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FOREWORD

Monitoring and assessing the impact of radioactive and non-radioactive contamination on the
environment is a growing need that can be addressed using nuclear techniques. The IAEA supports
Member States in using nuclear applications to assess the status and trends of marine pollution with
the purpose of making environmental management decisions based on scientific information. One
such technique is the quantification of unsupported *'°Pb concentrations in sediments to track the
movement of sediment and contaminants in the environment, to determine sedimentation rates and
dates of sediment deposition and to reconstruct historical contamination trends. Several projects have
been carried out in the context of the collaboration between the IAEA and the Food and Agriculture
Organization of the United Nations (FAO) and, since the end of the twentieth century, the use of
isotopic techniques has been promoted to facilitate soil conservation, for which *'°Pb concentrations
have been determined to study soil redistribution, especially in the face of anthropogenic practices
and climate change impacts.

The TAEA has also encouraged the use of *'°Pb dating of sediment to estimate the sediment
deposition in coastal areas and assess the effects of anthropogenic activities on marine environmental
health. Within the scope of technical cooperation projects, 2'’Pb dating was used to track growing
sedimentation in the wider Caribbean region and its effects on marine biota.

Analytical difficulties highlighted by all these projects have encouraged proficiency tests to identify
sources of error and common problems in ?'’Pb quantification. To further address common issues
in applying *'°Pb dating to environmental studies, a coordinated research project entitled Study of
Temporal Trends of Pollution in Selected Coastal Areas by the Application of Isotopic and Nuclear
Tools was implemented with the objective of producing a comprehensive status and gap analysis of
the application of nuclear techniques, in particular *'°Pb sediment dating, in coastal pollution studies.

The TAEA is grateful to the participants of the coordinated research project. The IAEA officers
responsible for this publication were M. Rozmari¢, K. Telfeyan and I. Osvath of the IAEA Marine
Environment Laboratories.
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1. INTRODUCTION
1.1. BACKGROUND

Coastal zones, and the ocean as a whole, provide critical environmental functions, such as
climate regulation, biogeochemical cycling hotspots, storm attenuation, and habitats for
biodiversity [1.1]. About 40% of the global population lives near the coast (within 100
kilometers) and relies on coastal ecosystems for their livelihoods, including food,
transportation, shipping, industry, recreation, and tourism. In recent decades, the rapid
urbanization and industrialization of the coasts has led to unprecedented levels of
contamination by microplastics, persistent organic pollutants, heavy metals, radionuclides,
excess nutrients, etc. [1.2, 1.3]. The growing extent and degree of marine pollution has
prompted policy makers to enact strategies to minimize the detrimental effects of
anthropogenic activities that stress coastal resources, and UNEP [1.4] has laid out guidelines
for coastal governance strategies. Yet, determining the efficacy of these measures remains
challenging owing to the complex interactions of biogeochemical processes and limitations on
analytical capabilities. Furthermore, identifying the source, transport routes, contamination
hotspots, and background values requires a spatially comprehensive long-term time-series.
Where historical data do exist, comparison of contaminant concentrations before and after large
releases can be made to determine the extent of contamination, zones of accumulation and
partitioning between water, sediment and biota. which are often unavailable. However, in many
places of the world such records are unavailable. In the absence of long-term information,
sediment dating techniques provide one such tool to study contamination trends in coastal
systems to inform coastal management policy. The evaluation of contaminant concentrations
in sediment cores dated with the ?'°Pb method allows reconstructing historical trends of
contamination and establishing background levels to serve as a baseline to evaluate the
contamination degree and setting remediation targets.

The specific tasks carried out during the CRP K41016 consisted of discussing coastal
contamination studies in selected areas around the world and the use of 2!°Pb-dated sediment
cores for the reconstruction of contamination trends. It included an overview on the >!°Pb dating
method, examples of its applications in specific case studies, conducting a critical review of
pitfalls and challenges in the application of the method, preparing a harmonized methodology
and guidelines to reconstruct temporal trends of contamination; and preparing two technical
documents (IAEA-TECDOCSs), one on sediment dating protocols, and a second, on coastal
contamination case studies from participating member states.

