored
photosynthate in pollen development. Although significant scatter is apparent from the pollen
collected along the transect (some of which could be related to variations in aspect) it is
interesting to note that the overall trends are similar. Nevertheless these findings emphasize
the importance of a “single genus approach” when analyzing palaeosequences (Figure 2).
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A strong positive linear relationship was observed between į3Cpollen and development period
temperature (Figure 3). This is in agreement with most temperature related associations found
in studies of tree ring į3C [25], and may be explained theoretically through a relative increase
in carboxylation fractionation, resulting from a decrease in stomatal conductance and/or an
increase in assimilation. The slope of the temperature regression (0.6 ‰/ °C) is steeper than
those generally observed with tree ring į3C, suggesting greater temperature sensitivity. This
may reflect the fact that the majority of pollen formation occurs in a considerably shorter time
window than tree rings, and the timing of this formation is highly temperature dependent [26].
Figure 4a describes the relationship between į3Cpollen and MAT. The data cluster around two
regression lines that display similar maxima and minima for both temperature and į3C. If
these data are compared with site latitude (Figure 4b) it is evident that these clusters are
associated with geographical location; one being composed of pollen from the relatively cold,
northern sites (>~50 °N) and warmer, southern sites (<~50 °N). Each group shows an increase
in į3Cpollen with increasing temperature and decreasing latitude, but the slope of this
relationship is steeper for the northern group, again suggesting greater temperature sensitivity.
Enhanced temperature sensitivity with increasing latitude is also observed in tree-ring studies
[27,28], and is to be expected given that temperature is typically more limiting at higher
latitudes.
Although it is clear that the two linear relationships between į3C and MAT are the result of
the close association between latitude, MAT and development period temperature, it is not
apparent from these data why there are two groupings and what causes the switch between
groups. The reason for this shift (from ~-30 ‰ to ~-25 ‰) appears to be related to a change in
the timing of the development period from April/May to May/June. During this switch MAT
remains approximately equal but development period temperature changes from ~9 °C
(southern group minimum) to ~5 °C (northern group maximum). These temperatures and
associated į3Cpollen values may therefore represent temperature thresholds for pollen
development. It is also possible that this shift in response might represent the emergence of an
additional (as yet undetermined) limiting factor to pollen development within the harsher
higher latitude environment. Luomajoki [29] identified early (<63°N) and late (>63 °N)
flowering populations of Pinus sylvestris across Finland. In the more northerly group anthesis
occurred later than in the south and required a lower actual threshold, but greater proportion
of the annual heat sum. Significant hybridisation and genetic differences in Pinus sylvestris
are known to occur across Europe [30,3]. It is possible that the observed trends in δ3Cpollen
response reflect such genetic differences.
4. CONCLUSIONS
This pilot investigation represents an early attempt to determine the nature of the relationship
between į3Cpollen and external environmental controls. In doing so it has identified several
important questions, methodological issues and areas of further study that must be addressed
before a meaningful interpretation of the palaeorecord can proceed.
Through a spatial study we demonstrate a statistically significant relationship between
į3Cpollen and development period temperature. Whilst it is likely that temperature is not the
only factor influencing į3C in pollen, this preliminary work suggests that a link (direct or
indirect) appears to exist which may, in future, be exploited in the palaeo-record. Carbon
isotope analysis of pollen from different plant genera show a degree of similarity, however the
off-set between each is such that variations in pollen type within bulk samples could result in
ambiguous pollen derived isotopic time series. Where possible a single genus is therefore
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recommended for stable isotope determination. Analysis of sporopollenin extracts from
spruce and pine grains reveal that the absolute quantities of pollen required for measurement
of į3Cpollen are within realistic limits for manual selection/hand picking. Variations in the
resistance of the pollen components through time emphasizes the need for extraction and
analysis of a single component of the pollen grain when applying these methods to the
palaeorecord.
Further research is already underway to assess variations in response at species level and to
refine the pollen development and statistical models used in this study through incorporation
of additional environmental factors including altitude, site hydrology, insolation,
photosynthetic relative humidity and cumulative degree-day totals.
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CAN EC AND UK NATIONAL METHANE EMISSION INVENTORIES BE
VERIFIED USING HIGH PRECISION STABLE ISOTOPE DATA?
D. LOWRY, C.W. HOLMES, E.G. NISBET, N.D. RATA
Atmospheric Monitoring and Isotope Laboratory,
Department of Geology,
Royal Holloway, University of London,
Egham, United Kingdom
Abstract. The main anthropogenic sources of methane in industrialised countries (landfill/waste
treatment, gas storage and distribution, coal) are far easier to reduce than CO2 sources and the
implementation of reduction strategies is potentially profitable. Statistical databases of methane
emissions need independent external verification and carbon isotope data provide one way of
estimating the expected source mix for each country if the main source types have been characterised
isotopically. Using this method each country participating in the CORINAIR 94 database has been
assigned an expected isotopic value for its emissions. The averaged δ13C of methane emitted from the
CORINAIR region of Europe, based on total emissions of each country is –55.4‰ for 1994. This
European source mix can be verified using trajectory analysis for air samples collected at background
stations. Methane emissions from the UK, and particularly the London region, have undergone more
detailed analysis using data collected at the Royal Holloway site on the western fringe of London. If
the latest emissions inventory figures are correct then the modelled isotopic change in the UK source
mix is from –48.4‰ in 1990 to –50.7‰ in 1997. This represents a reduction in emissions of 25% over
a 7-year period, important in meeting proposed UK greenhouse gas reduction targets. These changes
can be tested by the isotopic analysis of air samples at carefully selected coastal background and
interior sites. Regular sampling and isotopic analysis coupled with back trajectory analysis from a
range of sites could provide an important tool for monitoring and verification of EC and UK methane
emissions in the run-up to 2010.

1. INTRODUCTION
Global CO2 emissions are not being reduced at the rates expected to meet Kyoto targets, so
more attention is being given to reduction of methane, the greenhouse gas with the second
biggest global warming potential (GWP). Statistical inventories suggest that methane
emissions are reducing in developed countries, but to verify these findings it is essential to
make independent atmospheric measurements. In addition, the carbon isotopic analysis of air
samples provides a method of understanding which source emissions are changing.
To date, assessments of methane emission are mostly made by ‘bottom-up’ methods, using
statistical databases multiplied by estimates of emission factors. Typically, ‘bottom-up’
estimates of emissions are very precise, cited to the nearest source unit and often without
errors, but are highly inaccurate, as the emissions factors are poorly known and vary greatly
with local conditions, climate, and cultural factors. Moreover, such estimates necessarily
depend on government, and cannot easily be verified independently. In contrast, direct ‘topdown’ atmospheric measurement of emissions are accurate in that there is a known amount of
methane in the atmosphere but are imprecise with are large error margins when assigning the
methane to source regions. Direct atmospheric studies can be independent of national
administrations, and indeed can be made from outside national borders. Methane has
considerable attraction as a way of complying with Kyoto promises if source fluxes can be
quantified accurately. In comparison to the difficult but essential task of social redesign to
reduce carbon dioxide emissions, some methane sources can be reduced without major costs
or even with profit [1]. In densely populated industrial regions the two major sources of
methane are landfills and fossil fuel extraction and distribution and examples of reduction
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strategies include reducing gas leaks or utilising landfill gas. Such fluxes should be a major
target for efforts to reduce greenhouse gas emissions.
The use of isotopes of methane in correlation with concentration data and regional and
national emissions statistics is still in its infancy. The detailed study of methane sources in the
Heidelberg region of Germany by Levin et al. [2] revealed that calculation of source
proportions by isotopic analysis could, when combined with data from background methane
measurement stations, be used in the long term to monitor the progress of reduction strategies.
Levin et al. [2] showed clearly that the official emissions inventory that region of Germany
would need substantial revision to be consistent with the atmospheric record.
2. METHANE INVENTORY DATA
Official inventory estimates are calculated for the UK and European Union, as part of the
Kyoto process, e.g. CORINAIR 94 [3]. Such estimates depend largely on statistical
calculations that scale up from the ‘per-unit’ results of studies of specific source types to
obtain a regional bulk estimate. Wider ranging but less detailed inventories are maintained by
the EMEP co-operative programme for monitoring and evaluation of the long range
transmission of pollutants in Europe (www.emep.int/), but many countries do not provide
methane data and yet more do not provide up to date information. Similar data can be
obtained through the United Nations Framework Convention on Climate Change
(www.unfccc.de). The data are normally divided by the UNESCO snap categories of sources,
which in the case of methane allow each source group to be assigned a δ13C value. Even when
the data are reported there are some inconsistencies. It is not compulsory to include natural
emissions. Wetland emissions are a significant source in some regions of Ireland, Sweden and
Finland, with other localised pockets around Europe. Such emissions are highly variable
depending on season and annual temperature and so are difficult to quantify, but have a
significant influence on the isotopic mix of emissions in the regions where they are present.
3. ISOTOPES OF METHANE
3.1. Isotopic characterization of methane sources
Anthropogenic and natural methane sources in Europe have a wide range of δ13C signatures
[e.g. 4,5,6,7,8]. Depending on the combination of sources in a particular region, these
signatures can be used to estimate the proportion of each source category within a source mix.
If the emission from one source is accurately quantified then it is also possible to use the
isotopic signature to estimate emissions from the other sources.
Natural sources, mostly from wetlands, are an important source in some peripheral regions of
Europe and have widely varying isotopic values from around –58‰ for tropical wetlands, to –
63‰ in the boreal wetlands, to –67‰ for those more than 60°N which are only active during
the summer months. They are important in regional source isotopic mixes because they are
depleted in 13C relative to other sources and the value assigned to this category for the mostly
temperate European wetlands is –63‰.
The isotopic signatures of specific anthropogenic sources vary according to local conditions
[e.g. 2,4,9,10]. However, some generalisations can be made. Emissions to atmosphere from
landfills have a tightly constrained range of δ13C from –56 to –50‰ with averages varying
from –55 to –51‰ [4,6,8,11] dependent on the region of the world and the landfill practices
in operation. Eructations from ruminants have been measured at –62±3‰ [4]. Organic wastes
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from animals typically have δ13C values between the landfill gases and the ruminant
emissions, probably –58±3‰.
Coal mining activity and domestic coal burning, although in decline in much of Europe, is
still a significant contributor to emissions, and has well defined δ13C of –35±3‰ [7]. Natural
gas, in contrast, has a very wide range of values. The gas from the North Sea fields. is very
distinctive: it is thermogenic gas with a range of isotopic values from –37 to –28‰. To
constrain the gas source in the SE of England the δ13C of the natural gas supply at Royal
Holloway, University of London (RHUL) was measured each month from 1997 to 1999
giving an average of –34.2±1.4‰ (n=20) [8]. This source of gas is significantly heavier
isotopically than the mix of Siberian gases supplied to most European countries east of the
Rhine, and averaging close to –50‰ when used in the Heidelberg system, SW Germany [2].
Our own measurements of gas from St. Petersburg, Russia, are in the range –51.5 to –48.5‰,
and confirmed by Levin (pers. comm. 1998, 2000). This represents mixing of the shallow
West Siberian gas which is dominantly biogenic –64 to –58‰) and deeper reserves which are
more thermogenic –50 to –38‰, [12]).
Minor emissions of methane from vehicles are around –28±3‰ based on experiments in
Heidelberg [3.4]. These emissions are related to the δ13C of the hydrocarbon mix of the fuel
used and the distribution and age of vehicle types (probably very similar throughout western
Europe); those which have less efficient combustion giving higher methane emissions which
are more depleted in 13C [13]. The industrial combustion source of methane, also declining in
recent years is dependent on the fuel being combusted, and for the purposes of calculating
national δ13C mixes, it is taken to be the same as the fossil fuel mix for each country.
3.2. The regional isotopic mix of atmospheric methane
Once background concentration and isotopic records have been established for stations in the
European realm of the Northern Hemisphere it is possible to use the excess concentration and
isotopic shift to calculate the δ13C of the source or source mix responsible for this excess
(Table I). The data for background and samples are plotted with δ13C on the y-axis and
1/concentration on the x-axis. Lines passing through both background and sample points will
intercept the y-axis at the δ13C value representing the source or source mix of the excess
methane (in simplified terms when 1/concentration approaches 0).
The ideal background stations are maritime sites where during certain wind directions the air
is well mixed and has negligible influence of continental emissions during the 4-5 days prior
to arrival. The background stations used for Europe are Mace Head, Ireland, and Izaña,
Tenerife. Isotopic seasonality is of the order of 0.4‰ at 53°N [see 8,14] for Atlantic air
arriving from the western sector. When the wind changes to the east the air mass contains
excess methane from European emissions. Most air masses follow trajectories along which
there is incorporation of emissions from more than one country (Fig. 1). An isotopic shift
from –48 to –53‰ was observed in the source mix for the Heidelberg region between 1990
and 1995 [2], largely due to reduction of coal mining emissions and a change in the source of
the gas supply. Monitoring the isotopic shift in central European air arriving at Mace Head
shows change from –54.0 to –55.6‰ between 1996 and 2000. Furthermore air from southern
Europe shows greater depletion in 13C, down to –57‰, indicative of more natural and
agricultural sources and less fossil fuel and landfill.
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Table I. δ13C estimations of methane source regions for selected air masses arriving at Mace
Head and west London during the period 1995 to 2000. (sampling station indicated in
parentheses).
Date

Sample
δ C (‰) CH4 (ppb)
13

Background
δ C (‰) CH4 (ppb)
13

Calc source
δ13C (‰)

Possible error
(‰)

Regional and Remote Sources (Mace Head)
Canadian Source
31/7/96
12/2/97
4/2/98
7/9/98
19/8/99

–47.29
–47.39
–47.35
–47.45
–47.58

1780
1820
1824
1849
1824

European Mixed Source - decreasing
31/1/96
20/3/96
24/9/97
24/9/98
1/4/99
21/10/99
28/6/00

–47.87
–47.79
–47.95
–48.14
–47.73
–47.94
–47.99

1984
1973
1912
2017
1920
1947
1922

Irish Source (peatbogs / ruminants)
- 27/4/95
- 16/8/95
31/10/95
- 14/8/96
19/12/96
19/11/98
--- 4/8/99
10/11/99

–47.57
–47.86
–48.03
–47.94
–47.94
–47.78
–47.79
–48.25

1817
1805
1850
1849
1859
1872
1840
1896

–47.13
–47.23
–47.20
–47.25
–47.41

1761
1802
1812
1825
1805

–47.20
–47.15
–47.50
–47.35
–47.20
–47.45
–47.38

1795
1790
1795
1805
1795
1815
1780

–47.15
–47.45
–47.60
–47.12
–47.28
–47.30
–47.31
–47.45

1775
1765
1805
1765
1795
1825
1795
1815

–63 ±1‰
–62.1
–63.4
–70.0
–62.7
–63.7

–54 to –56‰
–54.2
–54.1
–54.9
–55.0
–55.3
–55.2
–55.6

–66 ±1‰

+8 / –15
+9 / –17
+14 / –40
+7 / –9
+8 / –16
±0.8
±0.8
±1.3
±0.6
±1.3
±1.3
±1.3

–65.3
–65.9
–65.5
–65.2
–66.5
–66.4
–66.9
–66.2

±5.2
±5.5
±4.9
±2.5
±3.5
±4.8
±5.2
±2.8

1795
1800
1825
1800

–48.8
–48.8
–48.6
–49.6

±0.5
±0.2
±0.2
±0.4

1820
1800
1820

–34.2
–34.9
–33.9

±0.2
±0.4
±0.5

–52.1
–51.6
–53.3

±0.2
±0.1
±0.2

Urban Sources (within 20km of Royal Holloway sampling site)
a) West London Source Mix
14/6/96
18/8/96
5/12/96
11/9/97

–47.58
–48.11
–47.54
–47.97

2053
3356
2611
2245

–47.40
–47.45
–47.08
–47.56

b) Natural Gas Source (–32.8 to –35.0‰ measured)
1/4/97
9/7/97
19/3/98

–42.35
–44.27
–45.00

2882
2352
2182

–47.10
–47.15
–47.20

c) Biological Anthropogenic Sources (Landfill -dominated)
14/6/96
18/8/96
11/9/97

–49.21
–49.51
–49.51

2946
3554
2824

–47.40
–47.45
–47.50

1795
1800
1840

Errors are calculated using ±3ppb for all concentrations and ±0.03‰ for all δ13CH4 data.
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20/3/96
1973
-47.79‰
31/1/96
1984
-47.87‰
FIG. 1 Examples of 4-day back trajectories for air masses arriving at Mace Head. These examples are
shown in Table I and were used to calculate the –54‰ source mix for 1996. These continental air
masses normally contain 150-200 ppb methane in excess of the Atlantic background signal.

The isotopic signal of some large regional sources (e.g. western Europe as a whole; Canadian
wetlands; Siberian wetlands and gasfields) can be detected at background stations up to 5000
km away [14]. Table I outlines the range of regional and local sources which have been
identified by measuring excess methane over background at the Mace Head and London sites.
The difference in the main local sources is clearly highlighted. Over central Ireland, close to
Mace Head, the emissions to air will be mostly agriculture and wetland with signatures of
δ13C below –60‰, whereas in the urban and industrial conurbations such as London the
source mix will be mostly fossil fuel or landfill-related with the excess emissions mix being
mostly in the range –52 to –48‰.
4. THE LONDON REGION AND UK EMISSIONS
Diurnal measurement and analysis campaigns at the Royal Holloway site have been used to
estimate emissions from the London region. Methane emissions from the London area are
dominated by 2 main source groups (Table I), waste treatment (landfill and sewage with δ13C
calculated as –52.5‰) and fossil fuel extraction and distribution (natural gas, –34‰). Other
minor sources are road traffic, due to inefficient engine combustion (–27‰) and agriculture
(enteric fermentation and animal waste, –62.4‰).
The distinctive isotopic character of the major methane sources in SE England and the UK as
a whole allow emissions estimates for comparison with inventory data. A regional source mix
of methane with δ13C –49.0 to –48.4‰ for the London area during 1996 and 1997 [8],
suggests that the emission for London was 240-312 kt/yr, less than 10% of the UK total, but
38-79% higher than suggested by the latest statistical inventory estimates for those years [15].
The proportion of landfill can be calculated from the isotopic mix, using the isotopic
signatures for the main source categories, statistical figures for gas leakage and the number of
farm animals within the region. The London source mix consists of 77-81% emissions from
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waste processing (mostly landfill), 16-21% from fossil fuels (mostly leakage in the gas
distribution network), and about 1% each from transport and animals.
In the case of the London study, isotopic techniques were developed for monitoring methane
emissions from a large conurbation by using a peripheral measurement site. The results are
significant in that they could be used in devising policies to reduce emissions in the region;
more generally, the technique is applicable to devising and monitoring reduction strategies in
other large conurbations or regions with high methane emissions.
4500
4000

UK Emissions

Min er s Strike

3500

Agr icultur e
Waste Processing
F ossil Fuels
Tra nsport

3000
2500
2000
1500
1000
500
a) -45
-46
-47
-48
-49
-50
-51
-52

UK - δ13C source mix using NAEI (1999) figures
London - δ13C source mix using NAEI (1999) figures

-53
b)

-54

1970 1975 1980 1981 1982 1983 1984 1985 19861987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 2010

FIG. 2 Graphs derived from the data in NAEI [15]: a) Changing UK emissions 1970-97, and b)
Changing isotopic signature of the UK and London source mix. All graphs show a 2010 estimate for a
further 50% cut on the 1997 figure for all emissions except agriculture.

For the UK as a whole the agriculture sector is a far more important contributor to emissions,
with coal emissions an important, but declining source in the remaining mining regions. The
inventory suggests that the UK methane emissions have been reducing annually since 1986
(Fig. 2). Recent adjustments of methane emissions figures from UK sources between the
publication of the 1996 and 1997 [15,16] inventories was due to a ‘recalculation’ of the
landfill emissions figures, which were lowered by 40-45%. In terms of the δ13C signature, the
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lowering of the landfill emissions, should mean that the isotopic mix for the UK is more
enriched in 13C by approximately 0.5‰ than previously thought. More importantly this
recalculation would result in an enrichment of 2‰ for the London source mix, but this is
clearly not seen in the air sample data. The other main changes observed in the UK statistics
since 1970 have been attributed to reduction in emissions from coal mining and coal
combustion as the industry has declined, and the effects of the strike of 1984 are clear from
the inventory (Fig. 2a,2b). This has removed a source with relative 13C enrichment from the
emissions mix.
The modelled isotopic change for the UK source mix using recent emissions figures [16] is
from –48.4‰ in 1990 to –50.7‰ in 1997. This represents a reduction in emissions of 25%
over a 7-year period, important in meeting Kyoto targets. Further reductions in the attempt to
reach the 2010 UK targets of 20% cuts in greenhouse gas emissions will be clearly seen in the
isotopic record. Fig. 2 shows the effects of a further 50% reduction in fossil fuel, waste and
transport emissions between 1997 and 2010, resulting in a shift in the UK δ13C mix from –
50.7 to –53.8‰. Much will depend on the perceived accuracy of the emissions inventory
figures, especially when landfill statistics have errors of ±40%.
5. METHANE EMISSIONS FROM EUROPE
5.1. Methane emissions from the European Community
Statistical databases of methane emissions [e.g. 3,16] need independent external verification
and carbon isotope data provide one way of estimating the expected source mix for each
country if the main source types have been characterised isotopically. The CORINAIR 94
database provides the most detailed statistical database for methane emissions from western
Europe to date and this has been used to give a first estimation of what the isotopic mixes for
the emissions for each country should look like (Table II, Fig. 3). Those countries with large
urban centres and much heavy industry (Germany, United Kingdom) are close to –51‰, those
with emissions dominated by agriculture and wetlands (Finland, Sweden, Ireland) are closer
to –60‰ (Fig. 3). Although there will be variations from region to region within a country (as
with London at –49‰), most air masses crossing countries should be expected to pick up a
component which is fairly representative of the emissions from that country. Even for Europe
as a whole it seems that this basic premise holds true. The table allows some estimates to be
made of what isotopic mix should be expected for air collected at remote sampling sites such
as Mace Head, when the trajectory comes from continental Europe. The overall isotopic mix
for emissions from the EC 15 is calculated as –55.4‰ for 1994 (Table II), close to the
observed values from the continental trajectories arriving at Mace Head for 1995-2000 (–54.0
to –55.6‰), but the 13C for air collected in central Europe in 1994 is approximately 2‰
enriched relative to the estimate from CORINAIR inventory data, based on results from
Heidelberg [2]. The isotopic shift from –48 to –53‰ observed in the source mix for the
Heidelberg region in the early 1990’s [2] was interpreted as being largely due to reduction of
coal mining emissions and a change in the source of the gas supply.
The comparison between atmospheric and inventory isotopic calculations suggest reductions
in anthropogenic sources have been occurring, the isotopic shift is very clear although the rate
of change is now slowing, but the isotopic offsets clearly suggest that there are discrepancies
in the source proportions. While this difference could be explained by national statistics
underestimating the magnitude of anthropogenic sources, it could also be explained by eastern
European emissions to the air masses. Both of these possibilities will be explored below.
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TABLE II. 1994 statistical emissions estimates [3] for EC15, Norway and Switzerland.
Isotopic emissions mixes for each country based on proportions of emissions from coal (–
35‰), gas, waste treatment and disposal (–52.5‰), agriculture, nature (–63‰) and transport
(–27‰). Gas δ13C depends on source region (e.g. North Sea –35‰, Siberia –50‰),
agriculture δ13C depends on proportions of enteric fermentation (–63‰) to animal waste (–
58‰).
Country
Italy
Germany
UK
Spain
France
Sweden
Holland
Ireland
Finland

Kt/yr CH4
4853
4848
3848
3164
2937
1964
1190
845
803

5000

% tot
17.8
17.8
14.2
11.6
10.8
7.2
4.4
3.1
3.0

δ13C(‰)
–56.4
–51.2
–51.2
–55.1
–55.8
–62.4
–54.6
–60.5
–60.6

Country
Denmark
Austria
Greece
Norway
Belgium
Portugal
Switzerland
Luxembourg
Total