The tasks were accomplished through expert meetings and interlaboratory comparisons (ILC).
The first ILC involved a 2!°Pb, '37Cs, and ?*°Ra radioisotope dating exercise of two sediment
cores; and the second, labs determined activities of radionuclides and concentrations of heavy
metals in sediments and produced an age-depth model of a sediment core. The ILC results
highlighted common mistakes or erroneous assumptions that lead to misuse of the >!°Pb dating
method. Two peer-reviewed publications (Barsanti et al., 2020; Garcia-Tenorio et al., 2020)
evaluated the results of the ICLs to identify the possible problems and limitations of the 2'°Pb
dating method. One publication was produced to provide guidelines for sampling, radiometric
analysis and 2!°Pb-dating of sediment cores; and this publication provides the compilation of
coastal pollution studies conducted by participating members of the CRP.



1.2. OBJECTIVE

The overarching objective of this publication is to provide, by way of 10 case studies, an
overview of current research on sources, distribution, and trends of contaminants in marine
environments, including the application of radiometric dating of sediments. This publication
was developed by experts in radiometric dating and contamination assessment in the marine
environment. It is designed to inform researchers and Member States about the monitoring and
evaluation of temporal trends of contamination in the marine realm around the world, that could
serve the readers as up-to-date examples of studies addressed to assist in environmental coastal
management. It also presents examples on the latest and most accurate reconstruction of age-
depth models and its application to the planning of sustainable coastal resource management
which, in a general sense, is a considerable challenge facing many Member States.

1.3. SCOPE

This publication provides an overview of local and regional case studies on radioactive and
nonradioactive contamination around the globe. Case studies were selected to represent a wide
range of geographic locations, including coasts in Africa, Asia, Europe, North and South
America. The studies represent a range of geologically different coasts and contaminants in
order to be relevant to as many readers across the globe as possible. On the temporal trends of
concentration and inventory of artificial radionuclides, Struminska-Parulska et al., identify the
Chernobyl release as the greatest contributor of Pu isotopes to certain regions across the Baltic
Sea. Kusakabe and Kambayashi demonstrate the different residence times of Cs in seawater
and in sediments and the mixing within a sediment column that can occur, providing
information that is valuable for understanding post-depositional migration of '*’Cs, after the
Fukushima Daiichi Nuclear Power Plant accident in March 2011. Eriksson et al. compare
actinide concentrations in a dated sediment core with historical record to analyze releases from
the Studsvik nuclear facility.

Some case studies in this publication demonstrate the strengths and weaknesses of the 2!°Pb
dating method for the retrospective reconstruction of temporal variations of excess
contamination or, the effects of corrective measure to mitigate or eliminate the contamination
in coastal areas. For example, Laissaoui et al. used the 2!°Pb method to date sediment cores in
coastal Moroccan lagoons and identified maxima of trace metal concentrations corresponding
to the operation of industrial plants and decreasing concentrations corresponding to the
enactment of environmental management policies. Similarly, Al-Rousan et al. used *'°Pb age
models to quantify increases in sedimentation rates resulting from rapid urbanization in the
port of Aqaba. Ruiz Fernandez et al. highlight the utility of '°Pb dating for establishing a
baseline of contaminant concentration prior to industrialization, providing critical information
for assessing remediation efforts and separating natural background levels from pollution. They
demonstrate that the load of certain trace metal concentrations, which have naturally enriched
background concentrations, had increased further due to a combination of factors related to the
oil industry, but they also note that environmental regulations have successfully led to some
decrease in contamination in recent decades.

The case studies also highlight that care needs to be taken when applying ?'’Pbex age-depth
models. Variations in sediment accumulation rates and post-depositional physical disturbances
can render invalid the assumptions inherent in the age models. Yii et al. used the Constant Flux-
Constant Sedimentation (CF:CS) model, which proved challenging due to complicated >'°Pbex
profiles. The lack of confidence in their age model is attributed to sedimentary processes at the
study site, including variations sources, mixing and accumulation rates of the sediment, as well
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as grain size distribution. Such sedimentary processes are common confounding factors in >!°Pb
dating and highlight the importance of site reconnaissance prior to sampling. Nevertheless,
they were able to use this data to estimate preliminary sediment accumulation rates and assess
trace metal enrichment. Dung et al. attempt to use a variety of age-depth models and conclude
that the Constant Initial Concentration (CIC) and the CF:CS models do not apply to the whole
cores, but can apply to segments of the cores, and that a composite Constant Rate of Supply
model can be applied with caution and with '¥’Cs validation.

The use of '¥’Cs as a validation tool for the 2!°Pb age dating method is the most common, but
its use is limited in the Southern Hemisphere and worldwide with time as *’Cs decays,
triggering the need for alternative validation methods. Godoy et al. present alternative methods
that rely on site-specific knowledge. For example, they observed the PCB-based Askarel in
sediment cores and constrained the sediment dating to its use over a specific time interval from
its introduction to ban.