Kt/yr CH4
785
632
483
467
434
383
374
23
27191

% tot
2.9
2.3
1.8
1.7
1.6
1.4
1.4
0.1
100.0

δ13C(‰)
–59.9
–59.4
–57.0
–52.6
–55.5
–60.4
–58.6
–59.1
–55.4

CORINAIR 1994 - WESTERN

4500
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Nature - mostly
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etlands - enteric fermentation +
Waste - landfill + sewage
waste
Transport - vehicles and other
Fossil fuels - extraction and
Combustion - domestic + power
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2000
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0

FIG. 3 a) Methane emissions for countries of western Europe from CORINAIR 94 [3] ranked in
order from highest to lowest. Note the highly variable reported emissions from nature (mostly
wetlands). b) Isotopic signature of anthropogenic compared to all sources and the percentage
contribution of anthropogenic sources to the national totals. Note that the anthropogenic sources
group here does not include agriculture, only those sources which are potential targets for emissions
reduction.
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5.2. Changes to emissions inventories from 1994 to 1998
Inventory data is currently available from EMEP up to 1998, but not all countries have
reported data since 1996. In addition more countries than for CORINAIR 94 (notably Sweden
and Spain) have chosen not to report their natural emissions. This makes an enormous
difference in emissions, with the isotopic ratio thereof increasing from –62 to –56‰ and –55
to –51‰, respectively. Overall the revised estimate for the EC15 for 1996 is –53.8‰, very
close to the –54‰ observed based on trajectory calculations during 1996, but known to be
underestimating natural emissions. Since the 1994 inventory most countries have recalculated
their methane emissions. The most significant changes have been the cuts in landfill
emissions estimates. These reductions were 40-60% by the 3 biggest emitters, Germany,
United Kingdom and Italy.
While some of the landfill reduction is down to increased incineration, the main reason is a
reduction in the amount of carbon in landfills thought to be converted to methane. Estimated
emissions from fossil fuels and agriculture remained relatively constant over the 1994-98
period, except for Italy who also introduced a 40% cut in agricultural emissions. These major
cuts in emissions by Italy could have been isotopically verified because the isotopic mix
would shift from –56.0 to –54.3‰. Most other countries changed by less than 1‰ compared
to 1994 figures.
5.3. Emissions from eastern Europe – effects on the European isotopic mix
Many of the air masses crossing Europe from the east sample emissions from countries such
as Poland, the Czech Republic and Ukraine which still have large coal industries and which
produce significant methane emissions (at δ13C of –35‰) from these regions. The gas supply
comes mostly from Russia, which is taken as –50‰ from our previous studies, otherwise the
same isotopic values have been selected for the source categories. The low fossil fuel
emissions inventory estimate for the Czech Republic in the EMEP database is difficult to
reconcile with the amount of coal being mined, unless coal emissions are 2-3 times lower than
Germany, France or the United Kingdom per tonne of coal produced. Making adjustments for
this anomaly would put the Czech republic with the most 13C-enriched source mix in Europe
at –44‰. Poland at –50‰ is the only further anomaly compared to the EC15, with the Baltic
States giving the most depleted mixes for this region at –58‰. Overall though, the mix for all
the countries of Eastern Europe with currently available data is –51.3‰, a significant
difference to the EC 15. This means that using the 1996 data the European mix would be
close to –53‰, which does not fit with the atmospheric data evidence, further implicating an
underestimation of natural emissions in the inventories.
6. CAN ISOTOPES OF METHANE BE USED TO VERIFY INVENTORIES?
The work of Levin et al. [2] and Lowry et al. [8] have shown that national statistical selfassessments of methane emissions can be verified using independent atmospheric
measurements. Many more stations are needed across Europe to develop a detailed picture of
the changing methane emissions, but already there is a sparse E-W transect of isotopic records
through Europe to draw upon, from Mace Head in the west to St. Petersburg in the east. This
atmospheric data already distinguishes the urban regions from the rural regions and allows
Europe wide estimations of source changes. The shift toward greater depletion in 13C of the
European source mix should continue as better landfill practice, reduction in gas leaks and the
decline of the coal industry continue but as the proportion of natural and agricultural
emissions increases the rate of change of the mix will slow down.
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The further development of automated continuous flow techniques for isotopic analysis of
greenhouse gases over the coming years (and already capable of precision of ±0.06‰) will
rapidly increase the number of samples which can be analysed and reduce the amount of
sample required by 2 orders of magnitude. While the initial set-up costs will be high the
proceeding analytical and sampling costs will be greatly reduced. Analysis of daily back
trajectories for a range of background sampling sites will allow the isotopic source mix
changes for individual countries to be monitored and compared with statistical data. By
careful selection of coastal background and interior sampling sites the isotopic data will
provide an important tool for monitoring and verification of EC and UK methane emissions in
the run-up to 2010. When urban emissions are better understood, it should also be possible to
monitor the progress of reduction strategies in those countries not able, or not willing, to keep
track of their emissions.
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CLIMATIC CHANGES AND ISOTOPIC CONTENT
ALONG THE RIVER NILE VALLEY
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The stable isotope composition of rain and snow has considerable variation with climatology,
with geography and with time at a given location. This variation primarily results from the
lower vapour pressure of water molecules which contain heavy isotopes of deuterium and
oxygen-18 compared to molecules consisting of only the lightest. Because of vapour pressure
differences, heavier isotopes tend to be enriched in liquid phase relative to vapour phase.
Subsequent precipitation formed from the depleted vapour will be progressively “ lighter “ in
stable isotope composition. Surface waters became enriched in deuterium and oxygen-18
relative to their initial isotopic composition as losses by evaporation occur. According to the
IAEA precipitation sampling at Entebbe, which represent the source region of white Nile,
with isotopic composition range (–33 to +4‰ in GD and –5.7 to –1.1 in GO). The isotopic
composition of precipitation station at Addis Ababa which is the main source of Blue Nile
ranges from –8.4 to +7‰ in GD and from –0.7 to –2.27‰ in GO. Assuming the Central
Africa run-off contribution to white Nile downstream of the Sudan represents 20% of natural
discharge to Egypt, and the balance 80% is derived from Ethiopia (Blue Nile), we obtain a
composite stable isotope composition of GD =-1‰ and GO =-1.8‰, as an order of
magnitude estimate on the propable long term stable isotope composition of the River Nile
reaching upper Egypt under natural condition (before High Dam construction).
Stable isotopes were used to estimate the evaporation from Naser Lake at the High Aswan
Dam. According to isotopic content, the lake can be divided into two sectors; the first sector
with pronounced vertical isotope gradients, and the second with subdued isotope gradients.
Isotope content in surface waters varies with time and environmental effects (humidity,wind
velocity,temperature, etc.). In order to detect this effect, Nile surface water samples have been
collected at Cairo throughout the period 8/11/1994 to 6/7/1996, beginning immediately
following a heavy storm event in the beginning of November 1994 which deposited
precipitation across Egypt of isotopic composition close to –44‰ in GD and –6.5 in GO. The
isotopic content of Nile water samples fluctuated and slightly changing with time. The
conventional relation between GO and GD in precipitation for the region is given by
GD=9.97G 18O-4.15.
The variation of the bomb-tritium response of the Nile has been reconstructed by using a
model calibrated using measurements taken in the Nile basin. The results show that pre-bomb
tritium content in the Nile was likely close to 5 T.U which peaked in the early 1960s at about
500 T.U. At present, the tritium level content of the Nile is about 9 T.U.
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TROPOSPHERIC CO2 IN ROMANIA: CONCENTRATION AND
ISOTOPIC COMPOSITION MEASUREMENTS
A. TENU, F. DAVIDESCU, V. CUCULEANU
National Institute of Meteorology and Hydrology, Bucharest, Romania
Long-term observations on isotopic composition and the first quantitative determinations were
carried out for atmospheric CO2 in Romania, in two locations: Bucharest, as a large city area
and Cernavoda, as location of a nuclear power plant. In a previous paper [2] we have
presented the first results obtained but only regarding the isotopic composition in Bucharest
station.
The isotopic sampling was made by static absorption in NaOH, during the first half of each
month. Radiocarbon activity is measured by liquid scintillation technique in benzene while the
13 12
C/ C ratio is measured by mass spectrometry. The radiocarbon activity is expressed as ∆14C
‰, corrected by individual δ13C values.
For CO2 concentration, the sampling is made by continuously aspiration; a GFC analyzer was
used for measurements, stored as half-hour averages. The values are expressed as ppmv.
In order to determine the carbon isotopes, 13C and 14C, monthly atmospheric CO2 samples
were collected at Bucharest (during the last eight years) and Cernavoda (during the last five
years). The Bucharest series include 96 monthly values (February 1992-December 1999)
while the Cernavoda series includes only 57 samples (April 1995-December 1999). The
values for both locations range generally from -80 to 400 ‰.
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FIG. 1. ∆14C time-variation in Romania.

As can be see in FIG. 1., until the spring of 1998 the values in both stations were
approximately at the same level, except a short interval (April - May 1996) when, in the plant
testing period, some higher values are noticed at Cernavoda. Also, were recorded:
y
y

during 1995 and 1996, a continuously decrease (some values are even negative);
a significantly rise of values in both stations, but much more at Cernavoda, beginning
with the spring of 1998.
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In order to evaluate our yearly results as trend evolution was used “Europe-clean air”, a
synthetic series considered - in our previous paper (Tenu et Davidescu, 1998) - as ∆14C
background level for Central Europe. The experimental data at Bucharest overlap
satisfactorily the extrapolated exponential trendline only for 1992-1997 interval.
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FIG. 2. Global diurnal variation for 1997 CO2 contents in tropospheric air at Bucharest station.

CO2 concentration was measured at Bucharest station and refers to 1996 (incomplete) and
1997 years; the annual mean values are of 379 and 375 ppmv, with minimum and maximum
hourly values of 328 (July) and 507 (December) ppmv, respectively. It seems that these values
are enhanced compared to other European regions (Levin et al., 1995) but are much below
those recorded for others region, for example China (Xu and Zhang, 1993). A seasonal and
daily variation, very ordered and well marked, were recorded (FIG. 2). The diurnal cycle for
characteristic months in the four seasons allow to retrieve useful observations not only for the
daily variability cycle but also for natural or anthropic (fossil fuel emission) influences along a
year.
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USE OF N/ N RATIO TO EVALUATE THE ANTHROPOGENIC SOURCE OF
NITRATES IN SURFACE AND GROUNDWATERS IN THE
UPPER ORONTES BASIN (CENTRAL SYRIA)
Z. KATTAN
Department of Geology, Atomic Energy Commission, Damascus P. O. Box 6091,
Syrian Arab Republic

The 15N/14N ratio of dissolved nitrogen species has long been used for the identification of
the different sources of nitrate contamination of water systems [1-4].
This study, which aims at providing a practical example of the utility of the 15N stable isotope
in identifying the natural and anthropogenic sources of nitrate in surface and groundwaters in
the upper Orontes Basin, was implemented within the framework of the IAEA Regional
technical project entitled “Isotope Hydrology Techniques in Water Resources Management
(RAW/8/002)”.
The selected area for this work is located in the upper part of the Orontes River Basin, which
occupies the central zone of the Syrian territories. This heavily populated region is
characterized by intensive agricultural and industrial developments. Hence, the influence of
the growing domestic activities is reflected by rapidly deteriorating of the surface and
groundwaters qualities in this area.
The relief of the of the study area is dominated by the presence of the coastal Mts in the west,
the Palmyrides Mts in the east, the Mts of Lebanon and Anti-Lebanon in the south, and the
Homs depression in the central zone. The climate of the basin is of Mediterranean type, with a
mean annual precipitation ranging from 150 to 800 mm/a. The Orontes River (Al-Assi), which
originates in the Mts of Lebanon and Anti-Lebanon and flows northwards across the Homs
plain and Al-Ghab graben, is the most important fluvial axis in this region. This river drains,
mainly, massif calcareous rocks and joins the Mediterranean Sea at the Suwaidieh Gulf.
From a hydrogeological point of view the following water-bearing systems can be
distinguished in the study area: the Cenomanian-Turonian complex, the basaltic Neogene
aquifer, the continental Neogene aquifer and the shallow Quaternary aquifer. The
groundwaters of these aquifers are the most potential resources being used for both drinking
water supply and irrigation.
Water samples for this particular work were taken from about 20 sites covering selected
locations on the Orontes River flow path, the Qattineh Lake, the Rastan Lake as well as some
shallow dug wells drilled in the above mentioned aquifer systems. Samples for the
determination of G15N analyses of nitrate in water were collected in special glass bottles
according to the recommendation and procedures of the protocol DIN 38402, and analyzed for
G15N composition in the Radioagronomic Laboratory of Juelich in Germany. In parallel,
duplicate water samples were collected and analyzed for G18O, G2H, 3H and major chemical
species in other different laboratories in Syria, Jordan and the IAEA.
The interpretation of the chemical and isotopic results shows that surface water in the Orontes
River is rather clean before the Qattineh Lake, and progressively becomes more polluted along
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its flow path. This spatial evolution is clearly shown by the gradual increase of δ 15N value,
total nitrogen composition as well as the concentrations of some other chemical species (Cl-,
K+, NH4+, PO43-). This evolution is also accompanied by identical decrease of both
dissolved O2 and pH. The probable source for this contamination is, mainly, due to the
domestic waste disposable and sewage discharge into the river.
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Fig. 1. δ15N values versus total nitrogen (Ntotal) concentrations for surface and groundwaters from
the upper Orontes Basin.

As it is shown in Fig. 1 the results of 15N had also permit to distinguish between the
following:
y

The group of rather clean water bodies from the Orontes River (sites nos. 7 & 8), the
Qattineh lake (sites nos. 15 & 24) and the groundwater of the well no 27. The water of
this group is characterized by a low nitrogen content (less than 4 mg/L) and low δ 15N
values (+3 to +6 ‰). It is concluded that the water of this group could reflect the nitrate
originated from the natural source of the carbonate aquifers, from which the Orontes
River takes its resources.

y The

second group includes the waters from the remaining sites. The waters of this group
show higher δ 15N values (+5.5 ‰ to +10.3 ‰) accompanied with high levels of nitrate
or total nitrogen composition (3-31 mg/L). The nitrates of this group are probably
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leached from fermentation of ammonium and organic matters originated from domestic
sources. The high scatter of the representative water sampling points is related to the
different intensity degrees of fermentation of the organic matters as well as the quantity
of the waste disposable and sewage discharge into the river. The groundwaters with high
concentrations in nitrate and other pollutant elements are found in specific locations
near the river valley. These locations prove also the possibility of the interconnection
between the river and the considered aquifer systems.
REFERENCES
[1]
[2]
[3]
[4]

KOHL, D. H., SHEARER, G. B., COMMONER, B., Fertilizer nitrogen: contribution
to nitrate in surface water in a corn belt watershed, Science 174 (1971) 453.
MARIOTTI, A., 1984. Utilisation des variations naturelles d’ abonance isotopique en
15N pour tracer l’origine des pollution des aquiferes par les nitrates. In: Isotope
Hydrology, 1983, IAEA, Vienna (1984) 605-633.
EXNER, M. E., SPALDING, R. F., N-15 Identification of nonpoint sources of nitrate
contamination beneath cropland in the Nebraska Panhandle: two case studies, Applied
Geochemistry 9 (1994) 73-81.
WILSON, G. B.; ANDREWS, J. N.; BATH, A. H., 1994. The nitrogen isotope
composition of groundwater nitrates from the East Midlands Triassic Sandstone
aquifer, England, Journal of Hydrology 157 (1994) 35-46.

419

IAEA-CN-80/5P

USE OF Cs-137 FOR THE CALIBRATION OF THE CIRCULATION MODEL OF
LITHUANIAN COASTAL WATERS
L. DAVULIENE, G. TRINKUNAS, V. REMEIKIS, L. VALKUNAS
Institute of Physics, Vilnius, Lithuania
S. DICK
Bundesamt für Seeschiffahrt und Hydrographie, Hamburg, Germany
It is well established that radioactive contamination of waters and sediments in the Lithuanian
coastal area of the Baltic Sea is distributed unevenly [1]. To describe the distribution of the
radionuclides in waters of the Lithuanian coastal area of the Baltic Sea, the model based on
the operational circulation model of the Bundesamt für Seeschffahrt und Hydrographie (BSH)
for the North and Baltic seas [2, 3] was developed. The area under consideration contains both
the Lithuanian coast of the Baltic Sea as well as the Curonian Gulf of the fresh water. The
interplay between the salt and fresh water flows via the Kaipeda strait has impact on the
distribution of radionuclides. For instance, Cs-137 is a typical radionuclide demonstrating this
effect. It is experimentally well established that this radionuclide in the salt water is mainly in
the dissolved form (about 90%) and just its minor part is concentrated in the suspended matter
(about 10%). In fresh water the dissolved/suspended matter ratio for Cs-137 is totally
opposite. Therefore, Cs-137 can be considered as the tracer following the fresh and salt water
mixing. With samples of the radionuclide concentration in the sea area under consideration at
hand, Cs-137 is used to normalize the tracer concentration simulated by the developed
circulation model.
The model was based on the grade of 1 nautic mile (nm), while the boundary conditions were
taken from the more extended BSH model on the 6 nm grade. In order to understand the
sensitivity of this local model to the initial conditions, the artificial conditions taken from the
more general and coarse model were used. It has been obtained that the effect of the initial
conditions is lost within 2-3 weeks. This result is independent of the coarse grain of the grade
as calculations carried out on 1 nm and 0.5 nm grades show.
The model was adopted for the PC Pentium III, and calculations of the salinity distribution
depending on the meteorological conditions were carried out. Real-time calculations have
been performed for the period of 99.04.01-99.06.01 matching the time of radioactivity
measurements at HELCOM stations. It was obtained, for instance, that depending on the wind
direction, some local spots of uneven salinity in the sea could be formed. This can
qualitatively explain the abrupt increase in the Cs-137 concentration as it was observed
experimentally.
In addition, the possible inflow of the pollution from the Nemunas river was also considered.
It has been obtained that independently of the meteorological conditions the main pathway of
the pollution is directed to the Klaipeda strait and afterwards to the Baltic Sea, while the
southern part of the Curonian Gulf is almost not influenced by the pollution inflow (see Fig.
1). This result is also qualitatively supported by experimental observations. Further
development of this model has to be focused on studies of i) more detailed model calibration
in the Klaipeda strait, ii) shallow water effects in the Curonian Gulf, and iii) comparison with
the experimental data.
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Concentration,
rel. u.

FIG. 1. Uneven tracer concentration distribution on 99.05.13, 12:00 UTC; wind SO 5 m/s. Simulation
started on 99.04.01 with the inflow of the pollution from the Nemunas river. Arrows indicate flow
directions; the arrow length scales with the flow rate.
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USING ISOTOPES FOR GLOBAL WARMING OBSERVATION
K. NAMATA
Ministry of Environment, Niger
Abstract. This paper, based on a literature review, discusses the main aspects of using
isotopic techniques to obtain information about global warming. The rapid increase
concentration of carbon dioxide (CO2) and methane (CH4) in the atmosphere will result in
global warming by the greenhouse effect, and the isotopic techniques constitute an efficient
tool to explain this complex environmental phenomenon.
Isotopic analysis of carbon contributes to a large extent to explain the evolution of
atmospheric gases which cause greenhouse effect (CO2) and (CH4). Nitrogen and Sulfur
isotopes reveal correlations between Oxides produced by industry and acid rains. Oxygen and
Hydrogen isotopes in water constitute excellent indicators for climatic parameters such as
temperature of air surface, relative humidity and volume of precipitation. The work presents
an inventory of atmospheric gases which cause greenhouse effect. The sectors concerned
include the following: Energy, Agriculture, Change in land and forest use, waste management.
The table below (TABLE I) gives a recapitulation of greenhouse gases (GHG) emission (in
Gg) for 1990.
Table I. Modified from [1]

ENERGY
Fossil fuel
INDUSTRAIL PROCESSING
- Ciment
- Lime
- Beer
AGRICULTURE
Enteric fermentation
Rice production
Arabe Lands
Bush burning

-

CHANGE IN LANDS AND
FOREST USE
- Patrimonial Forests
- Disturbed forests and prairies
- Forest burning
- Abandonel Agricultural Lands
- Agricultural Lands
-

WASTE
Municipal Solid Wastes
Domestic Waste Waters
TOTAL

CO2
emis
588.91

CO2
seques
0

CH4

N2O

CO

NOX

COVNM

SO2

E.CO2

%

13.66

0.17

220.62

7.51

27.65

1566.03

928.47

0.862

9.26
0.3
0.0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0.0036

0.0058
0
0

9.26
0.3
0

0.005
0.0
0.0

4.232

0

0

0.0136

0

0

0

0

8.448

0.003

141.17

0

6.722

0

0

0

0

0

282.382

0.435

729.49
40.826

0
0

0
1.643

2.353
0.02

0
0.0735

0
43.149

0
0

0
0

1458.92
81.529

0.5636
0.043

0
6082.48

3613758
0

0
0

0
0

0
0

0
0

0
0

0
0

0
6082..48

92.971
3.1257

0
0
0.004436

0
6637.5
0

1.028
0
0

0.00706
0
0

0.2554
0
0

8.994
0
0

0
0
0

0
0
0

23.7766
0
0.004436

0.008
1.707
0.0

0
0
7596.67

0
0
368013.3

0
0.0082
2306.12

0
0.0905
2.65416

0
0
220.949

0
0
59.653

0
0
27.6536

0
0
1566.0358

0
28.2272
8903.797

0
0.007

Source : Document de Synthèse des inventaires de gaz à effet de serre et des études de vulnérabilité et adaptation aux
changements climatiques ; Commission Nationale sur les changements et variabilités climatiques - Niger. 1999.
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Document de synthese des inventaires de gaz a effect de serre et des etudes de
vulnerabilite et adaptation aux Changements Climatiques-Commission Nationale sur les
changements et variabilites climatique, Niger (1999).
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CLIMATIC SIGNIFICANCE OF STABLE ISOTOPE
CHARACTERISTICS OF AIR-CO2 AND RAINFALL
IN DELHI AREA WATER-PLANT-AIR SYSTEM
P.S. DATTA, S.K. TYAGI
Nuclear Research Laboratory,
Indian Agricultural Research Institute,
New Delhi, India
In recent years, there is a global concern on the role of carbon dioxide in atmosphere in
affecting the climate. The present models of global atmospheric circulation suggest that
oceans sequester about one-third of the CO2 released by anthropogenic activities, and
biospheric productivity is the primary cause of the interannual fluctuations in the atmospheric
CO2 [1, 2]. However, most of the times, the excess of CO2 in air is associated with the
presence of anthropogenic pollutants from urbanised centres. Therefore, the studies on the
pattern of local variations in the isotopic composition of air CO2 and rainfall in urban areas
are expected to provide important information on the atmospheric circulation processes which
affect the climate on a regional scale. Internationally, aspects of climate change have been so
far demonstrated using isotopic data mainly from temperate climates, and there is limited
understanding of the factors controlling stable isotopic composition of air-CO2 and rainfall in
tropical regions. In this context, to assess the magnitude of the above mentioned effects,
analysis of the data on the variations in the 13C/12C and 18O/16O signatures of air-CO2 in Delhi
area water-plant-air system is presented here.
In Delhi area, located in the path of the Indian southwest monsoon trough movement, about
eighty percent of the annual rainfall occurrs during the monsoon period (July to September).
This brings a significant change in the weather and increase in the plant biomass productivity.
The air-CO2 concentration during March to September showed a wide range of 330 to 458
ppmv, with an average value of 357.8 ppmv and the δ13C value of CO2 varied from -7.8 ‰ to
-11.6 ‰, with an average of -8.9 ‰. While, the pre-monsoon months (March to June) had
higher CO2 levels (mean 366 ppmv), monsoon months July and August had significantly
depleted concentration (mean 345 ppmv). An inverse relationship has been observed between
CO2 concentration and δ13C. Depleted CO2 concentration associated with enriched δ13C value
during the monsoon months clearly indicate rapid consumption of 12CO2 by photosynthesis
due to increasing biomass productivity [3]. Simple mass balance calculations suggest that
before the onset of monsoon in Delhi, CO2 contribution to the atmosphere from burning of
fossil fuel ranged between 10 to 24 % in the investigated area. The δ18O value of CO2 in Delhi
ranged from +38.7 ‰ to +50.9 ‰, with an average of +41.2 ‰, close to that of normal
atmospheric CO2 (δ18O=+41 ‰). Relative humidity of air during monsoon months being quite
high (70-80 %), the depleted δ18O in CO2 during monsoon months can be possibly ascribed to
equillibration of CO2 with relatively less enriched leaf water of the vegetation [3, 4].
Analysis of the variations in the δ18O and δD composition of New Delhi rainfall (IAEA
Global Network Data 1961-96) showed that although, the monthly mean values range from 15.3 to +8.0 ‰ for δ18O and -120 to +55.0 ‰ and agree with the world meteoric line, yet, the
isotopic composition of rainfall events of less than 50 mm show deviation form the meteoric
line, following different evaporation line for different summer months. Earlier studies, based
on IAEA Global Network Data 1961-83 suggested that the long-term mean temperature and
mean rainfall together account for about 80-95 % of the long-term average variability of 18O
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composition [5], with temperature alone accounting for 80 % variability. Lack of correlation
between the monthly 18O isotopic composition and rainfall reflect that the temporal variability
in δ18O depends also on the atmospheric water vapour circulation patterns, distribution and
intensity of rainfall, composition of the air-mass from which the rainfall derives and the
trajectory of the moist air-mass movement [5]. However, months with heavy rainfall is
generally associated with depleted δ18O, and each monsoon months July, August and
September shows different pattern of amount effect, i.e., depletion in δ18O with increasing
amount of rainfall, in the rainfall range of 50-350 mm. Monthly values of δ18O in rainfall
show maximum enrichment during the summer months May and June, and closely match with
the maximum monthly temperature in the corresponding year, and is associated with higher
air-CO2 level in some of the years. The data suggest that as compared to the monthly isotopic
composition of rainfall in the normal monsoon years, relatively enriched monthly δ18O in
rainfall in other years is generally associated with El Nino years and rainfall deficient years.
Although, it is difficult to ascertain whether El Nino affects India, as the Indian monsoon is a
very complex phenomenon, yet, studies reported earlier found that El Nino years are
associated with weak Indian summer monsoon [2]. Since, average monthly atmospheric
circulation features in normal monsoon years differ considerably from that in deficient
monsoon years, further systematic monitoring and modelling of seasonal variations in isotopic
composition of rainfall and air-CO2 can provide useful information on the environmental
changes and distribution of water in the atmosphere, in relation to the atmospheric circulation
patterns, as influenced by green house gases.
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RECONSTRUCTION OF 137Cs SIGNAL IN CUBA USING 7Be AS A TRACER OF
VERTICAL TRANSPORT PROCESSES IN THE ATMOSPHERE
C.M. ALONSO HERNANDEZ, H. CARTAS-AGUILA,
M. DIAZ-ASENCIO, A. MUNOZ CARAVACA
Centro de Estudios Ambientales de Cienfuegos. Cienfuegos, Cuba
The goal of this study is to estimate the 137Cs signal in Cuba using the relation 137Cs/7Be for
Miami and Cienfuegos City’s obtained for four year and data base of 137Cs concentration in
aerosols for Miami since 1957. The temporal behaviour of 137Cs and 7Be in aerosols in the
Central and Southern region of Cuba are shown too.
Sampling of aerosols was carried out in the Environmental Study Centre (22°03'N, 80°29'W)
facilities during June/1994 - December/1998 in Cienfuegos Province. Aerosols were collected
by an integral method using the facility Primus I, with 0.65 m2 collection area, 1200 m3h-1 air
flux during 7 days collection time. Petrianov filter FPP-15-1.5 was used (efficiency collection
of 99% to aerosols 0.3-1.5 µm diameter). After collection, the filters were ashed at 350 °C for
72 hours, put in appropriate geometry and analysed by gamma spectrometry. 137Cs mean
concentration in aerosols was 1.09 µBqm-3 and the range of variations was 0.18-3.24 µBqm-3;
while the 7Be was 4.10 mBqm-3 with 0.96-10.46 mBqm-3 variation range. Figure 1 shows the
monthly behaviour of 137Cs and 7Be values. From the graphic, it is observed that 137Cs has the
same temporal behaviour as 7Be; so both radionuclides are affected by the same vertical
transportation processes in the stratosphere.
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aerosols from Cienfuegos, Miami,
Puerto Rico and Panama.

Figure 2 shows the seasonal behaviour reported by Feely et al [1,2] and Laser et al [3] in
Miami (25° 49'N, 80° 17'W) San Juan, Puerto Rico (18° 26' N, 66° 00' W) and Balboa,
Panama (8° 58'N, 79° 34'W); they are compared with the values obtained in our monitoring
site. The data obtained in Cienfuegos show the same behaviour compared with other zones,
where a maximum in concentrations is observed in the first four months of the year matching
with the lowest levels of rain reported to this region. The observed increment in all cases in
April, has been explained by Feely et al [1]; it is a consequence of the tropopause breaking in
the last months of winter when the transport from the stratosphere to the troposphere is
greater. The observed variations in 7Be concentrations are explained principally by the
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microBq/m3

8

monthly regime of precipitation in each locality and in lesser degree by the longitudinal
variations.
These results allow to establish a relationship between 137Cs concentrations in aerosols from
Cienfuegos and Miami in the same period, normalising in both cases with 7Be values; this
normalisation allows to discriminate the variations due to local meteorological conditions and
latitudinal position . To do this we use the 42 years series of radionuclides measurements in
aerosols sampled in Miami, Florida(25° 49'N, 80° 17'W) which may be found "on line" in
http://www.eml.doe.gov/databases/SASP/sasp_data_search.htm. . If we represent in a
graphic (Figure 3a) the monthly relation 137Cs/7Be to Miami and Cienfuegos during the period
June/94- March/97, we can observe a good agreement between these variables, reporting 0.93
as correlation coefficient value.
Using the obtained lineal equation and systematising to a monthly constant the relation
7
BeCienf./7BeMiami; 137Cs concentrations in aerosols from Cienfuegos may be represented as:
137
CsCienf. = 0.729 137CsMiami × R where R is systematised relation 7BeCienf./7BeMiami by month.
From the equation and 137Cs monthly concentrations determined by aerosols from Miami in
the period 1957-1994, 137Cs levels of aerosols in Cienfuegos may be estimated in the same
period (Figure 3b).
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FIG. 3a. Relation 137Cs/7Be in Miami and Cienfuegos in the period June/94 - March/97.
3b. Estimated 137Cs signal in Cienfuegos City for the nuclear era.
137

Cs calculated values in aerosols are in agreement with those reported to Puerto Rico (19701974), Bahamas (1968-1972), Panama (1965-1967) and Hawai (1970-1994). The highest
levels, 3.7 mBqm-3, were calculated in 1963, coinciding with the period of highest number of
atmospheric nuclear weapons tests. A significative and relevant fact in this study is the
possible observation of the signal of Chernobyl accident in our territory, where in May 1986 it
a concentration of 0.74 mBqm-3 is estimated, two orders higher than the mean value
determined in Cienfuegos region in the sampling period of this memory. This result agrees
with Feely's et al [4] and Larsen et al [5] observations in the eastern coast of the EE.UU from
Maine (47°N, 68°W) to Miami (26°N, 80°W) during May 1986. The presence in our latitudes
of radionuclides produced in Chernobyl accident has been explained where the global
transport processes transferred a part of the plume formed at the beginning in the north of
Canada, and later a part of it was associated to a quasistationary depression in the Atlantic
Northeast, which allowed the fall of contaminated air in all the Eastern North American coast.
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THE EFFECT OF CLIMATIC CHANGES ON VAN LAKE
A. DøRøCAN
Ankara Nuclear Research and Training Center,
Ankara, Turkey

Lake levels are influenced by climatic changes, greenhouse effects and anthropogenic
activities. These effects are reflected in the hydrological cycle features over the lake drainage
basins. Among the significant hydrological variables, lake levels are influenced by different
atmospheric and environmental conditions. During wet periods, there may be water-level rise
that may cause some social and economical losses to agriculture and human activities along
the lake shores. Such rises become serious in the case of shore line settlements and low lying
agricultural land. Lake Van currently faces such problems due to water-level rises in eastern
Turkey. Because of, it is a closed basin with no natural and artificial outlet and its water
contain high concentrations of soda which prevent the use of its water as a drinking or
agricultural water source, Lake Van unique. Under these circumstances, in addition to
discussion of early studies air temperature, G18O of precipitation, temperature profile of lake
and G18O variation of water column of lake Van were examined.
Lakes are natural free-surface bodies and they respond to atmospheric, meteorological,
geologic, hydrologic influences. To define the behavior of lakes requires knowledge of these
events recorded within or around the catchment area of lake. Stream flow depends on various
factors effecting the hydraulic balance of a drainage area and similarly, water level variations
present the final result of the complex interplay of the various water balance components,
which are surface inflow and outflow and streams, direct precipitation on to the lake mirror
and ground water exchange and leakage. Meteorological factors, precipitation over the lake
and drainage area, evaporation from the lake surface, wind velocity, humidity and temperature
in the adjacent lower atmosphere, all play important role in the lake water level fluctuations.
The effect of these factors also can be seen from δ8O composition of precipitation, lake water
and water temperature. Due to difficulties of simultaneous measurements of all the effective
factors on the lake water level fluctuations, complete measurements for the application of
hydrological water balance are missing in many large natural lakes of the world. At the
surface water body investigations some basic measurements such as water chemistry,
temperature, stable isotopes, sediment rates and classical hydrological measurements can be
very important tools to understand the water bodies. One of the largest lake in the world is
lake Van which is located at an elevation 648 m above sea level on the high east Anatolian
plateau of Turkey as shown in (Figure ). It is generally accepted that damming of Nemrut
volcano on Murat valley forms lake Van. The lake level rise rose rapidly after the fluvial
system was dammed and impoundment of the water began [].
This study proposes that the lake level rises are due to meteorological variations. Change of
water level of lake Van is drawn and correlation among runoff and precipitation is made by
using traditional meteorological data. The same water level trend could be seen at Caspian sea
when the eight year delay is ignored. The relation between water level of Caspian sea and lake
Van are obtained. The seasonal variation of isotopic composition of precipitation and air
temperature were investigated for 996 and 997 years.
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FIG. 1. Map of the study area
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RECONSTRUCTION OF TRITIUM TIME SERIES IN PRECIPITATION
H. CELLE-JEANTON
Hydrogeology Department, University of Avignon, Avignon, France
L. GOURCY, P.K. AGGARWAL
Isotope Hydrology Section, International Atomic Energy Agency, Vienna
Tritium is commonly used in groundwaters studies to calculate the recharge rate and to
identify the presence of a modern recharge. The knowledge of 3H precipitation time series is
then very important for the study of groundwater recharge. Rozanski & Araguas [1] provided
good information on precipitation tritium content in 180 stations of the GNIP network to the
end of 1987, but it shows some lacks of measurements either within one chronicle or within
one region (the Southern hemisphere for instance). Therefore, it seems to be essential to find a
method to recalculate data for a region where no measurement is available.
Different methods can be used to reconstruct 3H time series. In 1980, Weiss & Roether [2]
provided an equation that combines various effects (latitude, precipitation high, vapour
exchange rate) but considers, as reference, island, coastal and weathership stations near 50°N
and 50°S. Doney et al. [3] published a new approach, derived from the one of Weiss and
Roether [2], that integrates spatial and temporal components (seasonal effects, tritium decay).
The resulting function can be applied from 1960 to 1986 to marine and continental sites in
Northern and Southern hemispheres. The predicted error is of 15-35% for the mean annual
tritium concentration, except in Northern Europe, where results have to be improved. It seems
that the calculation of the tritium values, based on a graphic determination of 4 factors, could
lead to uncertainties.

station B

Latitude

FIG. 1. Triangulation method is based on the
knowledge of longitude, latitude and tritium time
series for 3 stations (A, B, C) surrounding a 4th
one that has no tritium measurements.
station D
station C

station A
Longitude

To solve this problem, we propose another method which is based on triangulation. It needs
the knowledge of 3H time series of 3 stations (A, B, C) surrounding geographically the 4th
station (D) for which tritium input curve has to be reconstructed (Figure 1).
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As the source of tritium in precipitation is the upper atmosphere rather than the ocean, tritium
has a different distribution than deuterium and presents a reverse continental effect [4]. No
altitudinal effect has been quoted in the literature. Knowing the spatial coordinates (L:
latitude, l: longitude) of the 4 stations, we can calculate 3 factors fA, fB and fC linking the
fourth station to the 3 others:
fA=

(LC − LB)(lB −lD)−(lC −lB)(LB − LD)
(LC − LB )(lB −l A)−(lC −lB)(LB − LA)

fB =

(LC − LA)(l A −lD)−(lC −l A)(LA − LD)
(LC − LA)(l A −lB)−(lC −l A)(LA − LB )

fC =

(LB − LA)(l A −lD)−(lB −l A)(LA − LD)
(LB − LA)(lB −lC )−(lB −l A)(LB − LC )

The modeled tritium values (TD) for the 4th station can then be calculated through the
following equation :

TD = f ATA + f BTB + FCTC
We have applied two methods of recalculation (Doney et al.’s model [3] and triangulation)
and compared the modeled values with the real ones in 5 cases. The first example concerns
the station of Bad Salzuflen (Germany), for which we have made 3 tests in order to verify our
comparison between the 2 models. Then 2 other tests have been realized on Bismark (USA)
and Valentia (Ireland) with farer surrounding stations.
Figure 2 shows the comparisons between real data, Doney et al.’s model and triangulation
model from 1978 to 1995 for the first test we have achieved in Bad Salzuflen. The 6 months
moving averages of the 3 curves highlight the fact that modeled values calculated with
triangulation method (coarse line) fit better the real values (thick line) than Doney et al.’s
model (dashed line). This latter proposes a theoretical approach that explains well the seasonal
variations and the global decrease due to the tritium decay since 1963. However, the seasonal
cycles shown in Figure 2 are too pronounced. Moreover, as the triangulation model uses real
data of 3 stations to calculate Bad Salzuflen values, it provides a better estimation of the small
variations. The all period averages confirm the previous conclusions. The average of the
triangulation modeled values 27.2 ± 15.7 TU is closed by the one of real values 28.9 ± 16.9
TU. The average of the values issued from Doney et al.’s model is 25.2 ± 18.4 TU.
The 4 other approaches show roughly the same results, with a decreasing quality of the results
with the augmentation of the distance between the 4 stations.
Doney et al.’s model [3] provides a good modeling of tritium global decay, seasonal variations
and latitude effect. However, local and regional effects are not considered and lead to errors
especially for the small values (Figure 2). On the opposite, the triangulation method takes into
account this regional effect, but the error between real and modeled data increases with the
distance and with the augmentation of the impact of very local effects (movement of air
masses, local release of tritium). Moreover, for an overall reconstruction of the tritium time
series, we need 3 stations, surrounding the given station, that have rather complete chronicles.
These data are most of the time not available in the GNIP database, especially in the Southern
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Hemisphere. As a conclusion, we can say that by combining the two methods, we can
approach a better definition of the tritium input curve: Doney et al.’s model can be used to
reconstruct a long time series since 1960, especially for the values above 50 TU; the
triangulation method seems to be the best way to calculate data for a short time series that
began in the 1970s, especially in the Northern hemisphere where long chronicles are available.
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FIG. 2. Comparison between real data (solid line) and modeled values generated by Doney et al.’s
model (dashed line) and the triangulation model (thick line).
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CARBON ISOTOPES CONFIRM THE COMPETITIVE ADVANTAGES OF
Prosopis OVER Acacia erioloba
I. ROBERTSON, S. WOODBORNE
Quaternary Dating Research Unit, CSIR Environmentek, Pretoria, South Africa
The landscape of the Kalahari Desert is changing as the indigenous Acacia erioloba E.Mey. is
being replaced by the invasive Prosopis spp. Although both species are phreatophytic, the
disproportionately large taproot of Prosopis enables it to survive extreme moisture stress. δ13C
values were determined on annually resolved Prosopis and Acacia erioloba samples to
investigate adaptation to changing edaphic conditions. The results confirm that the Acacia
erioloba sample died during a period of water stress.
Acacia erioloba is extremely well adapted to surviving in arid and semi-arid environments. It
is a ‘keystone species’ upon which a wide variety of plant and animals depend. However, it is
being rapidly replaced by Prosopis; a species that was originally introduced to South Africa in
the late-1880s. Prosopis has an extensive lateral root system to obtain water from the
unsaturated zone and, depending upon moisture regimes, can develop a large taproot to access
ground water.
Ten Acacia erioloba and ten Prosopis discs were obtained from a bushveld site close to
Askham (27°1’S, 20°48’E) in the Northern Cape, South Africa. Precipitation data were
obtained from the Police Station at Witdraai, 10 km from the site.
Although Prosopis has the potential to be cross-dated [1], asymmetrical growth precluded the
establishment of a chronology for Prosopis or Acacia erioloba. However, marginal
parenchyma bands enabled the rings of Acacia erioloba to be counted [2] and a highresolution radiocarbon date (± 1 year) confirmed the Prosopis ring count. α-Cellulose was
extracted from the annual rings and δ13C values were determined using standard techniques.
The δ13C values of Prosopis (1970-1999) and Acacia erioloba (1977-1994) for two samples
typical of the site were determined (Fig. 1). The δ13C results demonstrate that after a major
precipitation event, Prosopis and Acacia erioloba experience a reduction in water stress.
Acacia erioloba is almost entirely dependent upon ground water. As a juvenile tree it exhibits
water stress (1978-79) as the taproot is extended to reach the water table. In the following
relatively dry years, it starts to experience water stress until the major precipitation event in
1987-1988, which replenishes water reserves. The decrease in precipitation and increased
extraction of water by Prosopis causes eventual death in 1994.
The Prosopis δ13C values for the period after unusually high precipitation in the mid-1970s
indicate that this relief from water stress is short-lived as amount of water in the unsaturated
zone is reduced. The increase in water stress is more rapid than Acacia erioloba and suggests
that Prosopis initially uses its lateral roots to extract water from the unsaturated zone until the
water reserves are exhausted and it switches to the dormant taproot.
Prosopis is replacing Acacia erioloba in arid and semi-arid regions of South Africa. In areas
where the limiting factor upon growth is water availability, Prosopis appears to maintain a
competitive advantage by tracking changes in the level of the water table or extracting deeper
ground water. Acacia erioloba cannot compete with the increased demand for water. Carbon
isotopes confirm mortality of Acacia erioloba occurs in times of water stress.
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FIG 1. δ13C values of Prosopis (solid circles) and Acacia erioloba (open circles). Annual July-June
rainfall is represented by the dotted line. A high resolution radiocarbon date (± 1 year) on the 197475 Prosopis sample confirmed the ring count.
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USE OF K-40 STANDARD SOURCE FOR MEASURING BETA-ACTIVITY IN
ENVIRONMENTAL SAMPLES
R.I. MAMATQULOV
State Speciality Inspection of Analytical Control, Tashkent, Uzbekistan
M. Z. ZAKIROV
Sanitary epidemiological station, Tashkent, Uzbekistan
The measurements of beta-activity in ash remainders of environmental samples can be
achieved using gas ejection counters. For this purpose we use gas ejection counter -MST-17
with following main characteristics:
max power of the
start of counting:
expansion of plato:
slope of plato:
max. value of impulses:

1600 V
150 V
5%
104 imp/min.

This equipment is initially prepared to operate at a working power of 1650V. The analysis are
implemented on samples of air (filtrate), soil, sediments, water (remainder) and bioassay in
form of ash remainder with weight range 60-400 mg.
The common formula of determination beta-activity measuring weight has the following
equation:
A = F • Kɬ • V (in Ȼɤ/ɤɝ)

(1)

were: F - correction coefficient of measurement conditions;
Kɬ - correction coefficient of self-absorption of beta
particles, related with weight of sample;
V - velocity of counting of signals from sample, measuring
by decode - counting system DP-100.
The coefficient Kɬ could determinate with relations the weight of sample (m) and correction
(p) of self-absorption by the equation:
1,67
Ȼɤ imp
4
Kɬ = — • 10 — / —
p.m
ɤg min

(2)

By this formula calculated values of Kɬ in weight range 60-400 mg and shown by diagram 1.
From the mass range more applicable value is 300 mg for which
Ȼɤ imp
Ʉɬ = 89 — / —
ɤg min
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The coefficient F, related of measurement conditions which included corrections to geometry
of measurement system, absorptions of beta particles in windows of counter and in air, and
back dispersion, could be determinate by using standard source. For this purpose we can use
chemical soft salt of kalium chloride - KCl. For preparation of standard source, preliminary
should be heat KCl in temperature 1300C during 2 hours, then triturate by the porcelain
tool. Then 300 mg KCl, with the proportional density to put in special cuvete.
The source beta-activity of KCl is explained that have radionuclide K-40. In calculation of
activity of kalium we knows that half life time of K-40, decay of beta particles 89% and
concentration of K-40 in natural kalium is 0,0119% and this dates gives that 1 kg natural K
could decay 1,64 • 106 beta impulses per min. From this value we can calculate beta activity
concentration which could be A0= 27,37 • 103 Ȼɤ/ɤg.
Given the molecular mass of KCl (M) and atomic mass K (mo) and we can calculate activity
concentration (As) chloride kalium:
mo
As = Ao • — = 14,32 • 103 Ȼɤ/kg
M

(3)

Using equations (1), (3) and value of Kɬ for 300 mg KCl and measurement value of velocity
V we find:
As
F = — = 4,1
(4)
KɬV
Using this method for determination of beta activity of ash samples it is necessary to choose
similar conditions and measured value of velocity V to put in formula (1), which in example
of sample m=300 g could be:
A = 365 V.
Such methods are used in laboratories at sanitary epidemiological stations and for State
special inspection of analytical control in Uzbekistan.
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MULTI-COLLECTOR ICP-MS FOR HIGH PRECISION ISOTOPE RATIO
MEASUREMENTS: APPLICATION TO ISOTOPIC DATING METHODS
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Micromass UK, Wythenshawe, Manchester, United Kingdom
Until recently, thermal ionisation mass spectrometry (TIMS) was considered the technique of
choice for high precision isotope ratio measurements in the earth sciences when applied to the
U/Th-Pb method of dating. However, the evolution of modern Multi-Collector Inductively
Coupled Plasma source Mass Spectrometers (MC-ICP-MS) has revolutionised studies in
isotope analysis by simplifying sample preparation methodology and allowing the analysis of
many new isotope systems. The ability to measure all the isotope ratios of interest
simultaneously (with a 17.5% mass spread) removes the measurement instability caused by
plasma flicker from the ICP. In addition, the flexibility of sample introduction methods for
ICP-MS has resulted in faster and simplified analysis compared with conventional thermal
ionisation mass spectrometry. Inductively coupled plasma multi-collector mass spectrometers
are extremely versatile isotope ratio analysers. The versatility of the technique owes much to
the ICP plasma source as it can be used to ionise material from solutions or from solids. One
of the main advantages of the MC-ICP-MS technique is the ability to undertake in-situ
measurements of isotope ratios using laser ablation directly coupled to the ICP. Signals from
such analysis are transient in nature and so isotopic measurements must involve the static
mode of analysis.
The Micromass IsoPro 2 is a MC-ICP-MS, but is unique in that it uses a modified interface
with a RF only Hexapole collision/reaction cell between the sampling interface and the
magnetic sector mass analyser (Figure 1). The Hexapole has three key advantages:
1.
It is a simple, yet highly efficient, ion-focusing device which leads to very high ion
transmission and results in a very sensitive instrument. For example, when using laser ablation
as a sample introduction method, 1% ion:atom transmission efficiencies can be achieved when
analysing Pb isotope ratios in solids.
2.
The introduction of a small volume of an inert gas, such as helium or argon, into the
Hexapole collision cell results in inelastic collisions between the ions from the ICP and the
collision gas. By repeated collisions the ions from the ICP are thermalised so that they assume
the energy of the collision gas. This results in the mean ion energy spread of the ions from the
ICP being reduced from >20ev to <1ev. By reducing the mean ion energy spread of the ions
from the ICP mass separation becomes far easier in the mass spectrometer. The thermalising
of the ion beam also provides the conditions requied for producing flat-topped peaks, essential
for high precision isotope ratio measurements.
3.
Reactive gases, such as hydrogen, can also be introduced into the Hexaple reaction cell
to remove argon-based interferences which severely compromise the determination of a
number of important elements (e.g. S, Ca and Fe) below m/z 80.
In conjunction with the above technical details from [1], state of the art data will be presented
for several isotopic systems in the analysis of solution and solid sample matrices.