1.4.STRUCTURE

This chapter provides a brief background on the objectives of the CRP that supported this
publication. It introduces the purpose, utility, and challenges of '°Pb dating, which are
elaborated on in subsequent sections. The remainder of this publication is organized
geographically. Chapters 2 and 3 examine contamination trends in Africa (Morocco and
Namibia), Chapters 4-7 in Asia (Japan, Jordan, Malaysia, Vietnam), Chapters 8 and 9 in Europe
(Poland and Sweden), Chapter 10 in South America (Brazil), and Chapter 11 in Central
America (Mexico). Each case study examines historical trends in contamination with the help
of the 2!°Pb dating technique. The authors highlight the benefits and the difficulties encountered
during applications of the *!°Pb dating model. Chapter 12 provides general conclusions and
implications for coastal zone management.
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2. RADIOMETRIC DATING OF SEDIMENT CORES FROM OUALIDIA AND SIDI
MOUSSA COASTAL LAGOONS (WESTERN MOROCCO): IMPLICATIONS FOR
ESTABLISHING RECENT POLLUTION RECORDS
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Casablanca, Morocco

Abstract

The Oualidia and Sidi Moussa lagoons are two coastal ecosystems located on the Atlantic coast
of Morocco and constitute important areas of large potential for economic development. They
are affected by various anthropogenic activities such as urban, tourism, and agriculture
development, and increasing industry having NORM as a by-product. The paper addresses the
assessment of present and past environmental conditions in the study area by investigating
sediment cores as environmental archives for recent pollution history. Five sediment cores were
collected from the lagoons and analyzed by gamma spectrometry, ICP-MS and Instrumental
NAA for radionuclides and trace metal determination. Substantial increases of 2!°Pb activities
were detected at specific depths in the Oualidia lagoon cores, attributable to high atmospheric
222Rn concentration in the study area. A modified Constant Rate of Supply model, taking
account of the change in 2!°Pb flux, was applied for establishing the relations age/depth and
sediment accumulation rates.!*’Cs was used as a time-marker for validation of the obtained
chronologies, although the profiles were affected by downward post-depositional migration,
especially in cores with low sedimentation rates. Activities of 2**U and 2!°Pb in the upmost
layers of the cores collected from the Sidi Moussa lagoon were relatively high, reaching values
as high as 350 Bg/kg and 2500 Bg/kg, respectively. In addition, Cd, Pb, Cr, Cu and Zn
concentrations were higher than those reported for the Upper Continental Crust. Their profiles
presented a visible peak of maximum concentration corresponding to the period of 1980s
according to the obtained chronology. Enrichment Factors were calculated to assess the degree
of sediment contamination throughout the years. Maximal concentrations were registered in
Cu, Co, As and Ni profiles at a depth fitting the commissioning of the plants of phosphate
processing. Decreasing concentrations in recently deposited sediment is indicative of the
positive impact of the environmental policy implemented since early 2000s by the phosphate
industrial operator.

2.1. INTRODUCTION

The Oualidia and Sidi Moussa lagoons are two seawater bodies located on the Atlantic littoral
of Morocco and belonging to a wetland of ecological and biological importance protected by
the Ramsar Convention (site N° 1474). The lagoonal complex is composed of two coastal
lagoons and some wetlands separated from the ocean by elongated dunes. Anthropogenic
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activities such as oyster farming, agriculture, fishing, tourism and industry involving NORM
are the main environmental stressors in the area.

The Oualidia lagoon is abundant with natural resources and, therefore, offers a space with a
large potential for economic activities as well as for biodiversity enrichment of both faunal and
floral species such as wading birds, marine organisms and seagrasses. The lagoon hosts several
kinds of migratory birds and turtle species. Fishing and oyster farming have been providing,
since 1970, a source of income to the local population, among other activities such as livestock
and crop production, which introduce large amounts of manufactured fertilizer to the
environment. Many research studies were carried out during the last decades in the Oualidia
lagoon with the aim to study its environmental conditions by using multidisciplinary
approaches [2.1, 2.2, 2.3].