437

FIG. 1. The IsoProbe 2.

REFERENCE
[1]

438

P.J. TURNER, T.O SPEAKMAN, J. SPEAKMAN, R.C. HAINES, Z. PALACZ, S.
MEFFAN-MAIN, Ion optics of Multi-collector ICP-MS systems for precise and
accurate isotope ratio measurements. Micromass Technical Note 403, Micromass UK,
http://www.micromass.co.uk

IAEA-CN-80/15P

RECONSTRUCTION OF BOMB 14C TIME HISTORY RECORDED IN THE
STALAGMITE FROM POSTOJNA CAVE
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Jožef Stefan Institute, Department of Environmental Sciences, Ljubljana, Slovenia
D. GENTY
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Orsay, France
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The knowledge of the concentration of natural radioactive isotope 4C in the atmosphere has
proved to be a particularly useful tool in the study of the carbon cycle. The carbon cycle plays
a dominant role in controlling many of the chemical and biological processes in different
ecosystems. A significant increase of the concentration of 4C in the atmospheric CO2 in the
atmosphere and biosphere during the sixties was caused by nuclear bomb tests in the
atmosphere [, 2]. Various nuclear facilities may also contribute to increase of 4C in the
atmosphere, while the use of great amounts of fossil fuels causes a dilution of 4C in the
atmosphere.
The karstic caves provide valuable resources for reconstruction of environmental conditions
on the continent in the past. This is possible due to the great stability of climatic conditions
within a cave. Secondary minerals deposited in caves, known as speleothems, preserve
records of long-term climatic and environmental changes at the site of their deposition and in
the vicinity. The purity of speleothems and their chemical and physical stability make them
exceptionally well suited for detailed geochemical and isotopic analysis [3].
Karst areas constitute a large part of Slovenia, with several thousands of caves located in the
limestone formations. The Postojna Cave system is composed of 23 km of accessible channels
and galleries and is a part of the karst region of the underground Ljubljanica River. The
Postojna Karst is located at the northwestern part of the Dinaric Karst (L=45º46’N,
l=4º2’E, Z=529m). It is limited to the north by the promontory of the Julian Alps, and to
the south by the Adriatic Sea [4]. The karst region has a variable climate under the
Mediterranean, Alpine and Pannonian influences. The Postojna Karst is composed of
Cretaceous carbonate rocks [5]. The hill under which Postojna Cave is situated is covered by
a pine tree forest and grass. Average annual temperature is 8ºC and mean annual rainfall is
500 mm.
The 5 cm high stalagmite was collected in the Biospeleological Gallery, about 200 m from the
entrance. There the cave roof consists of 30 meters of upper Cretaceous limestone and the soil
thickness is about 4-0 cm. Visible growth laminae are difficult to count. A polished vertical
thin section reveals a thin (<0. mm) remarkable black layer at 24 mm from the stalagmite
top, whose date of deposition was well known (23rd of April 944).
Between 0-36 mg of CaCO3 were sampled with a microdriller from a polished stalagmite
cross-section. This represents between  and 2 years of calcite deposition. Calcite powders
were reacted with H3PO4 in order to obtain CO2. The gas was reduced to graphite on iron with
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hydrogen at 650ºC for 00 minutes. Carbon atoms were counted with an accelerated mass
spectrometer (TANDETRON) at Gif-sur-Yvette.
Radiocarbon activities in the stalagmite are shown in Fig. . A sharp peak was expected in the
years 963–964, due to the nuclear tests in the atmosphere []. Based on the two known time
markers, the gasoline explosion mark (April 23, 944) and the top layer (October 24, 996),
the time scale in the speleothem was determined. The maximum 4C activity in the
speleothem carbonate occurred in 974, which was 0 years after the atmospheric peak. The
difference of 4C activity between pre- and post-bomb periods is 27.4 pMC between the years
950 and 978. Compared with the atmospheric variations of 4C activity from 950 to 964
(00 pMC and 90 pMC, respectively), the stalagmite activity variations are small, which
means that the 4C signal has been damped. Atmospheric 4C activity shows a well
pronounced peak in 964, and since then decreases exponentially, while radiocarbon activities
in the stalagmite only slightly decrease after the year 974 (from 5.4 pMC in 974 to 07.2
pMC in 996). The pronounced 4C peak together with the variation between pre- and postbomb 4C activities demonstrate that Postojna Cave is sensitive to atmospheric changes. By
comparison of the activity curves of the atmosphere and in the speleothem, we can gain
information about the processes of carbon transfer from the surface to the cave. Such 4C
chronicles can improve our understanding of the soil carbon dynamics, which is of great
importance since response of soil carbon reservoirs to climate change and/or human activity is
still not well known.
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FIG. 1. Radiocarbon activity in the stalagmite and the atmosphere.
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TRACE ELEMENT RECORDS IN HIGH MOUNTAIN LAKE SEDIMENTS IN
NW SLOVENIA DATED BY 210Pb
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J. Stefan Institute, Ljubljana, Slovenia
A. BRANCELJ, G. MURI
National Institute of Biology, Ljubljana, Slovenia
Abstract. Assessments of trace element concentrations of anthropogenic or natural origin,
especially of Cd, Pb and Zn, have been the subject of several studies during the last decade.
These metals have been intensively used in industry, especially in the northern hemisphere.
Due to worldwide reduction in particulate emission by industry and anti-knock lead in
gasoline, their global emission into the atmosphere has been decreasing since 975 [, 2].
For many trace elements long-range atmospheric transport is the most important source of
contamination and lake sediments can act as archives of atmospheric deposition of those
elements. In our study trace element concentrations of As, Cd, Co, Cr, Sb, Pb and Zn were
determined in sediments from three small high mountain lakes in northwestern Slovenia.
Sediments for trace element analysis were collected in 999 at Lake Planina pri Jezeru, in
998 at Lake Krn and in 996 at Lake Ledvica. Radiometric dating of the sediments was
carried out using the Pb-20 method. Ages and sedimentation rates were estimated using
constant rate supply (CRS) model using the software package of Shukla [3].
According to Pb-20 dating, the accumulation rates of the sediments range from 0.4cm/year
in Lake Ledvica to 0.26 cm/year in Lake Krn (Fig. ). In Lake Planina pri Jezeru the
sedimentation rate was determined to be 0.24cm/year and has greatly increased in the last 5
years.
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FIG. 1. Results of Pb-210 dating in the studied lakes.
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Changes in concentrations with depth are obvious for all determined elements in Lake Planina
pri Jezeru and Lake Krn (Fig. 2). In the sediment from Lake Planina pri Jezeru three periods
of lake history can be distinguished. Concentrations increase at the depth 0-7cm. The decrease
in concentrations, especially of Pb and Cd, in the last 25 years is probably due to use of leadfree gasoline in Western Europe. Concentrations are relatively constant in the segment
between 7-9cm and reflect the period of highest industrial emissions in the 20th century.
From the depth 9-35cm concentrations decrease rapidly with depth and show the influence of
the industrial revolution in the 9th century. Concentrations in the detailed profile from Lake
Krn are variable in the upper 8cm and are higher than below this depth. Concentrations are
relatively constant in the segment from 8-8cm. In this sediment sequence only the
concentration of Sb decreases with depth. Explanation of the concentration changes in Lake
Krn is still difficult. The distribution of elements in Lake Ledvica is similar to that in Lake
Planina pri Jezeru. Concentrations in the sediment slightly increase to the depth of 3cm, are
relatively constant between 3-3cm and decrease to the depth of 6cm. These changes can be
explained in the same way as those at lake Planina pri Jezeru.
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FIG. 2. Distribution of elements in Lake Planina pri Jezeru and Lake Krn.
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INFLUENCE OF LOCAL EMISSIONS ON CONCENTRATION AND ISOTOPIC
COMPOSITION OF TRACE GASES (CO2 AND CH4) UNDER STRONG
ANTHROPOPRESSION: A CASE STUDY FROM KRAKÓW, SOUTHERN POLAND
T. FLORKOWSKI, A. KORUS, T. KUC, J. LASA, J.M. NECKI, M. ZIMNOCH
University of Mining and Metallurgy, Faculty of Physics and Nuclear Techniques and Institute
of Nuclear Physics, Kraków, Poland
Measurements of the isotopic composition of carbon dioxide and methane together with their
concentrations in the atmosphere, yield useful information on the contribution of
anthropogenic sources to regional budgets of these gases and their seasonal changes. Observed
correlation between isotopic composition and inverse concentration of these gases is used for
estimation of mean isotopic composition of the local source.
Monitoring of atmospheric CO2 has been initiated in Kraków in 1982. The sampling point is
located in a polluted urban area with strong contribution of anthropogenic gases originating
both from local sources (coal burning, car traffic, leakages from city gas network, landfills)
and large distant emitters - industrial district located ca. 80 km to the west from Krakow
(Silesia district). Quasi-continuous measurements of CO2, and CH4 concentrations in the low
atmosphere are performed using gas chromatographic method. For isotope measurements, the
atmospheric CO2 is continuously sampled by sorption on molecular sieve in be-weekly
intervals and radiocarbon concentration is measured by liquid scintillation spectrometer,
while δ13C is determined by isotope ratio mass spectrometer. Measurement error (1σ for
single measurement) is in the order of 0.1 ppm for CO2 concentration, ± 8‰ for δ14C, and ±
0.1‰ for δ13C.
In 1994, a new station for regular observations of greenhouse gases in lower atmosphere was
set up in the High Tatra mountains, at Kasprowy Wierch (49oN,20oE, 1980 m a.s.l., 300 m
above the tree line). Kasprowy Wierch, with only small influences from local sources of trace
gases can be considered as a reference station for this region of Poland. The record of CO2 and
CH4 concentration and their isotope composition obtained at Kasprowy Wierch is considered
as a background level for Krakow observations.
The presented study was aimed at better characterisation and quantification of the local fossil
component coming from anthropogenic emissions of CO2. A three component mixing model
was applied which allows to distinguish biospheric, and anthropogenic sources and their
strength. In addition, the radiocarbon data were used. The analysed period extends from 1998
to 2000, presented in the context of the earlier obtained data. The carbon dioxide
concentration together with its isotope composition at Kasprowy Wierch sampling point
reveals well pronounced daily and seasonal oscillations, superimposed on the long-term trend.
Much higher aplitudes are observed at Kraków. The increase of average CO2 concentration as
well as methane mixing ratio is observed since 1998. Linearisation of the radiocarbon record
shows steep decrease of ca. 45 ‰ per year for the discussed period. Similar trend is observed
for δ14C in CO2 collected in Kraków sampling point located in highly urbanised area.
However, measurement values being in the same range for the both records, show fluctuations
which are in counterphase.
The average background methane concentration measured at Kraków reveals a systematic
shift by a few percent towards higher values, when compared with the Kasprowy Wierch data.
This is caused by persistent leakage of methane from the city gas network.
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ECOLOGICAL POLICY, ASSESSMENT AND PREDICTION OF THE
FATE OF CHERNOBYL RADIONUCLIDES IN
SEDIMENTS OF THE BLACK SEA
A.E. KONTAR
P.P. Shirshov Institute of Oceanology,
Russian Academy of Sciences,
Moscow, Russian Federation
The mathematical model has been designed to investigate the fate and distribution of the
Chernobyl radionuclides in sediments of the Black Sea. One of the regions of intensive
radioactive precipitation during the Chernobyl disaster was the nothwestern Black Sea region.
There are some canyon systems in this region, where bottom sediments of the shelf zone are
removed to the continental slope region and finally to the abyssal part of the sea. The lack of
reliable information on the removal intensity of the shelf sediments, which contain different
kinds of radioactive precipitation, does not allow changes in the radioactive situation to be
predicted reliably enough in the given region. On the other hand, the surface sedimentary
layers dated by characteristic Chernobyl precipitation made it possible to obtain information
on sediment movement rates and directions, as well as other quantitative and qualitative
parameters for the mechanisms of canyon processes. This region was selected for our study.
The bottom sediments in this region constitute the permanent repository for material retained
by the basin that is derived from the surrounding land mass via the atmosphere, rivers,
groundwater discharge and coastal erosion. This includes contaminants, for example heavy
metals, organic substances and radionuclides. The results of measurements of the
concentrations of 137Cs in the bottom sediments of the northwestern part of the Black Sea
indicate the inhomogenity of their distribution both over the studied area and over the core
depth. The intermittency of the layers with different concentration of radionuclides in the
cores reflects the active horizontal movements and redistribution of sediments on the shelf
and continental slope. The high degree of variability of the radionuclide activities observed on
the shelf is probably due to the very heterogeneous nature of the sediment cover due to erosion
and sediment redeposition. Some areas close to the shelf edge appear to be devoid of modern
sediment. The bottom boundary layer in this region of the Black Sea has not been studied in
detail, although it is known that there are local areas of high rates of sediment transfer due to
near-bottom currents, turbidity flows and some other dynamic processes on the boundary
between the sea water and the sea floor. Present day theory of the bottom boundary layer is
based on a model with horizontally homogeneous and statistically stationary turbulent
currents. However, a real bottom boundary layer is not stationary. Occasionally there are
dramatic velocity increases in the near-bottom current, the so-called "bottom or benthic
storms". Different eddies above the area studied are supposed to be the cause of the observed
events. In the following it is suggested that additional mechanisms are needed to explain some
observations of bottom storms and mixing processes in the Black Sea. The importance of
periodic bottom storms springs from the fact that they stir up bottom sediments with
radionuclides incorporated, which are then captured and transported over large distances by
weaker but stable currents. Some so-called "warm" bottom storms are connected with lutite
flows, forming in the upper horizon of the slopes. This is due to bottom erosion, resulting
from creeps of sediment, frequently shaken by local submarine earthquakes. There are various
approaches for studying the delivery and burial of pollutants in the sea, which were developed
in P.P. Shirshov Institute of Oceanology. These approaches were efficiently used for
developing the mathematical models. They include determinations of the flux of material from
the water column to the sea floor. The materials of the P.P. Shirshov Institute of Oceanology
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expedition measurements have been used for the analysis of the current structures, taking into
account the internal waves and eddies action on the vertical and longitudinal distribution of
the velocity, water density and sediment concentration with incorporated radionuclides. This
experimental base allowed approbation of diagnostic methods and above-mentioned
mathematical models, which were combined into a general model of the fate of Chernobyl
radionuclides in the Black Sea. All the foregoing made it possible to work out a policy and
main principles for assessment and prediction of the fate of radionuclides in the Black Sea.
The scientificaly-based recommendations for assessing and, mainly, minimizing negative
pollution effects on the Black Sea environment have been elaborated, and the approaches to
prediction of re-contamination of the coastal zone under different scenarios of climate changes
and a growing impact of man-induced factors were worked out. The elaboration baseed on
development of the Black Sea-circulation mathematical model tackled by a combined use of
radioactive tracers and mathematical modeling of the oceanographic processes. The fluid
dynamics mechanisms control the processes of transport and storage of the radionuclides
introduced through atmospheric fall-out and river discharge into the Black Sea, including the
processes of sedimentation, vertical mixing and geochemical processes in bottom boundary
layer (sea water - bottom sediments). We also took into account the processes that could cause
a possible backward transport of the pollutants from the deep areas of the Black Sea into the
shelf zone. Finally we created a complex mathematical model describing the pollutant
behavior from the moment of its input to its output from the ecosystem. This is a step toward
the ultimate goal of construction of an ecological model able to give valuable information
socio-economic management of the region. Our investigations revealed that the concentration
of radionuclides on the Black Sea floor has a patch-like mosaic structure. We used the
investigation methods, which include new elements both in the analysis of the natural
measurement results and in theoretical interpretations by closure of density currents
mathematical models. The density and turbidity current structure theoretical description
include four stages: (1) The solution of the hydrodynamic equations for the density current
constant in time. This solution gives undisturbed vertical velocity and density distributions.
The parameters of these distributions vary in time and along the current very slowly; (2) The
solution of the equation system for a model of density or turbidity current. Such a model gives
the longitudinal distributions of the velocity and density profiles parameters; (3) The modeling
of the vortex-wave distributions field; (4) The description of the current structure as a
superposition of the distribution. This superposition includes undisturbed distribution and
vortex-wave disturbance profiles in each point and at the corresponding moment of time. The
principal possibility and efficiency of such a method has been evaluated during the
measurements results analysis. This solution takes into account the simultaneous influence of
ambient liquid mobility, turbulent stress profile in stratified medium and the interaction of jet
current part with the near-bottom boundary layer. Theoretical distributions describe density
and turbidity currents with internal waves in the entire current action field. In the solution of
suspended particles diffusion equation, the new turbulent diffusion coefficient distribution "diffusive triplet" was utilized. On the basis of theoretical solutions and measurements results,
the current structure diagnostic method by statistical parameters of suspended particles size
spectra was elaborated. As a result of this work scientifically provided recommendations have
been elaborated for assessing fate of pollutants in the Black Sea and near-bottom dynamics
interaction with the environment in natural and man-induced conditions and also suggestions
for monitoring the near-bottom environment, aimed at minimizing negative ecological effects.
The results of this work have confirmed once again by research that the Black Sea crisis calls
for a concerted international approach and that it is critical for the future of the Black Sea that
various programs addressing the Black Sea's environmental problems be coordinated to work
together. It promotes sustainable development of efforts towards improved environmental
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management in the Black Sea region. The results obtained for the Black Sea can be used in
comparable regions of Russia for elaborating a policy, strategy and methodology of predicting
the fate of pollution in the sea. Solution of these problems is particularly acute for the new
social and economic conditions in Russia.
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TREE-RING STABLE OXYGEN ISOTOPE RATIOS INDICATING
COOLER AND WETTER CLIMATE CONDITIONS AND HIGH FLOOD
FREQUENCY PERIODS IN THE RED RIVER BASIN, MANITOBA, CANADA
W.M. BUHAY
Department of Geography, University of Winnipeg, Winnipeg, Manitoba, Canada
B. MAYER
Departments of Physics and Astronomy, Geology and Geophysics,
The University of Calgary, Calgary, Alberta, Canada
S. St. GEORGE, E. NIELSEN
Manitoba Industry, Trade and Mines,
Winnipeg, Manitoba, Canada
P. HARMS, D. MARCINO
Department of Geography, University of Winnipeg, Winnipeg, Manitoba, Canada
In the Red River region of southern Manitoba, Canada, the frequency of flood events tends to
increase during cooler and wetter climate conditions. Predictably, recorded Red River flood
stages are primarily a result of meteorological conditions which produce an increase runoff
due to excess snowmelt and heavy spring precipitation. Winter skewed precipitation periods
corresponding to cooler and wetter conditions in the Red River Basin may provide traceable
oxygen isotope signals in hydrologically sensitive trees occupying the basin. To test this
hypothesis, three overlapping oak tree-ring chronologies (KPO1: 1990 to 1795; STVO1: 1985
to 1797; STVO2: 1990 to 1845) were annually sampled and processed for their cellulose. It is
anticipated that the annual cellulose oxygen isotopic compositions may identify cool and wet
climate conditions in the Red River Basin corresponding to other periods of abnormally high
runoff years prior to the recorded flood events (post-1880).
Proxy climate data obtained from historical records (Hudson’s Bay Archives) suggest that the
Red River Basin experienced cooler and wetter conditions during the late Little Ice Age (the
early 19th Century). The oxygen isotope and tree-ring width reconstructions for KPO1 support
this interpretation. As indicated in Figure 1, progressively decreasing δ18Ocellulose values
between the early 1800’s and 1860 suggest that climate conditions became cooler resulting in
lower mean annual δ18Oprecipitation values. Additionally, the seasonal distribution of
precipitation may have been winter skewed during this time providing the trees in the growing
season with isotopically depleted meteoric water. The lower annual temperatures and/or the
winter skewed seasonal precipitation may have been accompanied by more humid summer
growing conditions which would reinforce decreasing δ18Ocellulose values. The tree-ring
widths generally responded positively to the wetter conditions. KPO1 seems to have
responded to the very wet conditions (coupled with possible cooler and winter skewed
precipitation) with metabolic vigor between 1850 and 1860, historically a period of frequent
Red River flooding events. The minimum in tree-ring widths corresponding to the maximum
in δ18Ocellulose values in the late 1960’s is related to a period of warm and dry conditions.
Further, work currently in progress on the overlapping records provided by the STVO1 and
STVO2 isotope and ring-width chronologies should reinforce and add insight into the
observations provided by KPO1. Additionally, an extended Red River Basin tree-ring
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FIG. 1. An annual and 20 year running average comparison of δ18Ocellulose values and ring widths
for KPO1, Winnipeg, Manitoba, Canada.
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PRELIMINARY DATA ON DINOSAURS HABITAT DURING THE
UPPER MAASTRICHTIAN, HATEG BASIN, ROMANIA
D. GRIGORESCU
University of Bucharest, Faculty of Geology and Geophysics, Romania
A.-V. BOJAR
Department of Geology and Paleontology, Graz, Austria
L. KLARIK
University of Bucharest, Faculty of Geology and Geophysics, Romania
The Hateg basin is located in the south-western part of the Transylvanian Depression and it is
filled with sediments that overly the crystalline rocks of the Getic nappe. The basin show
multiple stage of Mesozoic evolution. The Latest Cretaceous (Middle and Upper
Maastrichtian) with continuous transition to Paleocene is represented by two continental
lithostratigraphic units: the Densus-Ciula and the Sinpetru Formations. The Upper
Maastrichtian of Densus-Ciula Formation at Tustea Quarry is represented by a pebbly
alluvium with massive, matrix supported conglomerates, cross bedded sandstones and
mudstones, the last one containing calcretes and dinosaur remains, including eggs and
hatchlings of the hadrosaurid Telmatosaurus transsylvanicus [1,2].
In order to constrain the paleoenvironment in which dinosaurs lived, calcretes and dinosaur
eggshells were analyzed for carbon and oxygen isotopic composition. The standard procedure
for carbonate analysis at the Graz laboratory includes CO2 extraction/measurement with Kiel
II/Finnigan MAT MS.
The eggshells reveal δ18O values between 29.5 and 30.5‰ (SMOW) and δ13C between -13
and -14‰ (PDB). The δ18O of eggshells are linear related to the δ18O of water ingested by the
species [3,4]. According to the empirical relationship between eggshell and water
composition, eggshells with values of 29-30‰ indicate that the δ18O of water from which the
species drunk was around -2‰.
The δ13C of the eggshell is controlled by the animal's diet but is also strong modified by
metabolic fractionation. For example, the 13/12C ratio of carbohydrate feeder eggs is 16‰
heavier than the food material [5]. As the measured δ13C range between -13 and -14‰, the
isotopic composition of the food source was around -30‰. This indicate that the main food
source consisted of plants with C3 photosynthetic pathways as trees, most shrubs and herbs.
The calculated food signatures correspond to the most depleted part of the C3 plants showing
that these did not grow under stressed water conditions [6].
The carbon isotopic composition of calcretes is controlled by the composition of CO2 in soils
which is further controlled by the proportion of C3 and C4 plants [7,8]. Due to 13CO2/12CO2
differential degassing in soil and the isotopic fractionation between CO2 and carbonate, the
total enrichment between carbonates and organic matter vary from 16.5 to 13.5‰ (between 0
and 25°C). As the measured δ13C values of calcretes, range between -13 and -14‰ they
indicate also a C3 source of food with a composition around -30‰.
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The oxygen isotopic composition of calcretes are related to temperature and the isotopic
composition of soil water which is further related to local meteoric water [9]. The calcret`s
δ18O range between 24 and 25‰. For a temperature around 25°C, calcretes precipitated from
water with δ18O around -3‰. Due to processes of evapo-transpirations water form which
calcretes precipitated are considered to be enriched relative to rain water. The two source of
data (eggshells and calcretes) constrain the source of drinking water to a narrow range
probably indicating the limited mobility of the species.
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C ANALYSES ON CO2 IN AIR USING THE MULTIFLOW:
APPLICATION FOR THE MONITORING OF ATMOSPHERIC 13CO2 OVER
HYDRO-ELECTRIC RESERVOIR IN QUEBEC’S BOREAL REGION – CANADA
G. BILODEAU, C. HILLAIRE-MARCEL, J.-F. HÉLIE
GEOTOP-Université du Québec à Montréal, Montréal, Canada
F. FOUREL
Micromass UK Limited, Manchester, United Kingdom
L. VARFALVY
Hydro-Québec, Montréal, Canada, and
Chaire de recherche en environnement, Hydro-Québec-CRSNG-UQAM, Canada
The Multiflow™ preparation system (Fig. 1) is a headspace sampling device allowing
extraction, purification and introduction of a gas sample into a gas-source Isotopic Ratio Mass
Spectrometer for isotopic analysis. The original device was designed for 13C measurements on
CO2 from breath tests. It has been adapted here for 13CO2 analysis in atmospheric low pCO2samples. The sample is stored into special 12 cc-vials known as Exetainers™ which are then
loaded into a sample tray. The total capacity of the sample tray is 220 vials. An autosampler
equipped with a needle is used to pierce the septum of the vial and to admit some helium
above atmospheric pressure in the headspace of the vial.
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FIG. 1.

A 6-way valve allows then to redirect the excess-helium mixed with the sample gases to flow
through a loop. The volume of this loop can be adapted for given types of analyses. The
helium carrier and the sampled gases are then directed to a gas chromatography (GC) column
that separates the different gas species. A 4-way valve then allow to vent all gases present but
the one to analyze. The latter is finally introduced into the source of an isotopic-ratio mass
spectrometer. A few adjustments had to be made for the measurement of low-pCO2 and small
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volume atmospheric-air samples for 13C/12C measurements. A 3 ml-sample loop size is used.
The sampling of atmospheric CO2 is made using pre-evacuated Exetainers™ that are opened
and tightly closed on site after sampling. This sample-processing design has been used for a
collaborative project with Hydro-Quebec and the GEOTOP research Center (Université du
Québec à Montréal). It aimed at the setting of a rapid, inexpensive and simple technique for
13
C measurements in atmospheric-CO2 over hydro-electric reservoirs of the boreal forest of
Quebec. The scientific rationale was to use stable isotopes for comparative monitoring of CO2
emissions from reservoirs and natural lakes.
During the summer 2000 sampling campaign, more then 250 samples were collected over the
Robert-Bourassa hydro-electric reservoir and adjacent lakes (eastern James Bay). Three
stations characterized by increasing water depths were selected. Atmospheric gases over each
of these stations were sampled during two periods of 24 hours, at approximately 1-hour
intervals, 5 cm over above water-surface. The first set of samples was collected following a
warm and sunny period of 10 days. The second set of air-samples was collected after a major
summer storm event. A most general feature of all CO2-samples is their systematic 1 to 3 ‰
depletion in 13C in comparison with the mean atmospheric CO2 isotopic composition of –
7.8‰. Due to photosynthesis, daily variations in ambient 13CO2, as high as 6 ‰ [1], have been
reported in the boreal forest. They are not recorded here over the hydro-electric reservoir.
Moreover, a trend towards more steady values is observed from shallow to deep sites,
suggesting a decreasing influence of the riverine vegetation on atmospheric 13CO2 contents.
Air samples collected at 18 stations of the reservoir before and after the storm indicate
enhanced release rates of light 13CO2 by the basin after the storm. It is hypothesized that
increased runoff during storm events are responsible for higher supplies of dissolved organic
carbon compounds into the reservoir, leading to enhanced bacterial degradation, and thus to
higher release rates of isotopically light CO2. In the course of this study, we did not observe
significant differences of isotopic compositions of the air CO2-samples collected above
adjacent natural lakes. This leads us to believe that minor differences in CO2-fluxes from
water bodies are unlikely to be recorded in the 13C-CO2 signature of the overlying air.
However, based on earlier results, they seem clearly recorded in the isotopic composition of
dissolved CO2.
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A RECORD OF ATMOSPHERIC 210Pb FLUX IN SYRIA
M.S. AL-MASRI, H. S. KALIL
Department of Protection and Safety, Atomic Energy Commission of Syria,
Damascus, Syrian Arab Republic
Fallout of 210Pb is of major importance to environmental studies, both for dating lake and
marine sediments and as tracer for studying pollutant transport processes [1,2]. Although
there is now large data on 210Pb fallout in the world [1,2], but there seems to be no data
available on 210Pb flux in the Middle East. In this work, inventories and vertical profiles of
210
Pb have been measured in the soils of 51 sites distributed over the Syrian land. Results
have shown that 210Pb inventories in the collected cores were relatively uniform with few
exceptions where erosion by heavy rain may have occurred in addition to high organic content
in some cores. Figure 1 shows some of activity depth profiles of 210Pb; all 210Pb fallout
component was estimated by subtracting the supported component from the measured total
210
Pb activity. 210Pb inventories were determined using the method described by Smith [3] and
found to vary between 478 Bq.m-2 and 13080 Bq m-2, which are relatively high. In addition,
210
Pb flux ranged from 15 Bq m-2.y-1 and 407 Bq m-2 y-1 with a mean value of 128 Bq m-2 y-1
Table 1 which is within the worldwide levels [2] table 2. 210Pb flux was found to depend
mainly on the geography of the site and radon air concentration. 210Pb flux was higher in
valleys and around the lakes while low fluxes being observed in mountains and flat lands. The
highest value observed was in Hamma, situated in the middle of Syria, where Al-Gaab faults
and high radon concentrations being the main reason for these high levels. Furthermore, high
levels of 210Pb were also observed in those cores collected near Palmyra, the phosphate mine
sites; high radon concentrations are predominating.
There is no linear relationship found between 210Pb flux and annual rain fall, where high
values were observed for low rain fall and vice versa, Table 1. The only two factors affecting
210
Pb flux were the geological and climate conditions (especially wind) and in order to obtain
a good value for 210Pb flux using the 210Pb inventory in soil, an appropriate number of cores
should be collected. In addition, The data obtained in this study can be used as a base value
for the Middle East region.

REFERENCES
[1] EL-DAOUSHY, F., The 210Pb Global Cycle: Dating and Tracing Application. A Paper
presented at the first international summer school on low level measurements and their
applications to environment radioactivity, La Rabida, Spain, September27-10,10/11/1987
(1987).
[2] IVANOVICH, M., HARMON, R.S., Uranium Series Dis-Equilibrium, Applications to
Environmental problems, Clderndon Press, Oxford (1992).
[3] SMITH, J.T., APPLEBY, P.G.,HILTON, J., RICHARDSON, N., Inventories and Fluxes
of 210Pb, 137Cs and 241Am Determined from the Soils of Three Small Catchments in
Cumbria, UK. J. Environment Radioactivity 37(2) (1997) 127-142.

454

36
34
32
30
28
26
24
22
20
18
16
14
12
10
8
6
4
2
0

28
26
24

Aleppo

Excessof Pb210Activity(Bg/Kg)

22
20
18
16
14
12
10
8
6
4
2
0
0

2

4

6

Damascus
Tartus

0

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Depth(cm)

Depth (cm)

8

24
22

Lattakia

4

2

Excess of Pb210 Activity (Bg/Kg)

Excess of Pb210 Activity (Bg/Kg)

20
6

18
16
14
12
10
8
6
4
2
0

0
0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

0

2

4

6

8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

Depth (cm)

Depth (cm)

FIG. 1. Activity-depth profiles of 210Pb in some cores.
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SIMPLE ENVIRONMENTAL MODELS FOR TRANSPORT OF
NATURAL RADIO-ACTIVITY IN AQUATIC SYSTEMS
A.A. EL-SAYED
Analytical Chem. Dep. Hot Labs, Atomic Energy Authority, Inshas, Egypt
A large number of models exist for describing the dispersal and transportation of radioactivity
in aquatic system. The main feature of general model types and choice are base on
distribution of naturally occurring trace elements, uranium, thorium and potassium between
solid and water. These general model are generic one and requiring few sites specific details.
The basic results of this study are primarily presented in Fig.1 showing distribution of these
elements U, Th and K along the chosen sites of surface water studied. Meanwhile, a
simplified model of the transportation processes which makes use of the distribution factor,
Kd. The results indicated that sediments scavenging the radioactive elements are influenced
not only by particulate sedimentation rates but also mainly by distribution of such
radionuclides between solid and aqueous phases.

FIG. 1. Distribution of natural radionuclides in sediments collected from different areas along
Ismailia canal.
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GEOCHEMICAL AND ISOTOPIC CHARACTERIZATION OF GROUNDWATER
RESOURCES IN EL HICHA REGION, GABES, SOUTHERN TUNISIA
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K. ZOUARI
Ecole Nationale d’Ingénieurs de Sfax, Tunisia
K. FRÖHLICH
International Atomic Energy Agency, Vienna
M.I. SAJJAD
PINSTECH, Islamabad, Pakistan
E. GARCIA-AGUDO
Sao Paulo, Brazil
The groundwater study area is located in the southern part of Tunisia at some kilometers from
the Mediterranean Sea, about 35 km north of the town Gabes. It extends over 300 km2 and is
bounded by the Gulf of Gabes in the East, El Hamma in the West and Skhira in the North.
This region is characterized by a semi-arid climate with an average annual rainfall of about
180 mm and a potential evaporation of 2130 mm per year.
The groundwater resources of the region are represented by four hydrogeological units: the
Continental Intercalaire, the Sfax Aquifer, the Jeffara Aquifer (north of Gabès) and the
shallow aquifer of El Hicha. The dug wells and boreholes used for groundwater abstraction in
this region reach depths between a few meters and about 170m. The upper zone of 50m depths
is formed by sandy clay and gypsum, and the lower zone of 50 to 70m depths consists of
sandy layers.
The salinity measured in groundwater samples from this area is rather high; the values range
between 5 and 7g/l. Since the water will be used to grow salt-tolerant plants, it is important to
know the origin of the groundwater (to assess its availability) and the source(s) of its salinity.
To this end, groundwater samples for isotope and chemical analysis were taken from 6 dug
wells, 6 boreholes (one of them is an artesian well), a spring and a drainage canal. Each site
was sampled in March, June, July, September and December 1999. During these sampling
campaigns, in-situ measurements of temperature and electrolytic conductivity were carried
out.
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The hydrochemical analysis of the groundwater samples indicates the presence of Cl-, SO42Ca2+, Mg2+. The Piper diagram shows the dominance of sodium, chloride and potassium.
Observed slight changes of the chemical composition of the water after a rainy period have
been attributed to rainwater infiltration into the groundwater.
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FIG.1. δ18O- δ 2H Diagram of the groundwater samples from the study area.

The δ18O values of the individual water samples vary from –7,53 ‰ to – 4,2 ‰ while the δ2H
values range from –56,4 ‰ to –28,52 ‰ (Fig. 1). The deuterium excess of the majority of the
samples is remarkably constant; the individual values cluster round 5 ‰, the deuterium excess
value characteristic for palaeo-groundwater in northern Africa [1]. This finding is also
substantiated by the 14C values so far available for some of the collected water samples. The
apparent 14C age ranges from about 9000 to 14 000 years B.P. A slightly higher deuterium
excess was found for groundwater collected from the dug well GAB-11. The increase of both
the deuterium excess and the oxygen-18 value points to an admixture of some rainwater with
present-day deuterium excess of about 10 ‰. A small contribution of rainwater is also
suggested by the tritium values for this well, which average about 0,4 TU. The water samples
taken from dug well GAB-4 appear to contain a higher fraction of recent (rain) water (Fig. 1),
as also suggested by the relatively high tritium values (around 1.2 TU). Water from the dug
well GAB-10 (a) seems to represent rather young water, because its tritium content is about
1.6 TU. Furthermore, evaporation effects appear to mask the original stable isotope
composition, as indicated by the very low deuterium excess and high oxygen-18 values
(Fig. 1). Therefore, this water is excluded from the following considerations.
The plot of the average values of electrical conductivity (EC) versus the respective average
oxygen-18 values clearly indicates two different types of groundwater: type 1 with an EC
around 4.5 mS/cm and δ18O between -7.5 and –7 ‰; type 2 with EC around 7.5 mS/cm and δ
18
O around –6.5‰. Examining the spatial distribution of the EC and oxygen-18 values, it can
clearly be seen that the groundwater south of 37o90’ (south of GAB-3) belongs to type 1 while
north of this region the groundwater is of type 2.
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Taking into account results from earlier isotope investigations in the South of Tunisia [2] –
[4], the above findings can be interpreted as follows:
1. The groundwater of type 1 and 2 represents palaeo-groundwater. Type 1 preferentially
occurs in the southern part of the study area and can be attributed to the Continental
Intercalaire (and/or the Jeffara aquifer), while type 2 seems to belong to the Sfax aquifer.
2. Thus, the salinity of the groundwater is mainly the result of the chemical evolution of the
groundwater (water-rock interaction) during the flow through the large confined aquifers.
The contribution to the salinity by local infiltration of recent rainfall through the saline soil
appears to be comparatively small. Such a contribution is probably manifested in the
observed spread of the measured values around the primary salinity and isotopic
composition of the palaeo-groundwater (Fig. 2).
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FIG. 2. Plot of the average electric conductivity (EC) and oxygen-18 values of the sampling sites.
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STUDY OF SOIL EROSION DYNAMICS ON THE ARABLE LANDS OF
LUBLIN UPLAND USING ISOTOPE TECHNIQUES (137Cs)
W. ZGàOBICKI
Department of Geology, UMCS, Lublin, Poland
M. RESZKA
Department of Radiochemistry and Colloid Chemistry, Maria Curie Skáodowska University,
Lublin, Poland
One of the consequences of agricultural activity are changes of significant element of the
environment, that is terrain relief. Since sixties the radioactive isotope of cesium, 37Cs, is
applied in the examination of the dynamics of the erosion processes.
This method is based on the idea that the circulation of this isotope in the environment
accompanies to physical transport of soil. Studies proved that cesium is firmly bond by
adsorption complex of the soil. Chemical and biochemical processes have limited influence
on the transportation of the cesium. By the examination of the horizontal changes of the total
cesium activity one can determine a type and intensity of the processes responsible for its
migration and thus the migration of the soil particles.
Soil erosion consists on accelerated transportation of soil material from slopes, as results of
flowing water, winds and direct human activity. Beside degradation of the soil resources, the
erosion also influences accelerated circulation of biogenic substances in the landscape
(originated from washed out fertilizers). This process has great influence on the eutrophication
of the environment. Extremely high flows, caused by heavy rains, may destroy communication
and settlement infrastructures. For this reason learning of the dynamics of the discussed
processes and the parameters which influence them is of the great practical meaning.
Our studies were performed in several small catchments of dry valleys located at
Northwestern part of Lublin Upland (Southeast Poland). These basins, characterized by varied
shape and small areas (20-00 ha), were intensely cultivable. On each area from 20 to 40
sampling points for soil core collection were set. The cores were picked out down to 50 cm in
0 cm layers. These points were localized in various morphology, land use and tillage
practices. In soil samples the concentration of 37Cs was measured. The concentration of
cesium in the surface layer of the soil ranged from 2.4 to 55.0 Bq/kg although most samples
revealed smaller concentrations from  to 30 Bq/kg. For each studied profile the total amount
of 37Cs was calculated in Bq/m2.
The horizontal differentiation of the total activity of 37Cs in a basin was the base for the
valuation of the dynamics of the slope processes in examined points and then in
morphodynamic zones of the basin. It was assumed that cesium delivery with dry and wet
fallout was uniform in the small area of the examined basins. The level of radioactivity
(reference level) was estimated in samples taken from mark points such as grasslands
interfluves. In such places no erosion or accumulation processes happen. When in examined
point the concentration of cesium was lower than in reference point it proved erosion (moving
out the soil). The accumulation of the soil was manifested by higher activity of the 37Cs.
A strong connection was noticed between total activity of 37Cs and morphology, coverage
and applied cultivation. The lowest activity was observed on the ploughed slopes, especially
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when furrows comes along the slope and the slopes were steep. The highest concentration of
cesium was at the valley bottoms, regardless the land use.
Presented data confirm that the most intense denudation processes are accompanied with
cultivation activity (Table I). The dynamics of slope processes in these areas is connected with
the direction of the cultivation, inclination of the slope and micro profile. For the rest of the
studied areas the erosion of soils is less intense. Such process was not observed on forests even though with steep slopes. It was also possible to establish the quantity of the soil which
is moved out each year on the interfluves, valley sides etc. (Table II).
Table I. Relationship between total activity of 37Cs and relief
and land use (mean values)
Forms of the relief

Land use

interfluves

% fallout

arable lands
others
o
slopes of the interfluves (3-6 ) arable lands

72
00
69

valley sides (6-0o)

arable lands
pastures
forests

67
0
0

steep valley sides (>0o)

arable lands
pastures
forests
arable lands

58
9
20
48

bottom of the dry valley
bottom of the basin-shaped
valley
arable lands

05

Table II. Intensity of the denudation processes at cultivated areas
(loess areas of Lublin Upland, SE Poland; mean values)
forms of the relief
interfluves
slopes of the interfluves (3-6o)
valley sides (6-0o)
steep valley slopes (>0o)
dry valley bottoms

intensity of the process [t/ha?y]
– 30÷00
– 50÷80
– 60÷0
– 00
+ 87

“–” loss of material, “+” delivery of material

Obtained values concerning horizontal changes of the total concentration of the cesium in
examined areas demonstrate also the following regularity for denudation processes on loess,
cultivated areas.
a) slope processes demonstrate significant diversity of the direction and the intensity - even
on the single slope or its parts.
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b) flat interfluves also undergo the washing out processes.
c) in basins the transverse direction prevails: side → bottom of the valley
d) agriculture erosion is the main factor influencing the soil transportation.
The method for the studies of slope processes with application of 37Cs isotope may give
many data difficult to obtain in different way. Despite some limitations and careful
interpretation of obtained results it seems to be truthful and allows learn more about the
contemporary changes of relief of cultivated areas.

462

IAEA-CN-80/29P

SOME RESULTS ON THE ISOTOPE STUDIES OF
WATER EXCHANGE IN BOREAL RAISED BOGS
A.A. SIRIN
Institute of Forest Science, Russian Academy of Sciences, Moscow, Russian Federation
L.S. VLASOVA
Water Problems Institute, Russian Academy of Sciences, Moscow, Russian Federation
V.A. POLYAKOV, A.E. TROFIMOVA
Research Institute of Hydrogeology and Engineering Geology, Ministry of Natural Resources,
Moscow, Russian Federation
Raised bogs are rather common and one of the most exciting mire types of the boreal zone.
They receive water and nutrients from precipitation and pore water stored in their domes (up
to 10 m in height) is spaced above levels of regional ground water or streams draining them.
Peatland hydrologists have long assumed (Fig. 1a) that fluid flow occurs mainly in a peat layer
near to the surface and water transport is negligible in deeper layers. The «acrotelm/catotelm»
paradigm on active and inert horizons for the peat above and below the lowest water level is
still widely spread in peatland hydrology. However, recent studies have shown that deep water
movement is much more dynamic in raised bogs than was previously thought. Based on
geochemical studies and numerical simulations even temporal reverse of the vertical direction
of water fluid flow through the peat as connected to climate fluctuations was assumed (Fig.
1b). Relying on isotope studies [1] we consider only the mounded strata of the raised bogs to
have relatively active water exchange (Fig. 1c).

FIG.1. Main hypotheses on water movement in raised bog.

The study included two raised bogs, representing different local hydrological conditions
(underlain by outwash sands and moraine clay) at the Zapadnaya Dvina Peatland Field Station
of the Forest Research Institute located 400 km west of Moscow (56 N, 32 E). Peatlands,
among which raised bogs dominate, constitute >30% of the area, and maximum peat thickness
exceeds 7 m.
For water sampling nested piezometers (2.5" PVC pipes) with bottoms closed with wooden
plugs and each perforated at the desired depth were used. Before sampling piezometers were
pre-pumped and allowed to refill. Started from 1990 pore water sampling was supported by
collection of monthly integrated precipitation probes. 3H was analysed after electrolytic
enrichment at Water Problems Institute, 18O and 2H at Research Institute of Hydrogeology and
Engineering Geology. To evaluate water residence time in peat strata specially determined
mathematical model which include the equations of water mass and tritium balance, imbedded
in a conceptual framework of water dynamics within a raised bog peat body, have been
developed and tested [1]. The results from isotope studies were additionally supported by
geochemical (pH, Eh, electrical conductivity) data and temperature and dissolved CO2 and
CH4 monitoring within vertical profiles of the studied raised bogs [2].
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FIG. 2. Isotope data profiles for Petrilovo raised bog underlain by moraine clay at the depth of 10 m.
A – peat pore water residence time; BL – base line of the raised bog dome;GWLmin – minimum level of
the raised bog surface waters.

The water residence time is a useful indicator of water source and flux rate. According to our
results the water, in the upper 0,5–0,7 m of both studied raised bogs, was several months to
several years old. Data for the raised bog underlain by moraine clay is shown on Fig. 2. The
water residence time less then 20 years was typical for 1,5 m stratum, and isotope data
indicated existence of water flux within the whole domed strata of the raised bogs.
Temperature and dissolved C-gases data also support this conclusion: seasonal temperature
shifts in peat pore waters occur up to the bottom of the dome; C-gases concentrations
increased with depth, down to the mound base line, and then remained fairly constant [2]. The
water residence time in the lower horizons below the base line of the raised bog dome was
estimated by 100-150 years [1], which indicates that diffusion processes prevail here.
Having similar 3H and temperature distribution and similar values of water residence time
estimates, raised bogs lying on outwash sands and moraine clay had different patterns of 18O
and 2H vertical distribution within their vertical profiles. Raised bog on sands had more even
distribution of δ18O (from –11,3 to –10,3) and δ2H (from –89 to –71) than the bog on moraine
clay (Fig. 2). The depletion of 18O and 2H to the surface of the raised bog on clay indicates
larger contribution of evapotranspiration in the output part of its water balance. For the bog on
sands much water is lost by lateral flow because of its better draining conditions and smaller
size. It is less then 1,5 km in diameter in comparison to more then 3 km of the raised bog on
clay.
The results for 1999-2000 year period were obtained within research project No. 10545
supported by IAEA.

464

REFERENCES
[1] SIRIN A.A., SHUMOV D.B., VLASOVA L.S. Investigation of bog water circulation
using 3H analysis data. Water Resources 24 (1997) 625-633.
[2] SIRIN A.A., NILSSON M., SHUMOV D.B., GRANBERG G., KOVALEV A.G. Seasonal
changes in the distribution of dissolved methane in the vertical profile of mires of the
Zapadnaya Dvina Lowland. Doklady Biological Sciences 361 (1998) 348-351.

465

IAEA-CN-80/30P

DEVELOPING INSIGHT INTO THE ISOTOPE-CLIMATE OF CANADA
AND THE ISOTOPIC EXPRESSION OF THE 1997-98 ENSO
S.J. BIRKS, T.W.D. EDWARDS, J.J. GIBSON*
Department of Earth Sciences, University of Waterloo,
Waterloo, Ontario, Canada
The isotopic composition of precipitation is an integrated climate field reflecting temperature,
amount of precipitation, air-mass source and history. Studies are underway to test the
sensitivity of the isotope-climate signal in precipitation to changes in these parameters
utilizing perturbations in local climate arising from the El Niño/Southern Oscillation (ENSO).
Canadian data from IAEA/WMO Global Network for Isotopes in Precipitation (GNIP) and
more recent data from the Canadian Network for Isotopes in Precipitation (CNIP) are being
combined in a spatial and temporal database to create an isotope overlay compatible with
pressure and flux field data from the NCAR/CDAS Re-analysis Project. Comparisons of the
isotopic fields (δ18O, δ2H and d-excess) with climate fields illustrate the complexity and
dynamic nature of the isotope-climate not evident in time-series of data from individual
stations.
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FIG. 1. a) 500 mb wind anomalies for the winter following the 1997 El Niño, obtained by subtracting
the climatological (1979-95) seasonal mean streamlines and isotachs (wind speed) from seasonally
averaged streamlines and isotachs for Dec 1997-Feb 1998. Vectors show the direction departures
and shading shows the magnitude of the wind speed anomaly. b) 500 mb temperature anomalies for
the same time period. Differences between the 1997 winter δ18O and the weighted mean winter δ18O
for CNIP station data are shown in italics.