The lagoon of Sidi Moussa is extended around 4 km? area, and it is protected from ocean
currents and waves by sandy combined dunes. The lagoon is connected to the Atlantic Ocean
by a narrow pass and composed of a main waterway from which several small channels branch
off. Bathymetry is characterized by a maximum depth of about 5 m, decreasing gradually
towards the internal part of the lagoon. It is affected by anthropogenic activities, of which the
phosphate industry is the most important among others. The biggest phosphoric acid plant of
Jorf Lasfar, located at 15 km from the lagoon, started production in 1986. Many environmental
researches were carried out in Sidi Moussa [2.4, 2.5, 2.6, 2.7] to evaluate levels contamination
by toxic metals in sediment and organisms commonly used as ecosystem quality indicators. In
a recent study including five lagoons along the Atlantic littoral of Morocco, the Sidi Moussa
lagoon was found to be the most contaminated by trace metals. The primary source of the
abnormally high concentrations, in particular those of cadmium, has been attributed to the
effluents discharged from the fertilizer plants rich enough of toxic elements [2.9]. In addition,
the North-Western African upwelling was also reported to be a natural source of Cd to the
lagoons [2.10]. It is worth noting that there are, based on available knowledge, no data on
radionuclide activities in the scientific literature in the Sidi Moussa lagoon and, therefore, the
results produced in this research could be considered as reference values for forthcoming
monitoring work. High activities of 2!°Pb in the Oualidia lagoon sediments were reported in
recent studies [2.2, 2.11, 2.12], attributed mainly to atmospheric deposition.

Dating of sediment deposition in natural aquatic systems using >!°Pb as a chronometer is widely
used in environmental studies involving age-depth associations over the last 120 years. Classic
models, such as Constant Initial Concentration (CIC), Constant Flux-Constant Sedimentation
(CF:CS), and Constant Rate of Supply (CRS) are commonly used for this purpose. A
compilation of the potential and limitations of these models can be found in Kirchner et al
[2.13]. The CRS model usually provides better results than the CIC or CF:CS models, when
validation of the obtained chronologies is carried out using *’Cs or other independent tracers.
However, some assumptions are to be fulfilled for the appropriate application of the mentioned
models; otherwise, the computed ages could be deemed as not reliable. Constant delivery of
210pb to sediment and no redistribution of particles after deposition are the most sensitive
assumptions.

Processes such as compaction, variable sedimentation rate and/or initial concentration and
sediment reworking were included in other complex dating models [2.14, 2.15, 2.16].
Conventional models always assume a constant 2!°Pb flux over several decades, which is not
often the case. Indeed, as 2'°Pb is a disintegration product of the gaseous 2*’Rn, high
concentrations of **’Rn in the atmosphere could produce a large amount of *!°Pb, which is
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transferred to the water column via dry and wet deposition and, consequently, to the sediment
[2.17, 2.18]. Other sources of ?!°Pb in coastal sediments include that resulting from in-situ
decay of 22Rn coming itself from 2*°Ra decay and leaching from adjacent continental areas.
Nevertheless, significant variations at different timescales of >!°Pb Flux have been reported in
some sites worldwide [2.19]. In such cases, significant fluctuations in unsupported 2!°Pb
delivery to the sediment-water interface were deduced from vertical profiles in sediment
columns.

The paper addresses the potential use of radiometric dating of sediment cores, which are usually
perceived as natural archives, to reconstruct the recent history of contaminant inputs to
Oualidia and Sidi Moussa lagoons. Such an approach allows establishing the depth-age
relationships and sediment accumulation rates through the appropriate use of 2'°Pb and '*’Cs
profiles as a chronometer and independent time marker, respectively. The sediment deposition
chronologies obtained will be used to assess the degree of sediment enrichment by metals
throughout the last decades by computing the Enrichment Factors throughout the cores.

2.2. MATERIAL AND METHODS
2.2.1. Sampling and samples pretreatment

Five sediment cores were retrieved from the bank main channels of both lagoons at low tide
using a Uwitec corer fitted with PVC tubes with a 10-cm internal diameter. Two of them, CO-
1 and CO-2 were collected from Oualidia lagoon (32°45°12" N, 009°00°52" W, 52 cm and
32°46°24°° N; 008°59°07" W, 35 cm, respectively) and three, CSM-1, CSM-2 and CSM-3, for
Sidi Moussa lagoon (32°59°44.1” N; 8°44°7.4” W, 55 cm, 32°59°42.2” N; 8°44°3.1” W, 34 cm
and 32°59°16” N; 8°44°9” W, 44 cm, respectively). Figure 2.1 shows the coring sites location,
which were selected on the basis of currentology considerations [2.20]. Weak maximal
currents, less than 0.40 m s, prevail in the sampling sites, which should promote the deposition
of particles. In addition to the cores, three samples of 5 L of water were collected in



polyethylene bottles along the Oualidia lagoon. The samples were acidified with concentrated
hydrochloric acid to pH 2 to prevent adsorption of radionuclides onto the internal walls.
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FIG. 2.1. Map of the study area showing the two lagoons with core sampling locations.