ENSO events are a primary cause of interannual climate variability, affecting conditions not
only near their source in the equatorial Pacific Ocean, but also at higher latitudes. In
extratropical areas the strength, location and timing of climate variations are less predictable
since they are the result of oceanic and atmospheric teleconnections. Intriguing results have
been obtained from preliminary analysis of pressure and flux field data for 1997-98 and the
newly created CNIP isotope overlay. The strongest climate anomalies were found during the
winter following the 1997 El Niño event (Fig. 1), consistent with a strengthening of the
Pacific North American pattern expected during this period [1,2,3].
*

Also: Isotope Hydrology Section, International Atomic Energy Agency, Vienna.
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The temperature anomalies for the 1997-98 ENSO event are similar to those observed in
previous events, with air temperatures in the winter following El Niño being warmer over
most of Canada and the greatest warming centered over Manitoba and western Ontario [1, 4].
The distribution of isotopic anomalies, on the other hand, is not explained entirely by the
temperature anomalies (Fig. 1b), illustrating the potential for decoupling of the isotopic
signature of precipitation from temperature when changes in air-mass circulation occur [4, 5].
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STABLE ISOTOPE CHARACTERIZATION OF PAN-DERIVED
AND DIRECTLY SAMPLED ATMOSPHERIC WATER VAPOUR
R. MARIC, N.A. St. AMOUR, J.J. GIBSON ,* T.W.D. EDWARDS
Department of Earth Sciences, University of Waterloo, Waterloo, Ontario, Canada
Isotopic characterization of atmospheric water vapour, GA, and its temporal variability are
important prerequisites for quantifying water balance of surface reservoirs and partitioning of
evaporation and transpiration fluxes using isotope techniques. Here we present results from a
detailed comparison of several methods for determining GA in field situations, (i) by backcalculation from isotopic and micrometeorological monitoring of a steady-state terminal
reservoir (standard Class-A evaporation pan) using boundary-layer mass transfer models [1],
(ii) through direct (cryogenic) sampling of ambient atmospheric moisture, and (iii) using the
precipitation-equilibrium approximation (i.e., G A G P  H * ). The three methods provide
differing, but complementary temporal views: Class-A pans can be operated to provide timeaveraged information suitable for monitoring of the water balance of a small lake over time
periods of days to weeks, for example, whereas direct sampled profiles of atmospheric
moisture can be used to develop snapshots of transient isotopic gradients in the boundary
layer over lakes or land surfaces at time-scales of minutes to hours. Precipitation equilibrium
provides an additional independent method for characterizing atmospheric moisture, though
necessarily limited to periods of actual rainfall. As shown below (Fig. 1) data from an
experiment run at the University of Waterloo in summer 2000 reveals remarkably consistent
agreement between daily pan-derived estimates of GA and equivalent "equilibrium" vapour,
demonstrating the utility of pan monitoring to span the intervals between precipitation events.

Also evident from the time-series in Fig. 1 is a step-shift in meteorological conditions, with
days 145-160 characterized on average by somewhat drier and cooler conditions than the
remaining part of the record (days 161-195). This synoptic shift is clearly reflected by a
reduction in evaporation rate (not shown), as well as in the respective rates of heavy-isotope
enrichment in the pan water and in the pan-derived atmospheric δ18O and δ2H values.
Consideration of these isotopic data in δ18O-δ2H space (Fig. 2) reveals additional distinction
between the two periods. Thus, the day 145-160 period is characterized by a shallower
evaporative-enrichment slope than day 161-195 (4.5 versus 5.1), and by more isotopically
depleted atmospheric vapour (-21.2‰ versus -16.0‰ and -155‰ versus -123‰ for δ18O and
δ2H, respectively) having a substantially higher d-excess (14.3 versus 4.8‰). The differences
in δ18O and δ2H values, which are larger than expected for typical temperature-related effects,
and the large shift in d-excess are clear isotopic expressions of the differing synoptic
conditions over the two time periods.
We have also made preliminary efforts to incorporate direct sampling of atmospheric
moisture in company with evaporation pans at field sites. Initial experiments using cryogenic
trapping at a nearby site successfully captured the strongly differing isotopic labelling
ofatmospheric vapour revealed by the other two methods (see Fig. 2), though with systematic
offsets, perhaps related to mixing of locally generated vapour or to isotopic fractionation of
the water vapour during collection, similar to isotopic effects predicted during snow formation
[2]. On-going experiments will also evaluate non-cryogenic methods of vapour recovery for
planned flux-gradient partitioning studies.
*

Also: Isotope Hydrology Section, International Atomic Energy Agency, Vienna.
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pan water, and pan-derived δ18O and δ2H of atmospheric vapour during Day 145 to 195 (25 May-14
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THE QUESTION OF THE RENEWAL OF GROUNDWATER RESOURCES
IN SOUTHWESTERN BURKINA FASO
D. DAKOURÉ, G. de MARSILY
Université Paris VI, Paris, France
M. DRAY
CRG, Thonon, France
H. SALVAYRE
Millas, France
South-West Burkina Faso (60 000 km2) is located in the upstream parts at the junction of the
water basins of the rivers Comoé, Volta and Niger. The mean precipitation value is around
1000 mm in one rainy season (monsoon) starting April and finishing October. More than 80%
of precipitation occur between June and August. In our area two great lithological units are
encountered: the sedimentary deposits in the West, mainly sandstones of the Upper
Precambrian and the crystalline and metamorphic substratum in the East. Our main concern
dealt with the sedimentary aquifers within 9 well defined geological formations on the edge of
the Taoudeni basin dipping less than 10° NNW. These watersheds have an important hydric
potential in surface waters as well as in groundwaters and still embrace nowadays relatively
important reclamation lands. The physical context and the water reserve in the southwest
present a possibility of expansion and development which has already started being exploited.
Since 1970 this region has undertaken an intense activity of mobilization and use of the
waters. It has been noted that the managing and exploitation of the important natural potential
occurs spontaneously and/or individually without enough critical concern related to the needs
and the resources. This situation has already led in some places to shortages, conflicts about
the uses and risks of overexploitation of the areas and in an inadequate use of the reclamation
lands. This situation implies serious problems as to the qualitative protection of the resource.
This inappropriate approach is the consequence of an incomplete knowledge of the water
resources. Today new demands arise as to the mobilization the use of the groundwater
resources and to the qualitative protection. In order to solve these problems as quickly as
possible, from 1997 to 1999 isotopic investigation have been undertaken (18O enables to
identify the recharge areas. 14C and 3H define the “age” of the water).
These investigations which were meant to understand the behaviour of the different aquifers
have led to the following conclusions:
1.

The stable isotopes (18O, 2H) do not allow a large differentiation in the geographical
recharge areas. This is due to the low differences in the topography between 300 to 600
m. Most of the values of groundwaters range between –5 and –6 ‰ and the relationship
2
H vs 18O gives leads to the equation į2H = 7.93 į18O+8 very close to the Craig’s line ie witnessing non evaporated waters.

2.

The radioactive isotopes show that the geographical distribution of the tritium contents
is more or less random. Nevertheless the tritium content combined with 14C activity
measurements can differentiate three groups of aquifers:
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(i) waters = 2 TU (our background): transit time = 500 years. These are old waters with
less than 80% C14 activity. Some of these waters located in the west of our zone
are artesian and show ages between 10 to 17 000 years
(ii) waters between 3 and 5 TU: mixings between old and recent waters which transit
time reach a maximum of few hundreds years.
(iii) waters = 5TU: it represents recent waters with tritium content close to rainwater
(about 5TU) which correspond to recharge by rivers and/or surface waters.
3.

The numerical distribution shows a greater amount of old waters in sedimentary areas
and in crystalline substratum as well: almost 80% of the analyzed waters contain less
than 5 TU. If this absence of tritium indicates an efficient protection of the aquifers on
the other hand it points out the very low rate of renewal of the groundwater resources
(from hundreds to thousands years).
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The available measurements at this point do not enable a more detailed interpretation of the
groundwater behaviour. For a better understanding it is important to take into account the
evolution and achieve a chronological follow up of the natural isotope variations (stable and
radioactive). The decade to come will be characterized by an intense exploitation of
groundwater resources. It is important to show their availability their replenishment and also
their spatial distribution which are basic elements of a sustainable economic and social
development.
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CHANGES IN THERMAL AND MINERAL WATERS WITHIN THE
“GÖLCÜK–IZMIT AUGUST 17. 1999 EARTHQUAKE AREA”
AS REVEALED BY THE 13C AND 36Cl ISOTOPES
W. BALDERER
Geological Institute, Engineering Geology, ETH-Hönggerberg, Zürich, Switzerland
H.A. SYNAL
Paul Scherrer Institute, c/o Institute for Particle Physics, ETH-Hönggerberg,
Zürich, Switzerland
T. YALCIN
Technical University of Istanbul, Mining Faculty, Dept. of Geology, Istanbul, Turkey
F. LEUENBERGER
Geological Institute, Engineering Geology, ETH-Hönggerberg, Zürich, Switzerland
The effects of active tectonics as evidenced by geology, geodesy and seismology on
groundwater circulation and on the heat flow pattern have been studied in 6 areas along the
North Anatolian Fault Zone in the years 1987 to 1996 as part of the joint interdisciplinary
project "Marmara" of ETH Zürich and the Istanbul Technical University (ITÜ) [1, 2]. These
areas are Tuzla–Çanakkale [3, 4], Kükürtlü and Çekirge–Bursa [5], Kuzuluk–Adapazari [6,
7], Yalova, Gemlik and Armutlu–Yalova [8], Bergama and Dikili–Izmir [9] and Gönen and
Ekúidere–Balikesir [10].
As part of the IAEA Coordinated Research Project on "Isotope response to the dynamic
changes in groundwater systems due to long-term exploitation", a new sampling campaign
was carried out by W. Balderer and T. Yalcin between the dates of 6.-11 July 1999 in order to
investigate the long term changes due to exploitation of thermal waters in the above
mentioned areas. Within this same tectonically active area of the Anatolian Fault Zone which
was studied before within the “Marmara project” the M 7.4 Gölcük–Izmit epicentered
earthquake happened on 17 August 1999 [11].
To investigate possible changes caused by this tectonic event on the thermal and mineral
waters of Bursa, Adapazari and Yalova areas, a second sampling campaign was carried
between 2-6 October 1999. But again on 12 November 1999 the Düzce earthquake ( M7.2)
occurred on the North Anatolian Fault Zone in vicinity of the Kuzuluk thermal spa. To
investigate the further changes a small sampling was carried out at Kuzuluk–Adapazari areas
in November 1999. A last sampling survey including all by the earthquakes potentially
affected areas was undertaken on 3–8 October 2000.
From the results of analyses of the corresponding water samples of these 3(4) sampling
campaigns especially changes the isotopic composition of 13C and 36Cl with respect to the
sampling prior to 1996 [12, 13], respectively to the 17. August 1999 earthquake are
recognised. On a preliminary basis the observed changes may be interpreted as related i) to the
enhanced up-welling of CO2 in tectonically induced fractures [14] and ii) to a mobilisation of
deep seated brines by the increased seismic-tectonic activity [15].
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STABLE ISOTOPES, į O AND į H, IN THE STUDY OF WATER BALANCE OF
LAKE MASSOKO, TANZANIA: INVESTIGATION OF THE EXCHANGE
BETWEEN LAKE AND UNDERGROUND WATER
L. BERGONZINI, E. GIBERT, A.WINCKEL
Laboratoire d’Hydrologie et de Géochimie Isotopique,
Université Paris-Sud, Orsay, France
The stable oxygen and deuterium isotope compositions of a lake depend upon its water balance.
Therefore the balance equations of stable isotopes, which imply calculation of the composition
of evaporating moisture δE, provide information for assessing the water balance. In most cases,
this approach is used to investigate the relationships between lakes and groundwater.
Lake Massoko (8°20’S, 33°45’E, 870 m.a.s.l.) is a freshwater maar-lake without surface outlet.
2
The lake surface and its runoff area cover 0.38 and 0.55 km respectively. In contrast with the
-1
mean annual rainfall in the other parts of south Tanzania (1000-1200 mm y ), the presence of
Lake Malawi to the South, and the high ranges to the North (Mounts Poroto, Rungwe and
Livingstone) imply local climatic features. Air masses overloaded with humidity bypassing Lake
Malawi are submitted, especially in April, to ascending currents, producing rainfalls up to 2450
-1
mm y over Massoko area. Because of the evaporation rate from the lake’s surface (around 2100
-1
mm y ) and without taking into account the runoff from the drainage basin, hydrological
balance is positive and imply underground lost.
One of most difficult points in the establishment of the isotope balances is the calculation of the
composition of the evaporated water (įE), which requires an estimation of the isotopic
composition of the water vapour in the atmosphere over the lake (įAtm). Without direct
measurements, two ways can be used for the determination of the vapour composition (i)
equilibrium with precipitation and reconstitution from them, or (ii) calculation from the balances
of a terminal lake of the region. Both approaches are presented and compared, but only the
second one allows physical solutions. įAtm determined from Lake Rukwa hydrological and
isotope balances has been used to calculate values for įE over Lake Massoko. The estimation of
įAtm obtained from Lake Rukwa budgets presents a deuterium excess higher than the values
obtained from precipitation. This fact appears in good agreement with local rivers composition.
However, the hydrological and isotope balances of Lake Massoko gives evidence of important
groundwater input and output, overimposed to relationships with groundwater circulation at a
regional scale. Water lost by infiltration has been estimated at about 60% of the total lost and
inflow from the basin assessed at around 40% of the input. This point indicates that Lake
Massoko did not directly amplified the climatic fluctuations, and that its level is maintained by
groundwater. In such a scheme, at odds with many lake of East Africa, the sediment preservation
*
is optimised as confirmed by a continuous sedimentary sequence core in the lake in 1996 and
having registered more than 35 ky B.P. of environmental history. Sedimentation rate fluctuation
over this period are presented and compared with other limnological sequences.

*

EC Programme RUKWA: "Investigations of the sediments of Lake Rukwa (Tanzania): a clue for
reconstructing the south equatorial climate during the last 130,000 years" (DG XII: Environment,
Area I - Global Change).
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APPLICATION OF COMPOUND SPECIFIC 13C ISOTOPE INVESTIGATIONS OF
CHLORINATED HYDROCARBONS IN CONTAMINATED GROUNDWATERS
K. OSENBRÜCK, M. HEIDINGER, A. VOROPAEV, S. ERTL*, L. EICHINGER
Hydroisotop GmbH, Schweitenkirchen, Germany
Chlorinated hydrocarbons are one of the most common pollutants found in groundwater. Due
to complex contamination situations with overlapping contamination plumes the assessment
of the organic contaminants requires the installation of expensive obsevation wells and high
analytical effort. Here the determination of the stable isotope ratio 13C/12C of the organic
compounds offers a promising and efficient tool to investigate the origin and the
biodegradation characteristics of the chlorinated hydrocarbons in groundwater.
The application of the method is based on characteristic isotope fingerprints, differing in
chlorinated solvents. This isotope fingerprint is derived from different production pathways
and is not influenced by transport or by retardation processes in the underground. Due to the
fact, that two different contaminations can easily be distinguished by isotope ratios, an
improved distinction of spatially and temporally different contamination plumes might be
possible.
In course of biologically mediated degradation processes a shift of the isotope ratios between
the precursor and the product can frequently be observed, such as with denitrification or
sulfate reduction processes. The isotope fractionation is due to a preferential reaction of the
bonds formed by the lighter isotopes and leads to a progressive enrichment of the heavy
isotopes in the precursor while the product becomes depleted in the heavy isotopes. Biological
degradation of the highly chlorinated hydrocarbons is due to a co-metabolic dechlorinisation.
Tetrachloroethene (PCE) for example degrades under anoxic conditions via trichloroethene
(TCE) to cis-1,2-dichloroethene (cDCE). Subsequent degradation to vinyl chloride (VC) and
ethene may appear under aerobic as well as reducing environments depending on the site
specific conditions.
In several laboratory studies [1, 2] it has been shown, that biodegradation of the chlorinated
hydrocarbons is accompanied by an isotope fractionation of the stable carbon isotopes. The
isotope ratios may be used to assess and quantify the degradation of the organic compounds at
the field sites. This application has gained great interest for remediation strategies including
monitored natural attenuation of contaminations [2, 3].
In contrast to the laboratory studies, many of the field investigation show no evidence for
isotope fractionation although biodegradation of the chlorinated hydrocarbons in the
groundwater is significant. Here, we present the results of 21 field studies, where compound
specific 13C isotope ratios have been applied. Only in some cases isotope fractionation
processes of chlorinated hydrocarbons due to biodegradation have been observed. The
measured δ13C values agree reasonably with a Rayleigh type isotope fractionation model,
where the fractionation factors are used as fitting parameters.
The occurrence and the degree of significant isotope fractionation of chlorinated hydrocarbons
is still an open question. Major factors that control the extend of measurable 13C isotope
*

Also: Institut für Biogeochemie und Meereschemie, Universität Hamburg, Hamburg, Germany.

476

fractionation of chlorinated hydrocarbons in groundwater most likely include parameters as
activity and type of the microbiological species, availability of cosubstrates as well as
hydrochemical and hydrogeological conditions.
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USE OF ENVIRONMENTAL ISOTOPES FOR
STUDYING HUMAN INDUCED CHANGE IN
GROUNDWATER ENVIRONMENT IN LAHORE, PAKISTAN
M. AHMAD, W. AKRAM, M.I. SAJJAD, M. RAFIQ, M. AZAM TASNEEM
Pakistan Institute of Nuclear Science and Technology,
Islamabad, Pakistan
Lahore is the second biggest city of Pakistan where groundwater is the only source of
drinking water supply for the city. On the other hand, the quality of groundwater is being
degraded due to various human activities especially due to waste disposal practices. Untreated
domestic and industrial wastes are discharged into open channels, drains, etc. which leads to
surface water and groundwater pollution. This study was undertaken to assess the changes in
groundwater environment due to such activities.
Water samples were collected on periodical basis from existing handpumps, tube wells and
drains and analyzed for isotopic (2H, 3H, 13C, 18O) and major dissolved ions. Samples having
high nitrate were analyzed for 15N. Selected samples were also analyzed for Coliform
bacteria. Results of only selected parameters are discussed here.
The data showed that quality of shallow groundwater has deteriorated at most of the locations
and concentrations of several chemical parameters are higher than WHO permissible levels
for drinking water. Comparison with a previous study carried out in 1991 [1], indicated a clear
increasing trend of total dissolved salts in groundwater.
An outstanding feature of the data is the increasing trend of nitrate concentrations both in
shallow and deep groundwater. Results of nitrate analysis indicate that concentrations vary
from 10 to 188 mg/l in shallow groundwater and 9 to 41 mg/l in deep groundwater. Frequency
histogram of nitrate concentrations is shown in Fig. 1. Nitrates which were generally a few
ppm have increased at almost all the surveyed locations and have even crossed the WHO limit
of 45 mg/l at several shallow locations. High nitrate waters exist as isolated pockets. Results
of tritium analysis indicated that shallow groundwater has generally high tritium values.
Presence of more nitrate at shallow depths, occurrence of high nitrate waters as isolated
pockets and high tritium in contaminated waters suggest that nitrates are derived from as
presently active surface source.
In order to confirm the source of nitrate, samples having nitrate more than 45 mg/l were
analyzed for δ15N(NO3). Values were found ranging from +10.3 to +25.1 ‰ . These enriched
values show that nitrates are derived from untreated domestic wastes [2] thrown into sewerage
drains, open channels, etc. Bacterial contamination of groundwater also proves the penetration
from sewerage drains. Penetration of urban recharge was also studied on the basis of δ13C
data. It was noticed that these values are negatively skewed towards 13C index of sewerage
water (Fig, 2) confirming the pollution of shallow aquifer by sewerage drains.
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ENVIRONMENTAL RADIOACTIVITY INVESTIGATIONS IN THE
GEORGIAN SUBTROPICAL REGION
S. PAGAVA, P. KAKASHVILI, M. AVTANDILASHVILI, G. KHARASHVILI,
Z. ROBAKIDZE, V. RUSETSKI, G. TOGONIDZE
Radiocarbon and Low-Level Counting Section,
I. Javakhishvili Tbilisi State University,
Tbilisi, Georgia
D. BARATASHVILI
Selection and Plants Protection Department,
Batumi Botanical Gardens of Georgian Academy of Sciences,
Batumi, Georgia
Environmental changes in the contamination of the Georgian subtropical region have been
investigated by analysing anthropogenic and natural radionuclides in samples of soil and tea
leaves for possible chromosome mutations. As the tea industry in Georgia is an important
economic activity, such investigations are of great importance. The changes in the
morphology of tea leaves, their colour, blossoming, growth inhibition or stimulation,
prolongation of the germination period and levels of tanin-katechin complexes have been
investigated.
The results of radionuclide measurements in soil and tea leaves (40K, 210Pb and 137Cs) are
presented in Table I. Elevated concentrations of 137Cs were observed in soil samples due to
fallout from Chernobyl, however, no direct relationship between the concentration of 137Cs in
soil and tea leaves has been observed. Cyto-genetic analyses of tea primary roots will be
presented and compared for different time periods.
Further, ichtyofauna samples taken from the Georgian subtropical areas were analysed for
anthropogenic (137Cs) and natural (40K) radionuclides. The observed concentrations of 137Cs
were low, close to the detection limit of the order of 0.4 Bq/kg dry weight (Table II). Some of
the investigations were carried out [1] in the framework of the IAEA Technical Co-operation
project "Marine Environmental Assessment of the Black Sea Region".
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TABLE I. Radionuclides in soil and tea samples
Sample

Sample

Activity (Bq/kg)

ID

type

dry weight
K-40

137

Cs

210

226

Pb

Ra

TB-2229

Soil

205 ± 17

549 ± 11

154 ± 30

101 ± 20

TB-2231

Tea leaves

299 ± 23

23 ± 2

<MDA

<MDA

TB-2247

Soil

255 ± 15

278 ± 6

116 ± 29

70 ± 16

TB-2248

Tea leaves

468 ± 37

20 ± 2

<MDA

<MDA

TB-2249

Soil

180 ± 13

201 ± 5

115 ± 29

TB-2250

Tea leaves

307 ± 38

15 ± 2

<MDA

50 ± 16

TB-2234

Soil

246 ± 17

334 ± 7

167 ± 31

TB-2235

Tea leaves

414 ± 25

8±2

<MDA

TB-2232

Soil

201 ± 17

538 ± 11

187 ± 34

TB-2233

Tea leaves

312 ± 23

12 ± 2

53 ± 21

,MDA
126 ± 19
<MDA
101 ± 16
<MDA

TABLE II. Ichthyofauna
Sample
ID

Species

Activity [Bq/kg]
40

K

137

Cs

TB-2213

Mugil cephalus Linne

83 ± 4

0.4 ± 0.2

TB-2215

Odontogadus merlangus euxinus

70 ± 6

0.9 ± 0.3

TB-2211

Mullus barbatus, E

47 ± 6

< MDA

TB-2217

Mullus barbatus, E (spawn)

93 ± 23

< MDA

TB-2212

Platichthys flesus luscus, P

42 ± 6

< MDA

TB-2214

Cottus gobio, Z

63 ± 6

0.6 ± 0.4

TB-2216

Salmo trutta labrax

95 ± 7

< MDA
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USING ISOTOPES TO IMPROVE IMPACT AND
HYDROLOGICAL PREDICTIONS OF LAND-SURFACE SCHEMES
IN GLOBAL CLIMATE MODELS
K. McGUFFIE
Department of Applied Physics, University of Technology,
Sydney, New South Wales, Australia
A. HENDERSON-SELLERS
Environment Division, Australian Nuclear Science and Technology Organisation,
Menai, New South Wales, Australia
Global climate model (GCM) predictions of the impact of large-scale land-use change date
back to 1984 [1] as do the earliest isotopic studies of large-basin hydrology [2]. Despite this
coincidence in interest and geography, with both papers focussed on the Amazon, there have
been few studies that have tried to exploit isotopic information with the goal of improving
climate model simulations of the land-surface. In this paper we analyze isotopic results from
the IAEA global data base specifically with the goal of identifying signatures of potential
value for improving global and regional climate model simulations of the land-surface.
Evaluation of climate model predictions of the impacts of deforestation of the Amazon has
been shown to be of significance by recent results which indicate impacts occurring distant
from the Amazon i.e. tele-connections causing climate change elsewhere around the globe. It
is suggested that these could be similar in magnitude and extent to the global impacts of
ENSO events [3]. Validation of GCM predictions associated with Amazonian deforestation
are increasingly urgently required because of the additional effects of other aspects of climate
change, particularly synergies occurring between forest removal and greenhouse gas
increases, especially CO2.
Here we examine three decades’ distributions of deuterium excess across the Amazon and use
the results to evaluate the relative importance of the fractionating (partial evaporation) and
non-fractionating (transpiration) processes. These results illuminate GCM scenarios of
importance to the regional climate and hydrology: (i) the possible impact of increased
stomatal resistance in the rainforest caused by higher levels of atmospheric CO2 [4]; and (ii)
the consequences of the combined effects of deforestation and global warming on the region’s
climate & hydrology [5].
Conventional observational studies in the Amazon have not been able to assist in
distinguishing between appropriate and less valuable simulations of this region to date
because most are point-based i.e. in one, or at most two, locations. However, the isotopic data
available from the IAEA network has the potential to provide clues about the veracity of
regional hydrological simulation of the Amazon (e.g. [6]).
Generally, GCMs predict reductions in precipitation and evaporation as a consequence of
deforestation. There is less agreement about the sign of the temperature change although most
simulations show a temperature rise. There is also disagreement about the sign of the
atmospheric moisture convergence change with about a quarter of the GCM simulations
undertaken between 1984 and 2000 predicting an increase in moisture convergence while the
others anticipate a decrease (Figure 1). These differences in predicted regional moisture
convergence change can be examined using δ18O and δD data. One widely reported
simulation set gives seasonal transpiration and re-evaporated canopy interception budgets
different from those derived from isotopic analysis.
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FIG. 1. GCM predicted differences in annual mean Amazonian temperatures (solid with diamonds),
precipitation (dotted with squares) and evaporation (dashed with triangles) as a result of simulated
deforestation. The right hand scale is in K (temperature) and the left hand scale is in mm (evaporation
& precipitation). Points are GCMs from 1984 (left) to 2000 (right). [Note the zero levels are not
aligned.]