Immediately after the collection, sediment cores were sliced at 2-cm intervals to impede any
particle redistribution throughout the cores. Samples were labelled and transferred to the
laboratory and properly stored before radiometric and elemental analyses. Sediment sections
were dried at 80°C in an oven to constant weight, gently ground with a mortar and pestle and
homogenised. Bulk density was determined as the ratio of dry mass and volume of each section.
Water samples were filtered using 0.45-um Millipore® filters under vacuum and then
evaporated on a hot plate to a final volume of around 200 ml. Concentrated solutions were
transferred quantitatively to polyethylene flasks by adding 2M hydrochloric acid to dissolve
solids. The flasks were sealed hermetically to allow equilibrium between 2?°Ra and its
progenies and kept for one month prior to gamma counting.

2.2.2. Radionuclide measurements

For the analysis of 22°Ra, 2!°Pb, *’Cs and 2*®U, an ORTEC gamma spectrometer of low-
background and consisting of a broad energy (from 1 KeV to 10 MeV) germanium detector,
housed in 10-cm-thick lead shield of high purity and a copper layer was used. The detector has
a relative efficiency of 50% and a resolution in the region of the 1332 keV 60Co y-peak of 1.8
keV. The Maestro® software was used for spectra visualisation and data acquisition.

Known masses of sediment samples were weighed in Nalgene flasks and sealed to avoid radon
escape and stored for three weeks or more to reach equilibrium among 2*Ra and its decay
products. An Amersham liquid multi-gamma source was used for efficiency and energy
calibration in the working geometry (500 ml for water and 50 ml for sediment). Detector
efficiency, count rate, gamma intensity and sample weight were the input parameters for
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activity calculation (in Bq kg™!). Supported 2!°Pb was assumed to be in equilibrium with ?*°Ra,
so that excess 2!°Pb was obtained as the total >!°Pb minus **Ra activity at each layer. Correction
of 21°Pb activities for self-absorption was carried out by counting a punctual source of 2'°Pb on
an empty flask, on a flask filled with water and on a flask filled with sediment to obtain the
attenuation factors [2.21, 2.22]. The IAEA-327 reference standard was used for quality control
check.

2.2.3. Elemental analyses

Metal concentrations were measured by INAA (Instrumental Neutron Activation Analysis) in
samples from Oualidia lagoon and by ICP-MS (Inductively Coupled Plasma — Mass
Spectrometry) in samples from Sidi Moussa lagoon. The spectrometer was a Thermo Scientific
XSERIES 2, adjusted to deliver minimal ratios of Ba**/Ba* and CeO"/Ce" optimal intensity of
the chemical species. External calibration was achieved by running monoelement liquids SPEX
CertiPrep and Astasol-mix (AN 9088 (MN)) for lanthanoids). Correlation coefficients of the
calibration curves were all close to 1. SRM 694 ‘Western Rock Phosphate’ provided by NIST
was used as reference material to check the accuracy of the procedure. The internal standards
used were Rh and Ir at a concentration of 0.01 mg I'!. For the analysis of metals, an amount of
50 mg of sediment was demineralized in a microwave oven with 3 ml of ultrapure nitric acid
60 % and 5 ml of hydrofluoric acid 40 %. The solution was quantitatively transferred to a
Teflon flask and evaporated after adding boric acid to eliminate any remaining HF. The sample
was then diluted with ultrapure water to the working volume and measured by ICP-MS.

For INAA analysis, samples were irradiated with thermal neutrons in the Moroccan research
reactor, Triga Mark II, at fluxes of 5.0 10> n cm™ s and 2.0 10" n cm™ s™! at the pneumatic
transfer system (PTS) and at the rotary specimen rack, respectively. For long period elements,
samples were irradiated for four hours, while for those of short periods, samples were irradiated
for 36 to 60 seconds along with 500 mg of sulfur sublimed powder used as flux monitor. The
samples and flux monitor, packed in polyethylene rabbits, are sent by means of a pneumatic
transfer system to the reactor core to be successively irradiated. A hyper-pur germanium
detector linked to a PC running Maestro software was used in the counting of gamma emitters
in the activated samples. The KO IAEA software was used for computing element
concentrations.

2.3. RESULTS AND DISCUSSION
2.3.1. The Oualidia lagoon
2.3.1.1. Radionuclides and sediment deposition chronologies

Total 2!°Pb, 22Ra and excess >!°Pb activities throughout the two cores are plotted in Fig. 2.2.
226Ra activities were quite uniform in the cores, with activities varying from 20 to 50 Bq kg™,
being within the typical values for non-contaminated coastal sediments. In contrast, activities
of total 2!°Pb increase upcore to values in the sediment-water interface much higher than typical
activities measured in other Moroccan coastal ecosystems [2.23]. Maanan et al [2.24] reported
210pp activities in surface sediment of the same area as high as 1400 Bq kg™'.
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FIG. 2.2. Depth profiles of **°Ra, *!°Pbi and *'’Pb,, measured in CO-1 and CO-2 “(produced from
Ref. [2.11] with permission courtesy of [Springer])”.

Such abnormally high activities of 2!°Pb in the Oualidia lagoon sediment are evidently due to
human activities in the surrounding area (e.g., industry, agriculture). 2!'°Pb is incorporated to
the lagoon sediment by two possible ways: (1) with marine waters rich in dissolved and/or
particulate 2'°Pb. Such assumption if questionable due to the fact that the studied sediment is
not enriched in 2°Ra, whose activities were in the range of those of uncontaminated sediment.
This could be indicative of a substantial predominance of the unsupported >'°Pb; (2) deposition
of atmospheric 2!°Pb originating from 2*’Rn radioactive decay (half-life 3.8 d). It is well
established that radon escapes from rocks, soils and anthropogenic facilities and can be
removed from the atmosphere by processes such as with precipitations and/or wet deposition.
This hypothesis is the most appropriate to explain the high 2!°Pb activities but needs additional
studies to confirm it. In this context, with the aim to check whether dissolved radionuclide
concentrations were remarkably high, the three water samples collected along the Oualidia
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lagoon were analyzed by gamma spectrometry. 2*’Ra and 2!°Pb activities were all below the
detection limits (<0.4 Bq L' for ?!°Pb and <0.1 Bq L™! for *°Ra for 24 h counting time of 2-L
sample volume), which excluded the assumption that disintegration of dissolved *?°Ra could
be behind high 2!°Pb activities in recently deposited sediment. Indeed, only a small amount of
210pp is produced in the water column from in-situ decay of ?*°Ra.

210pp profiles of Fig. 2.2 display fast increases at 24 cm depth in the sediment core CO-1 and
4 ¢cm in CO-2, indicative of a substantial increase of ?!°Pb delivery to the sediment starting at
the respective deposition years. This change altered the expected typical exponential decrease
in 2!%Pb activities in the studied cores. It has been supposed that such abrupt enhancement
matches the beginning of industrial development in 1986 and intensive agricultural activities.
Thus, a change in the flux of 2!°Pb to the sediment has been evidenced in the profiles and,
therefore, conventional dating models could not be used to establish the chronologies, as the
assumption of constant flux seems to be invalid. The CRS (Constant Rate of Supply) model
was adapted to take account of the change in the flux of unsupported 2!°Pb to the sediment
[2.11]. A key parameter for implementing this approach is the exact knowledge of the year in
which the substantial increase of the flux occurred. Total excess >!’Pb inventory is calculated,
in this modified CRS model, as the sum of partial inventories covering the whole core; 1) (27)
covers the part from the surface sediment layer to that where the sudden increase was detected,
and 2) (22) covers the rest of downcore layers in the core until the last section where excess
210pp is measurable. In this way, the total inventory (Zior) can be written as follows:

t1 o
ZtOt = .f Fl 'e_l.tdt'i‘.]' FZ 'e_l.t
0 t1

_B . q_ a1y B2, -2
=2 (1—e?)+2-e (2.1)

A : the 2!°Pb radioactive decay constant.

t1 : the elapsed time between the sampling year (2014) and that in which 2!°Pb flux to the
sediment changed (1986). ¢/ is 28 years in this case.