Our results indicate that the evaporation of moisture intercepted by the canopy is another
potential means of evaluating climate model performance. Thus, model estimates of the
percentage of intercepted moisture that is evaporated (cf. [7]) can be compared with
isotopically-derived fractions. This means that land-surface schemes coupled into modern
global climate models and so representing sensitive components of the global
hydrological cycle can be evaluated using isotopes.
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LONG-TERM POST-CHERNOBYL 90Sr AND 137Cs PROFILES AS THE
INDICATORS OF THE LARGE SCALE VERTICAL WATER MIXING
IN THE BLACK SEA
V.N. EGOROV, N.A. STOKOZOV, N.Y. MIRZOYEVA
Institute of Biology of the Southern Seas (IBSS),
National Academy of Sciences of the Ukraine, Sevastopol, Ukraine
The radioactive and chemical pollutions, eutrophic elements come to the surface water layer
of the Black Sea from the territory of 22 countries. The self-purification of the surface water
layer essentially depends from the vertical water mixing.
The atmospheric fallout in the May 1986 after Chernobyl NPP accident were main source of
the 137Cs input in the Black Sea. The 90Sr input to the Black Sea was caused by atmospheric
fallout as well as the Dnieper River and Danube River runoff during of consequent years.
90

Sr and 137Cs are conservative elements in a marine environment and could be used as tracers
of the hydrological processes, including vertical water mixing.
The aim of our investigations was an assessment of the large-scale vertical water exchange in
the Black Sea on base of analysis time-series 90Sr and 137Cs vertical profiles.
The materials for studies were the published data [1-3] and results of our observations [4-5] in
the period 1986 to 1998 which took place in the central part of the Black Sea western cyclonic
gyre. The 90Sr and 137Cs vertical profiles are shown on Fig. 1.
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FIG.1. Average 90Sr (+) and 137Cs (•) profile in the Western cyclonic gyre of the Black Sea (Nikitin et
al., 1988; Buesseler et al., 1990; Buesseler, Livingston 1997; Egorov et al., 1993, 1999).
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After 1986, the decrease of 90Sr and 137Cs concentrations in surface layers was caused by
penetrations of these radionuclides into depth. At the same time, the increasing of depth of the
gradient layer for 90Sr and 137Cs vertical profiles was observed. For the quantitative
assessment of the depth of a gradient layer, the 90Sr and 137Cs vertical profiles were
approximated by the function:
Cw(h) = Cw(0) + a / (1 + exp(- (h- ho)/b)),

(1)

where: Cw - concentration of the radionuclide (Bq m-3); h - depth (m); Cw(0), a, b, and ho parameters.
The depth of the lower boundary of gradient layer was estimated as depth of lower extremum
of the third derivation from the function (1). The calculations were conducted for those
profiles only, where the value of gradients exceeded an error of 90Sr and 137Cs determination.
The depth of the lower boundary of gradient layer vs time was used as an indicator of vertical
water mixing intensity. This dependence is shown on Fig. 2.
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FIG.2. The low boundary of the 90Sr (+) and 137Cs (•) gradient layer vs time at the Western cyclonic
gyre of the Black Sea. Notes: summer (a) and winter (b) depths of the maximum salinity gradient in
the permanent Black Sea halocline.

These results show that in the course of the first year after Chernobyl NPP accident the lower
boundary of gradient layer has reached an upper boundary of the permanent Black Sea
halocline. Subsequently the depth of this boundary into the Black Sea halocline increased
with velocity about 14.5 m per year or 4.7.10-5 cm.s-1 (Fig. 2).
As it is known, that the Black Sea water circulation consists from the large-scale cyclonic
gyres and the rim Main Black Sea Current with small-scale anticyclonic and cyclonic gyres.
In these various hydrological structures, the vertical component of velocity of the currents
changes in a wide range from 1.0-1.6.10-7 up to 2.0.10-2 cm s-1 depending on synoptic and
seasonal processes [6].
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The above mentioned results testify, that the Black Sea halocline is the main limit factor of
vertical water exchange intensity between surface waters and more deep layers of water.
Thus, within of central parts of the large-scale Black Sea cyclonic gyres, which square
constitute approximately 4.104 km2 (10% from total square of the Black Sea surface) [7], the
yearly vertical exchange of the surface water with water of the halocline the can be estimated
as about 580 km3 per year.
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RIVER UNDER ANTHROPOGENIC STRESS:
AN ISOTOPE STUDY OF CARBON CYCLING IN THE VISTULA, POLAND
P. WACHNIEW, K. ROZANSKI
University of Mining and Metallurgy, Faculty of Physics and Nuclear Techniques,
Krakow, Poland
Rivers play an important role in global carbon cycling as they transform and transport
substantial amounts of carbon derived from the terrestrial systems to the oceans [1]. Riverine
carbon cycling is affected by anthropogenic influences on hydrology, chemistry and biology of
the river and its catchment. The Vistula, one of the most mineralized rivers of the world [2],
drains industrialized and agriculturally-used areas populated by almost 23 million inhabitants.
Moreover, much of the industrial and domestic wastewaters discharged into the Vistula river
are untreated or insufficiently treated. High levels of pollution have serious environmental and
economical consequences. For example, they limit use of Vistula waters as a source of
drinking water and for industrial purposes. Pollutants transported by the Vistula river
significantly influence water quality far into the open Baltic Sea [3].
The aim of the paper is to show how stable isotope techniques can be used to assess human
impact on sources, fluxes and fate of dissolved inorganic carbon (DIC) and other pollutants in
rivers, taking the Vistula river as an example. Vistula waters were sampled over a one-year
period at Krakow (upper reaches), where the anthropogenic influences are at the extreme, and
at the river mouth. Two campaigns were undertaken to sample the Vistula river along its
course in summer and in autumn. Analyses of river water included temperature, pH, alkalinity,
conductivity, dissolved oxygen, δ13C of dissolved inorganic carbon and stable isotope
18
2
composition of water (δ O and δ Η).
Carbon cycling in the Vistula river is significantly influenced by various anthropogenic factors
which modify fluxes of DIC to and from the river system and also influence transformations
of inorganic and organic forms of carbon within the river. The δ13CDIC value appeared to be a
useful indicator of the overall carbon budget in the system.
There are two anthropogenic sources of DIC into the Vistula river: saline wastewaters from
coal mines in the upper Vistula catchment, and highly alkaline (due to the excessive use of
fertilizers) tributaries draining agricultural areas. Agriculture and domestic wastewaters are
sources of organic carbon whose decomposition in river waters causes the increase of pCO2
and corresponding lowering of pH and δ13C of DIC. On the other hand, nutrients from
agricultural and domestic sources support development of phytoplankton communities.
Photosynthetic assimilation of dissolved CO2 results in increase of pH and δ13C of DIC. These
anthropogenic alterations of carbon cycling result in supersaturation of river waters in CO2
with respect to the atmosphere. The Vistula, as with many other large rivers, is a net source of
CO2 to the atmosphere.
Fig. 1 shows how photosynthesis and respiration influence the carbon cycle characteristics in
a regulated part of river reach. Respiration of organic matter in rivers may cause depletion of
dissolved oxygen. This process is intensified in dammed and regulated parts of a river because
water velocities are reduced, which in turn allows sedimentation of organic matter. Also the
river is not connected with its natural riparian zone, periodically flooded.
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FIG. 1. Biologically induced fluctuations of pCO2 cause concomitant changes of pH and δ13CDIC.
Nocturnal respiration consumes significant amounts of oxygen.

The middle Vistula has retained almost a natural character that supports self-purification of
river waters. Isotopic composition of DIC reaches values typical for lowland rivers in
carbonate terrain. Characteristics of carbon cycling in the less-regulated middle Vistula are not
influenced even by untreated domestic sewage from the city of Warsaw (ca. 1.5 million
inhabitants). The carbon cycle in the lower Vistula is significantly influenced by an artificial
reservoir (Wloclawek). In summer, respiration of organic matter deposited in the reservoir
causes severe oxygen depletion and significantly influences pH, pCO2 and δ13CDIC. All these
carbon cycle characteristics regain their values only ca. 150 km downstream from the
reservoir.
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RAINFALL-GROUNDWATER ISOTOPIC RELATIONSHIPS
IN EASTERN AFRICA: THE ADDIS ABABA ANOMALY
W.G. DARLING
British Geological Survey, Wallingford, United Kingdom
B. GIZAW
University of Munich, Munich, Germany
Rainfall on the eastern side of the African continent is largely derived from Indian Ocean
sources. Depending on the amount of rainout promoted by factors such as altitude and distance
from the coast, GNIP stations from Khartoum (Sudan) in the north to Harare (Zimbabwe) in the
south record different meteoric lines and weighted mean values. It can be demonstrated from
hydrological studies in the countries involved that in general the isotopic content of
groundwaters is not too different from the weighted mean rainfall (Fig 1).
Addis Ababa appears to be the exception. According to the GNIP database, Addis Ababa has the
most isotopically enriched rainfall of the collection stations in eastern Africa. This fact has been
noted previously and various explanations have been offered to account for it [1,2,3]. However,
the rainfall recorded at Addis Ababa appears to be enriched to an anomalous extent in relation to
both local groundwater isotopic values, and therefore it may be debated whether the record
adequately reflects the actual rainfall average. It is important not only for water resources work
but also for palaeoclimate studies, e.g. [4], that the rainfall-groundwater relationship for Ethiopia
should be examined in some detail.
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FIG. 1. Weighted means and meteoric lines for GNIP stations in eastern Africa, together with the range
of isotopic compositions typically measured in unmodified groundwaters.

The situation of Addis Ababa in the Ethiopian highlands at 2360 m asl (above sea level)
makes it the highest altitude GNIP station in Africa, though some other stations adjacent to
the East African Rift Valley lie above 2000 m and their records, though brief, appear more
‘normal’.
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Unmodified, apparently locally-recharged groundwaters from the floor of the Rift Valley in the
general latitude of Addis Ababa have isotopic composition typically averaging about -2.0 ‰
δ18O [5]. A typical altitude would be 1600 m asl. Addis Ababa is situated some 800 m higher
than this, so if the usual altitude-isotope effect is operating then groundwaters in the Addis area
should be more depleted than on the rift floor. The existence of typical altitude effects in the
general region is indicated by data from the Dessie area on the edge of the highlands to the north,
and from the Rift Valley in Kenya. Here, the weighted average of rainfall at the Kericho GNIP
station is much closer to groundwater values (Fig 1 - Kenya).
The available data show that the usual altitude-isotope effects seem to apply to groundwater in
Ethiopia. Why then is the rainfall weighted average more different from the groundwater
average than is the case in the other eastern African examples? Three main options can be
considered: the rainfall record is biased, or there is a strong selective recharge mechanism, or the
rainfall of recent decades is in some way atypical of the norm. There is no particular reason to
suspect the first of these; for example a delta-plot reveals no evidence of significant evaporative
modification. The record is admittedly patchy in places, but weighted averages taken from the
1960s, 70s, 80s and 90s are all similar. Mechanisms for selective recharge are also not
particularly obvious given that the fissured hard-rock aquifers of the Addis Ababa area are
common elsewhere in Africa and do not appear to show strong isotopic selection effects. This
leaves the third option, atypical rainfall. In terms of amount, the period 1965-90 saw a reduction
of 8 % in wet-season rainfall over the north-central Ethiopian Highlands compared to the
previous 25 years [6]. This may conceivably have caused some modification in isotopic content;
groundwater tends to be a mixture of components with different residence times and will not
necessarily react quickly to secular changes in rainfall isotope composition.
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GAS CHROMATOGRAPHIC ISOLATION TECHNIQUE FOR
COMPOUND-SPECIFIC RADIOCARBON ANALYSIS
M. UCHIDA, Y. KUMAMOTO
Japan Marine Science and Technology Center (JAMSTEC), Yokosuka, Japan
Y. SHIBATA, M. YONEDA, M. MORITA
National Institute for Environmental Studies (NIES), Tsukuba, Japan
K. KAWAMURA
Hokkaido University, Sapporo, Japan
We present here a gas chromatographic isolation technique for the compound-specific
radiocarbon analysis of biomarkers from the marine sediments. The biomarkers of fatty acids,
hydrocarbon and sterols were isolated with enough amount for radiocarbon analysis using a
preparative capillary gas chromatograph (PCGC) system. The PCGC systems used here is
composed of an HP 6890 GC with FID, a cooled injection system (CIS, Gerstel, Germany), a
zero-dead-volume effluent splitter, and a cryogenic preparative collection device (PFC,
Gerstel). For AMS analysis, we need to separate and recover sufficient quantity of target
individual compounds (>50 µgC). Yields of target compounds from C14 n-alkanes to C40 to
C30 n-alkanes and approximately that of 80% for higher molecular weights compounds more
than C30 n-alkanes.
Compound specific radiocarbon analysis of organic compounds, as well as compound-specific
stable isotope analysis, provide valuable information on the origins and carbon cycling in
marine system. Above PCGC conditions, we applied compound-specific radiocarbon analysis
to the marine sediments from western north Pacific, which showed the possibility of a useful
chronology tool for estimating the age of sediment using organic matter in paleoceanographic
study, in the area where enough amounts of planktonic foraminifera for radiocarbon analysis
by accelerator mass spectrometry (AMS) are difficult to obtain due to dissolution of calcium
carbonate.
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NEW DEVELOPMENTS IN RADIOMETRICS AND MASS SPECTROMETRY
METHODS FOR RADIONUCLIDE ANALYSIS OF ENVIRONMENTAL SAMPLES
P.P. POVINEC, J.J. LA ROSA, S.H. LEE, E. WYSE
International Atomic Energy Agency, Marine Environment Laboratory, Monaco
The radionuclide levels observed at present in the environment are very low, therefore high
sensitive analytical systems are required for carrying out environmental investigations. One
very important recent development in analytical techniques for low-level activity
measurements is the production of large volume HPGe detectors (up to 200% relative
efficiency to 75 mm diameter × 75 mm long NaI (Tl) crystals). Their high efficiency and
excellent energy resolution permit the analyses of various gamma-emitters in composite
samples selectively and very often non-destructively (e.g. in sea sediments).
However, this technique is restricted to gamma-emitters only (e.g. for 7Be, 40K, 54Mn, 60Co,
Cs, 210Pb, etc.). Other radionuclides frequently found in the marine environment are the
pure beta-emitters, like 3H, 14C, 32Si, 32P, 90Sr, 241Pu, etc., where mainly liquid scintillation
counting has made great improvements in recent years. However, for some of these
radionuclides mass spectrometry methods represent a real breakthrough in low-level counting,
e.g. "3He in-growth" mass spectrometry for 3H, or accelerator mass spectrometry (AMS) for
14
C.
137

Another important group of radionuclides in the marine environment is represented by alphaemitters, both natural (like Ra, U and Th isotopes) as well as anthropogenic (like Pu and Am
isotopes). These radionuclides have traditionally been analysed by semiconductor alphaspectrometry (SAS). However, there were several limitations, e.g. in sensitivity, resolution
and mass of samples used for analysis. Some of them have been partially overcome, e.g. the
problems with resolution for analysis of 239Pu and 240Pu using high resolution alphaspectrometers with suitable deconvolution software. It appears, however, that in the near
future, Inductively Coupled Mass Spectrometry (ICPMS), Thermal Ionisation Mass
Spectrometry (TIMS) or AMS will be more frequently used for analysis of long-lived alphaemitters in the marine environment, as these methods eliminate all the above-mentioned
problems.
In the present paper we discuss some recent developments in the radiometrics sector for the
measurement of low-activity environmental samples and compare them where possible with
results obtained by mass spectrometry methods. The presentation will focus on those aspects
which are of great relevance for marine environmental change studies.
With the introduction of high resolution and high sensitive ICPMS it has been possible to
analyse some of the long-lived radionuclides like 99Tc, 129I, 236U, 239Pu and 240Pu with this
technique. This was especially advantageous for reporting separate data for 239Pu and 240Pu
and using their ratio for tracing the origin of plutonium in the environment.
Our work until now has concentrated on the analysis of 239Pu, 240Pu and 242Pu in the marine
environment. The samples for ICPMS analysis have been prepared either by leaching of
electrodeposited plutonium from previously analysed stainless steel disks or by direct
preparation of small volume samples using chromatographic resins. This is actually another
great advantage of ICPMS that sample volumes can be significantly reduced, e.g. in the case
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of seawater from a few hundreds of litres to about a few litres. Both, sample preparation and
ICPMS measurements were carried out at IAEA-MEL.
AMS has been widely used as a powerful tool for analysis of long-lived radionuclides (mainly
14
C and 129I) in the marine environment. Both radionuclides are important radioactive tracers
which have been artificially introduced into the oceans. Small amounts of 14C and 129I can be
easily measured by AMS on mg-size samples of carbon and iodine extracted from 500 ml
seawater samples. The high analytical sensitivity offered by AMS enables to find even tracer
amounts of 14C and 129I which could be released from nuclear installations or stored/dumped
radioactive wastes, and to compare the measured levels with the global distribution of these
radionuclides. Recently, however, AMS techniques have been developed to analyse other
important long-lived radionuclides in the environment like 10Be, 36Cl, 99Tc, uranium and
plutonium isotopes. The new techniques open fresh possibilities of their application in marine
radioactivity studies as well. It is clear that AMS has become the most powerful technique,
although for many laboratories its availability is still a problem. It is believed, however, that in
perspective, AMS will be the dominant technique used for the analysis of long-lived
radionuclides in the marine environment.
IAEA-MEL in the framework of marine radioactivity studies has participated in several
expeditions to the Atlantic, Arctic, Indian and Pacific Oceans to sample seawater, biota and
sediment. The expeditions covered a wide range of marine radioactivity surveys to study the
distribution of key radionuclides (3H, 14C, 90Sr, 129I, 137Cs, U, Pu and Am isotopes) in the
world oceans and any changes in their concentrations for marine radioactivity assessments and
environmental change. We shall discuss in more detail the analysis of 239Pu, 240Pu and 242Pu in
marine samples and in IAEA reference materials. The samples for AMS analyses were
prepared either by leaching of electrodeposited plutonium from previously analysed stainless
disks or by direct preparation of small volume samples using EICHROM resins. The reduction
in sample size by a factor of 100 (e.g. in the case of analysis of seawater samples) is another
great advantage of AMS over conventional SAS.
A comparison of Pu results obtained by ICPMS, AMS and SAS will be discussed in detail. It
will be seen that a reasonably good agreement has been obtained between all three methods.
The relative precision of Pu results as obtained until now by SAS, AMS and ICPMS was 5%,
10% and 7%, respectively (for 239,240Pu). The evaluations show, however, that from the point
of view of sensitivity, ICPMS and AMS have detection limits lower by a factor of 10 than
SAS.
A comparison of detection limits for several long-lived radionuclides as obtained by
radiometrics (RM), ICPMS, TIMS and AMS techniques will be discussed as well. It will be
seen that the most sensitive technique is AMS which gives the lowest detection limits, with
the exception of 3H, three to eight orders of magnitude lower than the RM methods.
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CASPIAN SEA WATER BALANCE AND DYNAMICS STUDIES USING
ANTHROPOGENIC RADIONUCLIDES:
IMPLICATIONS FOR ENVIRONMENTAL CHANGES
B. OREGIONI, J. GASTAUD, M.K. PHAM, P.P. POVINEC
International Atomic Energy Agency, Marine Environment Laboratory, Monaco
Environmental changes in the Caspian Sea have recently become of great interest in
connection with fluctuations in sea level changes. Radioactive and stable isotopes have been
used as powerful tracers to investigate water balance and dynamics and have contributed
significantly to understanding climatically driven environmental changes in the Caspian Sea
[1].
The Caspian Sea is the world largest inland water body with a surface area of about 386000
km2 and a volume of about 67000 km3, located in a large continental depression about 28 m
below sea level. With no surface outlet, the Caspian Sea is particularly sensitive to climatic
variations. The drainage area of the Caspian Sea is approximately 3.7 million square
kilometers. The Volga, Ural and Terek empty into the North Caspian, with their combined
annual flow accounting for 88% of all water entering the sea. The Sulak, Samur, Kura and a
number of small rivers contribute about 7% of the inflow, the remainder comes from the
rivers of the Iranian shore [2].
The Caspian Sea is divided into three basins with approximately the same surface [3]. The
North Caspian Basin, maximum depth 15 m, average depth 5 m, contains 1% of the total
water. The Middle Caspian (or Central) Basin has a maximum depth of 800 m and contains
22% of the total water. The South Caspian Basin, maximum depth 1024 m, average depth 330
m, contains 77% of the total Caspian Sea water.
Recently there have been concerns over the environmental conditions of the Caspian Sea,
especially over observed sea level changes, which have had a strong impact on the region.
Anthropogenic radionuclides like 90Sr, 137Cs and 239,240Pu are particularly useful tracers for the
investigation of water dynamics.
Two research-training cruises were carried out in September 1995 and August-September
1996. At every station, 60-70 liters samples of seawater from different depths were processed
for sequential separation of plutonium, cesium and strontium isotopes. This was done by
adjusting the acidity of the water and then adding yield determinants (85Sr, 242Pu and 134Cs)
and chemical carriers. The transuranics were coprecipitated with MnO2. The pH of the
supernatant was adjusted and the cesium was coprecipitated with AMP. In the final step,
strontium was precipitated as oxalate. Further purification and radiometric measurements of
the samples were completed at IAEA-MEL, Monaco.
For the whole Caspian Sea, the mean 90Sr activities found in the 1995 and 1996 cruise surface
water samples were respectively 8.0±1.6 mBq/L and 7.5±0.4 mBq/L. No significant trend was
observed. Concerning 137Cs, the mean activities of 6.3±0.4 mBq/L in 1995 and 5.2±1.0
mBq/L in 1996 did not show any variation over the whole Sea. For 239,240Pu, the activities in
1996 showed a clear tendency to decrease from north to south with average values as follows:
North Basin 8.0±0.8 µBq/L, Central Basin 6.8±1.7 µBq/L, Sill 6.8±0.8 µBq/L, and South
Basin 4.4±1.3 µBq/L. This trend was not observed in the 1995 cruise data whose mean
concentration was 5.0±0.4 µBq/L.