Fi and F> : the fluxes of unsupported *'°Pb corresponding, respectively, to the intervals
covering the period before and after the substantial increase started. 7 and F> were determined
using the expressions as follows:

_ 21).
- (1_e—l't1)

and  F, = 2% 2.2)

Fy T et

The calculated partial and total inventories are given in Table 1 of Ref. 2.11 along with the
fluxes sediment accumulation rates. 27 in CO-1 is much higher (about three fold) than that of
CO-2 due to the different prevailing hydrodynamic conditions at each coring site; which results
in quite different rates of sediment accumulation (SAR). Indeed, computed depth-averaged
values of SAR were 0.1 g cm™? y! and (0.5 g cm? y! in CO- and CO-2, respectively. >'°Pb
partial inventories, 27 and 22, and fluxes, F; and F, exhibited different variation patterns in
the two sediment cores. Inventories in the upper and lower parts in CO-2 were quite
comparable, while the flux in the upper part was nearly two-fold lower than that corresponding
to the downcore part. On the other hand, the partial inventory and flux of the upper interval of
CO-1 were larger by about four-fold than those calculated for the downcore part.
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From the aforementioned equations, the ages can be written as follows:

1 p
tz) = —~-In [(Z(Z) s Lye | >
7 F

2(2)-A
F

t(z):—%-Ln[ ] t<t (2.3)

3(z) is '°Pb inventory below the sediment layer at depth z. The obtained dating results (SARs
and ages) for both cores are plotted in Fig. 2.3 along with '3’Cs activity profiles. '*’Cs is a man-
made radionuclide whose presence in the environment is due to nuclear weapons testing. It is
commonly used in recent sediment geochronology as a time marker for validation of ages. '*’Cs
activities in Fig. 2.3 were in the range of values reported in sediments in Moroccan coastal
systems [2.23].
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FIG. 2.3. Vertical profiles of *’Cs, computed Sediment Accumulation Rates (SAR in g cm™ y™) and
ages in the two cores from Oualidia lagoon “(produced from Ref. [2.11] with permission courtesy of

[Springer])”.

A peak of maximum '¥’Cs activity was recorded in the CO-1 profile, but the peak is not clear
enough, and vertical migration produced a “broadening effect” both up and down the peak. The
137Cs maximum activity matches the date of maximum atmospheric fallout (1963) given by the
modified CRS model. The detectable activities of '*’Cs in layers deposited before nuclear tests
are a consequence of downward diffusion after sediment deposition. Although diffusion occurs,
the depth of *’Cs maximum concentration remains preserved [2.26, 2.27], but it could be a
constraint on its use as a time marker in some cases. Diffusion could also affect 2!°Pb so that
the assumption of no migration or diffusion becomes not valid and, therefore, could result in
210pp profile alteration. Nevertheless, downward migration could always be considered as
minimal, depending mainly on the porosity of the sediment column, when no evidence is
visible in 2!°Pb profiles such as peaks and/or inflexions.

No visible peak of '3’Cs activity was apparent in the profile of CO-2 core, possibly because of
the low sedimentation rate, which was around 0.11 g cm™ y™'. Thus, the depth of maximum
137Cs fallout was impossible to distinguish throughout the profile. According to the established
chronology using 2!°Pb, this depth should be located at 8-10 cm in the sediment column. When
low sedimentation rates predominate, vertical diffusion would broaden considerably the '*’Cs
peak [2.28], making it difficult to identify. In addition, considering the low core resolution (2-
cm) and weak SAR, the activity in each layer should be understood as the mean value of
activities in several thin sediment layers formed during a period of a few years.

Further validation of the modified CRS chronologies can be obtained from 238U profiles plotted
in Fig. 2.4. Indeed, both profiles reveal increases in **U activities at depths matching the period
around 1986. The activities were fairly uniform from downcore to around 1980. 238U activities
in these parts of the profiles were around 40 Bq kg™! being within the range of values reported
for non-contaminated sediment. Disequilibrium in U?*® decay chain is visible in Fig. 2.4,
especially in the upper part of the CO-1 core, indicating a substantial enhancement of uranium
in recently deposited sediment due to anthropogenic activities around the study site.
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FIG. 2.4. Vertical distributions of U and **°Ra versus CRS ages in the cores from the Oualidia lagoon.

2.3.1.2. Vertical distribution of metals

Figure 2.5 displays the vertical distributions in CO-1 and CO-2 cores of Ni, Cu, Zn, Cd, Pb, V,
Co, As, Th, U and Fe versus the ages given by the modified CRS model. Almost all elements
displayed a similar pattern of variation throughout the cores. Indeed, in core CO-1, high
concentrations in the bottom, a decrease during the two decades is observed followed by an
increase to reach maximal concentrations in the topmost layers. In core CO-2, a slight increase
in concentrations in the deep layers before reaching the first maximum in the 1930s, similar in
amplitude and temporal location, in most cases, to the peaks recorded in the deepest section of
the core CO-1. Thus, for metals such as Ni, Cu, Zn, Pb, V and Th, similar distributions were
observed for the period extended from 1930 to the present. The increase of metal concentrations
in the Oualidia lagoon seems to be due to human activities, such as agriculture, aquaculture
and urban area development, which intensified since the 1960s [2.24, 2.25]. In addition, the
relatively high levels of metal contents in recently deposited sediment could be due to the
industrial development in the area, in particular the phosphate industry, commissioned in 1986.