494

In the two main basins, the Central and South Basins, the behavior of 239,240Pu, 90Sr and 137Cs
seem quite different. The concentration level of strontium in the water mass which appears to
be higher than expected from global fallout could be a result of a significant contribution from
land remobilization and river run-off. The excess of strontium is shown by the lower ratios of
239,240
Pu/90Sr and 137Cs/90Sr. In the Central Basin, the similar vertical distribution along the
water mass is probably due to the fast transport of surface water to greater depths. Cesium
concentrations are in agreement with the level expected from global fallout. The similar trend
at same water depths for strontium and cesium demonstrate typical behavior for these
conservative fallout radionuclides, which move essentially in true solution. In the central and
south Caspian Sea, the leading role in the exchanges between the upper and lower layers of
seawater is played by the processes of convective mixing. The intensive cooling and
salinisation in the North Caspian Basin during ice formation result in high water density that
allows sinking into the deepest part of the Central Caspian depression. 239,240Pu delivered by
fallout to surface water decreased from the North Basin to the South Basin and penetrated to
deeper water as expected for this particle reactive element. The concentrations at intermediate
depths of the Central Basin are higher than in the South Basin. The particulate concentration
and the transport of the water mass between the two main basins may be explained by these
data: the lower temperature and higher salinity at a given depth in the Central Basin as
compared to the South Basin, facilitate the horizontal transport of water from the Central
Basin over the sills into the South Basin where this water drops down to approximately
400 m.
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ARABIAN SEA GEOSECS STATIONS REVISITED:
TRACER-DEPTH PROFILES REVEAL TEMPORAL VARIATIONS?
S. MULSOW, P.P. POVINEC
International Atomic Energy Agency, Marine Environment Laboratory, Monaco
B.L.K. SOMAYAJULU
Physical Research Laboratory, Navrangpura, Ahmedabad, India
In March-April 1998, the Physical Research Laboratory and the Regional Research Laboratory
(Ahmedabad, India) together with the IAEA Marine Environment Laboratory, Monaco,
participated in the research mission to visit GEOSECS (Geochemical Ocean Sections Study)
stations in the Arabian Sea. The main objective was to reoccupy these stations which were
sampled in the early seventies to observe possible time variations in trace behaviour in this
region.
It is generally accepted that both natural (climate variations) and anthropogenic (greenhouse
effect) changes can cause modifications of the oceanic characteristics and properties of deep
waters on yearly and decadal scales [1]. For long time-scales (100 to 1000 years) one needs to
look at the sediments where these changes are subtly recorded. Tracers such as 14C and 3H
(deep waters) and 228Ra surface waters are useful markers of water circulation patterns and
changes. Also man-made radiotracers such as 90Sr, 137Cs, 99Tc, 238Pu, 239,240Pu and 241Am, can
give information on air-sea exchange as well as penetration (vertical change) rates in the open
ocean [2].
We visited GEOSECS stations 415 to 419. In each station, CTD profiles, 3H, 14C, 90Sr, 137Cs,
Pu and Am profiles, nutrients, Be, TOC and oxygen were determined from surface to bottom.
Also uranium and trace elements were sampled in function of the oxygen minimum zone. In
this paper we report the findings on the physical properties as well as the variations in water
circulation patterns and also vertical exchange rates in the Arabian Sea.
PSU profiles collected in this mission compared with those PSU profiles measured in 1974
(GEOSECS) showed marked differences in those stations located in the southeast part of the
Arabian Sea (Fig. 1). In contrast, those located more towards the north (415-416) showed little
temporal variation. We think these changes may be real given that the PSU values at depth are
comparable and reflect the presence of deep Antarctic bottom waters in this region.
After examining vertical variations in the water column in this region, we could compare our
Cs and 3H data (Fig. 2) with GEOSECS data. In both cases some changes were discovered
over the 15 year interval. We found that at the three stations there appears to be a net outflow
of water masses from the Arabian Sea to the Southern Ocean.

137

This observation is particularly true for surface waters down to 100-200 m and deeper at
GEOSECS station 416. We have also found a similar pattern with 3H vertical profiles (not
shown here). Possible temporal variations regarding oceanographic settings due to climate
changes and/or anthropogenic changes such as global warming will be further discussed in
more detail.
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FIG. 1. PSU vertical profiles measured at 4 GEOSEC stations. The profiles are comparable and the
differences may reflect temporal variations while sampling during 1974 (GEOSECS) and 1998 (this
study).

FIG. 2. 137Cs depth profiles of some of the revisited stations. All data have been decay corrected to
April 1, 1998. The biggest differences are between 0-200 m. At depth, the values are similar.
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TEMPORAL VARIATIONS OF RADIONUCLIDES IN THE
PRECIPITATION OVER MONACO
S.H. LEE, M.K. PHAM, P.P. POVINEC
International Atomic Energy Agency, Marine Environment Laboratory, Monaco
Monthly precipitation (total deposition: wet+dry) has been collected to determine the
concentration of radionuclides by IAEA-MEL in Monaco. The objectives of this study are to
understand radionuclide behaviour in the air according to annual weather conditions as well as
to detect any irregularities in the concentration of radionuclides resulting from probable new
releases. Higher activities and deposition rates of anthropogenic radionuclides such as
239,240
Pu, 241Am and 137Cs as well as cosmogenic 7Be in rain have appeared in the autumn
period due to local meteorological conditions and the amount of precipitation rather than in a
spring peak by contribution of stratospheric-tropospheric air mixing [1] as documented in
previous studies (Fig. 1). Generally, 238Pu/239,240Pu and 241Am/239,240Pu ratios agree well with
the global fallout ratios of the northern hemisphere, however, a few data on 238Pu/239,240Pu
showed higher ratios. Since the mid 1980’s, the annual depositions of 239,240Pu estimated at
35-45º N have not shown any exponential decreasing trend as in previous studies [2]; they are
in the range of 6-17 mBq m-2 year-1. This may suggest that the present Pu fallout originates
from resuspension of Pu from soil due to gardening and wind transport. Monthly deposition
rates vary throughout the year in a similar way to the precipitation rate (Fig. 2). The estimated
average deposition rate of 239,240Pu, (16.5 ± 0.4) mBq m-2 year-1, compensates for about 4% of
the mean annual Pu loss in the water column of the Mediterranean Sea as derived from
experiments with particle traps [4].

FIG. 1. Monthly deposition of 239,240 Pu and 7 Be with rainfall.
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FIG. 2. Annual deposition of fallout 239, 240 Pu estimated in the 35-45 N.
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WATER PROFILE TIME SERIES OF 90Sr, 137Cs AND 239,240Pu
IN THE NW PACIFIC OCEAN
T. ITO, H.D. LIVINGSTON, P.P. POVINEC
International Atomic Energy Agency, Marine Environment Laboratory, Monaco
The Pacific Ocean is a major repository of anthropogenic radionuclides released from
atmospheric tests of nuclear weapons. Both global fallout from radionuclides released to the
stratosphere as well as close-in fallout from the troposphere contributed to the present levels
of radionuclides in seawater of the Pacific Ocean. On the other hand, these radionuclides are
powerful tracer tools providing basic insights into a variety of oceanic processes and
environmental change. The changing behaviour of 90Sr, 137Cs and 239,240Pu in the NW Pacific
Ocean between 1973 and 1997 (over the last 24 years) has been followed through time-series
observations at several locations.
Figure 1 shows profiles of 90Sr, 137Cs and 239,240Pu in water columns of the central NW Pacific
Ocean at GEOSECS (1973), Knorr (1978), Hakuho Maru (1982) and IAEA (1997) stations
[1, 2]. It is clear that after 24 years, the sub-surface maximum has become smaller; a decrease
of 20%, and has moved to deeper water layers, from 500 m to 720 m. In the profiles of 90Sr
and 137Cs, it should be noted that, in the upper 1000 m, the decline in the nuclide maxima and
inventories is similar to the Pu changes. This would point to the conclusion that at least a
major part of the observed 239,240Pu changes over time was in response to physical circulation
in the upper water column which brought water masses bearing significantly lower levels of
fallout nuclides advectively into the region, although our initial view of these changes was
that they were caused by 239,240Pu association with sunken particle fluxes.
On the basis of all available 239,240Pu data for the central NW Pacific Ocean (between 20° 40° N and 135°- 175° E) in the GLOMARD database, a dependence of the position of the
sub-surface maximum in the water column on time has been worked out [3]. The 239,240Pu
maximum moves downward in the water column reaching a double depth in about 40 years. A
decrease in the maximum 239,240Pu concentration observed at the central NW Pacific stations
with time confirms this. The rate of change in the water column to a half value is estimated to
be 22 ± 8 years. A change of 239,240Pu inventories in the water column with time has been
evaluated for the total water depth between 5000 and 6000 m using data stored in the
GLOMARD. The averaged data show that the 239,240Pu inventory in water is slowly
decreasing with time from about 130 Bq/m2 to 100 Bq/m2. The rate of decrease of the Pu
inventory with time by a factor of two was estimated to be at about 50 years. However it is
necessary to keep in mind the physical process changes mentioned earlier [4].
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FIG. 1. 239,240Pu, 90Sr, and 137Cs profiles in the water column of the GEOSECS, Knorr, Hakuho Maru
and IAEA stations in the central NW Pacific Ocean. All 90Sr and 137Cs data have been decay corrected
to 1 January 1997.
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CORALS – ISOTOPIC ARCHIVES OF MARINE ENVIRONMENTAL CHANGE
P.P. POVINEC, J. GASTAUD
International Atomic Energy Agency, Marine Environment Laboratory, Monaco
A. SIVO
Comenius University, Department of Nuclear Physics, Bratislava, Slovakia
Corals have been used in the past as important indicators for environmental change. It has
been documented that, especially for studies of radiocarbon variations in the marine
environment, they preserve records of radiocarbon concentrations in seawater during their
growth. In the same way as rings on tree trunks are used in terrestrial environmental studies,
the bands on corals can be used for detecting the annual concentrations of radiocarbon, stable
carbon isotopes, as well as other stable and radioactive isotopes.
In the present work, the results of analysis of carbon isotopes, as well as 60Co, 239,240Pu and
241
Am in annual coral samples taken from corals collected in Mururoa and Fangataufa lagoons
will be presented. As both atolls have been the sites of nuclear weapons testing, elevated
radionuclide concentrations were observed (see Figs 1 and 2). The possible transport of
radionuclides between annual coral layers, which could have an important impact on
climatological studies using corals, will be discussed in more detail.

FIG. 1. ǻ14C in the Fangataufa coral sample.
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FIG. 2. Concentration of 60Co, 239,240Pu and 241Am in the Fangataufa coral sample.
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PALAEOTEMPERATURE CONDITIONS FOR THE SOUTHWEST
OF WESTERN AUSTRALIA FROM THE STABLE ISOTOPIC COMPOSITION OF
DEEP, CONFINED GROUNDWATER WITHIN THE PERTH BASIN
J.V. TURNER
CSIRO Land and Water, Perth, Western Australia, Australia
P.M. THORPE
Water & Rivers Commission, Perth, Western Australia, Australia
Two major confined aquifers occur within the upper 3000 m of the sedimentary sequence
forming the Perth Basin located in the south-west coastal margin of Western Australia. The
aquifers comprise multi-layered sequences of interbedded sandstones, shales and siltstones
and are an important groundwater resource for metropolitan Perth. Within the context of
research into groundwater resource evaluation of the aquifers, undertaken by the Geological
Survey of Western Australia [1], 14C, δ2H and δ18O data on the deep groundwater were
collected. Samples were obtained from nine east-west transects across the coastal plain, four
transects in the Northern Perth Basin (A-D in Fig. 1) and five in the Southern Perth Basin. The
most northerly transect in the Northern Perth basin is 70 km north of Perth while the most
southerly is 50 km south of Perth [1]. The most northerly transect on the Southern Perth Basin
is near Bunbury and the most southerly is at Karridale, giving a total north to south range for
both basins of 300 km. The purpose of this paper is to investigate palaeoclimatic conditions
based on isotopic data within the groundwater archive of the Perth Basin.
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FIG. 1. δ2H and δ18O in groundwater from four transects (A, B, C, D) in the Perth Basin plotted
against corrected 14C groundwater age.
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Results from a total of 151 deep drillholes are reported. The maximum depth from which
groundwaters were obtained was 1600 m, with the majority of samples being obtained from
depths between 100 and 800 m. The bore network allowed changes in 14C age and stable
isotope composition to be measured from the recharge area to discharge along regional east to
west groundwater flow paths that range between 30 to 90 km in length [1].
Direct palaeoclimatic evidence for the coastal region of south-west Western Australia is very
limited [2,3]. Stable isotope data from the deep confined aquifers provides an important
method for obtaining information on palaeotemperature conditions prevailing at the time of
recharge. Accordingly, the stable isotope and 14C data are evaluated in terms of the
palaeotemperature conditions that prevailed during the period of recharge. Carbon-14 data
were used to estimate aquifer parameters and results show a range of ages from modern up to
the practical limit of the 14C method, i.e. about 36,000 years. The span of 14C ages is such that
some confined aquifer groundwaters would have been recharged during the Holocene and late
Pleistocene glacial maximum. This range of groundwater residence times also spans the
southern hemisphere temperature minimum considered to have occurred at between 20,000 to
22,000 years BP [4].
2
18
Modern data on δ H and δ O in rainfall collected in Perth provide a comparative reference for
the groundwater isotopic compositions. The amount weighted monthly mean δ2H and δ18O of
rainfall collected between 1962 and 2000 are shown in Table I.

The measurements range between δ18O = -3.85 to -3.86 ‰ and δ2H = -14.8 to -17.4 ‰. The
2
18
Meteoric Water Line for Perth rainfall is δ H = 7.15δ O + 10.6, determined from the CSIRO
data only. Present-day shallow groundwater of the Swan Coastal Plain has an isotopic
composition close to the amount weighted mean rainfall data shown in Table I. The δ2H and
δ18O values of groundwater from the confined aquifers have been divided into four categories
on the basis of their groundwater residence times estimated from carbon-14, as shown in
Table I.

Table I. Average groundwater and rainfall δ18O and δ2H compositions from the Southern
Perth Basin and the Perth Metropolitan area
Carbon-14
Age range
(x1000 years)
0 – <10
10 – <20
20 – <30
30+

IAEA

(1962-1976)*
(1973-1975)**
CSIRO (1983-2000)

n

Southern Perth Basin
18
2
δH
δ O

n

Northern Perth Basin
18
2
δ O
δH

43
16
18
22

–4.68 ± 0.4
–4.35 ± 0.4
–4.86 ± 0.4
–4.90 ± 0.4

17
9
7
12

–4.22 ± 0.6
–4.54 ± 0.4
–4.60 ± 0.4
–4.92 ± 0.2

–20.7 ± 1.9
–18.8 ± 3.3
–22.2 ± 2.4
–22.5 ± 1.7

–18.1 ± 3.3
–21.0 ± 1.8
–20.5 ± 3.8
–23.8 ± 1.3

Amount Weighted Perth Rainfall
99
–3.86
–14.8
30
–
–17.1
165
–3.85
–17.4

*[5], **[6]
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FIG. 2. δ H and δ O in groundwater from five transects (Boyanup Line, Picton Line, Quindalup Line,
Cowaramup Line and the Karridale Line) in the Southern Perth Basin plotted against corrected 14C
groundwater age.
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FIG. 3. The amount weighted monthly mean isotopic composition in Perth rainfall against mean
monthly temperature.

The δ18O of modern rainfall is enriched by a maximum of 1.1 ‰ compared to the measured
groundwater values. For δ2H, the maximum enrichment is about 7‰. The trend of decreasing
2
18
δ H and δ O compositions with increasing 14C age can be seen in Fig. 1 for the Northern
Perth basin and in Fig. 2 for the Southern Perth Basin.
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In Table I and Figures 1 and 2, the trend of decreasing stable isotope composition is seen in
both δ18O and δ2H but is most clear in the δ2H data which decreases from about -18‰ to 25‰. On the basis of well-known correlations between the mean isotopic compositions of
precipitation and temperature [7, 8] which indicate temperature effects of about 0.5‰/°C for
δ18O and about 5‰/°C for δ2H, we conclude that the groundwater data from the Perth Basin
shows evidence for a slight increase in temperature of about 1°C over the past 30,000 years.
The small change in the δ2H and δ18O of groundwater may be due in part to moderation of the
coastal temperature regime by the ocean in this near-coastal region. In addition, it may also be
the result of a small decrease in the isotopic composition of the marine precipitation source
which counteracts the temperature fractionation effect.
The principal source of present day precipitation is from water vapour in low pressure frontal
systems that originate from the south west over the Indian Ocean. Fig. 3 shows the amount
weighted monthly mean isotopic composition of precipitation from 1982 to 2000 in Perth
rainfall. A weak trend due to the temperature effect is seen, however the increasing scatter in
isotopic composition of rainfall in the warmer summer months indicates a mixed source of
water vapour reflecting the influence of water vapour derived from tropical cyclone systems.
Since the stable isotopic composition of precipitation is dependent on the temperature
difference between the source area and the location of the precipitation, the close proximity of
the marine influence to the recharge location of the confined aquifers could be responsible for
the lack of isotopic variation with increasing age. The continental effect is expected to be
negligible over the short distances involved. A similar absence of significant change in δ18O
and δ2H with increasing groundwater age was recorded in the east and central Australia within
the Great Artesian Basin where groundwater residence times of up to 2 million years were
observed [9,10].
A temperature difference of about 1-2oC from the LGM is estimated for the south west of
Western Australia based upon the isotopic composition of the deep groundwater archive
within the Northern Perth and Southern Perth Basins. The trend toward depleted stable isotope
composition with increasing age is consistent across the nine groundwater transects that range
over a north to south distance of 300 km along the Western Australian coastal plain.
The consistent trends found in the extensive isotopic data base shows that the groundwater
reservoir contains a true palaeoclimatic signal.
The local on-shore trajectory of rainfall-bearing weather systems on the West Australian coast
means that changes in the source of moisture or changes in the isotopic rainout effect are
probably negligible and the isotope effects observed are true reflections of a temperature
effect.
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A HIGH PRECISION MASS SPECTROMETRY METHOD FOR
MEASURING O2/N2 RATIOS AND CO2 CONCENTRATIONS IN AIR
A.D. MARCA, P.F. DENNIS, A. ETCHELLS
School of Environmental Sciences, University of East Anglia,
Norwich, United Kingdom
A full, detailed understanding of the global carbon budget is needed for robust modelling of
global climate and environmental change. Since the industrial revolution the carbon cycle has
been shifted from a steady state in which removal of CO2 from the atmosphere through
photosynthesis is balanced by its addition through respiration. Currently increased respiration
due to deforestation, modern agricultural practises and the burning of fossil fuels dominates
photosynthesis resulting in modern atmospheric CO2 concentrations some 32% higher than
the year 1800 levels. However, the CO2 concentration rises are lower than expected from
known fossil fuel combustion inventories. A significant proportion of the excess CO2 is taken
up by the oceans, however a missing carbon sink must still be invoked to account for the
difference between measured and expected CO2 rises. A global greening as a result of
increased photosynthesis is required to close the circle.
An important new approach to characterising the global carbon cycle, and the role of
photosynthesis in particular, is to accurately measure the changing concentration of oxygen in
the atmosphere. Oxygen concentrations are effectively controlled by just two sinks and one
source. During photosynthesis (source) and respiration (sink) there is an approximate one to
one inverse relationship between oxygen and carbon dioxide. The combustion of the present
day mix of fossil fuels (sink) requires the consumption of ca. 15 molecules of O2 for each 10
molecules of CO2 produced.
Thus by comparing the measured rate of O2 decline with CO2 increase, and that expected from
the amount of fossil fuels consumed a direct estimate of global greening can be made. If less
O2 is disappearing than required for fossil fuel burning then the biosphere must be expanding
and vice versa [1,2].
The long term changes in the oxygen concentration in air, however, are very small and on the
order of just 5 ppmv, with larger ranges for the diurnal and seasonal cycles [2-4]. Useful
measurements need to be made at a precision of 5 per meg or better, where the oxygen content
of an air sample is referenced to a standard air:

 [O2 ]sam 
− 1 × 10 6

 [O2 ]ref

δ [O2 ]per meg = 

A precision of 5 per meg corresponds to a measurement of the oxygen concentration to better
than 1ppmv. Keeling and Shertz [3] used a refractive index method to measure oxygen
concentrations in air to better than 1ppmv. More recently Bender and co-workers [5] have
used a modified dual inlet isotope ratio mass spectrometry method to measure the relative
oxygen content in air to better than 5 per meg. The method involves measuring the molecular
ratio of O2 (mass 32) to 15N14N (mass 29).
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Following on from this pioneering work, we present recent improvements in the use of a dual
inlet isotope ratio mass spectrometer to allow routine, high precision measurements of the
oxygen concentration in air. The analyser is based on a VG 602E, 6cm, 90o sector analyser.
The collectors have been replaced with a purpose built triple collector allowing simultaneous
collection of masses 28 (14N14N), 29 (15N14N) and 32 (16O16O). With peak jumping
simultaneous monitoring of masses 40 (40Ar) and 44 (12C16O16O) is also possible. The dual
inlet is of an all stainless steel construction using NUPRO diaphragm valves, 40mL variable
volume bellows, and 1m long x 15 µm stainless capillaries.
The advantages of using the triple collector geometry is that (a) direct measurement of the
32/28 ratio is made using two high intensity beams thus maximising measurement precision;
(b) measurement of the 29/28 ratio allows correction of the 28 signal for CO produced as a
result of CO2 breakdown in the source. Variations in the CO2 content of samples by 10ppm
produces a 1 per meg variation in the measured O2/N2 ratio [5]. Finally, by use of peak
jumping and simultaneous measurement of the Ar (m/e =40) and CO2 (m/e = 44) signals, and
referencing to standards of known CO2 concentration the absolute CO2 levels can be measured
to a precision on the order of 1-2 ppm in the same sample.
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CLOSING REMARKS
Jihui Qian
Deputy Director General,
Department of Technical Co-operation,
International Atomic Energy Agency, Vienna
It is a pleasure for me to meet with you at the end of this timely, highly relevant conference
on environmental change. In case you have not noticed, some of the environmental change
issues that you have been working on, have also been in the headlines this week. Let me quote
the cover of this week’s edition of Time Magazine: “Global Warming: Climbing
temperatures. Melting glaciers. Rising Seas. All over the planet we are feeling the heat.
Happy Earth Day!”
While most people now accept that there is climate change both due to natural and human
causes, it is often hard to understand the connection of the issue to their personal lives.
National leaders and policy-makers, in turn, realize that actions must be taken, but in many
cases feel that the scientific basis is not clear enough upon which to base sometimes costly
actions.
Understanding the world’s climate, its integrated hydrological, marine, climatic and terrestrial
systems, is one of the most important issues and challenges of our time. The key knowledge
for IAEA Member States is understanding the role that isotopic techniques can play in
identifying pieces of the environmental change puzzle.
This makes your efforts to advance understanding and use of isotopic tools to investigate
complex interactions of natural systems and the processes of environmental change all the
more valuable. For this I commend your efforts. I ask you to continue to show where further
work needs to be done; to point the way for taking action; and to develop new tools for
monitoring and assessment.
The IAEA has a lead role in facilitating the development and dissemination of appropriate
nuclear technologies for peaceful uses. While this has been largely a scientific and research
based conference, I want to underline the importance of another important step, translating
technology into a suitable framework for use in a development context, and its transfer to
developing countries.
In this, I would like to challenge you as scientists, as leaders in the field of global change
research, to also keep an important point in mind: how to translate your work to larger
audiences and the community of interests in your respective countries and abroad.
Through its Technical Co-operation Programme, the IAEA has long worked to transfer
mature technologies to its member states for, in particular, the evaluation, monitoring and
assessment of environmental change and natural resources including freshwater, the marine
environment and terrestrial ecosystems.
We foresee that the IAEA Member States will place increasing priority on natural resource
management issues and seek the support of IAEA for acquiring the necessary tools, and
perhaps more importantly, the human and institutional capacities to address pressing national
natural resource management and environmental problems.
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The IAEA has a special and unique role to play in this field: it has the capacity to facilitate the
development, adaptation and validation of new techniques and scientific knowledge; and then
transfer the products, to build technical competence in member states. Our current 2001–2002
TC programme, for example, has an increased number of activities to provide tools for
freshwater management. We are in the process of identifying the nuclear and isotopic
techniques that can help member states address key marine issues like coastal zone
management.
In all of this, the IAEA is increasing its efforts to work with good partners, with both
international organizations, as well as key national institutions, who can together, more
effectively address these problems. You have been good partners this week.
In closing, I would like to thank you again for your excellent contributions. I would also like
to ask you to continue your work, as well as to offer our continued partnership in the future
for addressing these key issues of global relevance.
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