The concentrations in downcore layers of CO-2, deposited before the year 1900, could be
considered as local background levels. In view of such similarity between vertical distributions
in both sediment cores, the modified CRS model, which was applied to 2!°Pb profiles, provided
consistent results despite the differences in terms of hydrodynamic conditions and
sedimentation patterns recorded in the two coring sites.
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FIG. 2.5. Vertical distributions versus ages of metal concentrations throughout the two sediment cores
collected from Oualidia lagoon. Units are mg kg, except Fe in g kg'.
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The Enrichment Factor (LOI has been commonly used as an indicator of metal enhancement
in sediment and, therefore, allows sorting the studied sediment in terms of the degree of
enrichment, ranging from "no enrichment" to "extremely severe enrichment", compared to the
local geological background [2.29].

The EFs of Cu, Cd, Co, Pb As and U were computed using the following expression:

(X/Fe)sample

EF (2.4)

= X
( /Fe)background

where X is the Fe-normalized element concentration. Element concentrations in the upper
continental crust were taken as background levels. Iron was used as a reference element owing
to its geochemistry which is similar to almost all trace metals, and its natural content tends to
be uniform [2.30]. Besides, Fe is largely employed as a normalizing element for river and
marine sediment [2.31, 2.32, 2.33]. EF can be classified in five degrees: EF < 2 no enrichment,
2 < EF < 5 moderate enrichment, 5 < EF < 20 significant enrichment, 20 < EF <40 very high
enrichment and EF > 40 Extremely high enrichment. The time evolutions of EFs throughout
the two cores are depicted in Fig. 2.6.

Enrichment Factor Enrichment Factor

L] 2 1 6 & 10 12 14 6 7 8 9 10

e

2010 E

— . ——
Tl i od - i
7% cd
— - i
1998 B ——— co . P
1904 B== - 1954 Co
w1992 B2 & 62 e
= 1080 = -
< 1983 = CO-1 Core 1903 CO-2 Core
i 53
o E
e

1963

1953

1944
1937

1932

FIG. 2.6. Time evolution of enrichment factors of U, Cd, Pb, Co, Cu and As in both sediment core from
Oualidia lagoon.

Pb and Cu showed no enrichment along the cores suggesting no anthropogenic input into the
Oualidia lagoon sediments during the last decades. In contrast, Co and U displayed minor and
moderate enrichment showing that an important fraction of these metals were issued from non-
crustal materials and, therefore, a detectable source has been feeding the lagoonal sediment.
As and Cd indicate moderate and significant enrichment revealing an anthropogenic source.
Significant enrichment was observed in the period extending from 1950 to the sampling date
(2014). This period is well connected to the history of human activities growth in the studied
area [2.12]. Arsenic showed substantial enrichment in the deeper layers; this is due to its non-
conservative behaviour owing to the co-precipitation with iron oxides or diffusion processes
from sediment pore water [2.34, 2.35]. These results suggest that the Oualidia lagoon sediment
cores are enriched by As and Cd at different extents and horizons, thus indicating a clear
contribution of anthropogenic sources.

2.3.2. The Sidi Moussa lagoon

2.3.2.1. Radionuclides and sediment deposition chronology

14



Figure 2.7 shows the vertical profiles of total 2!°Pb, excess 2!°Pb and ?*Ra in the cores from
the Sidi Moussa lagoon. Topmost layers of the three studied cores displayed total 2!°Pb
activities (1946 Bq kg'!, 1980 Bq kg and 2588 Bq kg in CSM-1, CSM-2 and CSM-3,
respectively) higher by more than twofold those found in surface layers of the Oualidia cores
[2.2, 2.11]. These quite elevated activities of unsupported !°Pb in sediment are attributed to a
combination of the atmospheric deposition of 2!°Pb and inputs with marine currents. The
lagoon is located at about 15 km from the phosphate industrial complex and surrounded by
agricultural lands and, therefore, high radionuclide and metal concentrations were predictable.
The profile of total 2'°Pb in CSM-1 core displayed a mixing zone exceeding 20 cm depth and
then an exponential decay of activities to levels somewhat greater than those of supported !°Pb.
This core was discarded from radiometric dating because of the large mixing depth, likely
affected by episodes of fast sedimentation and/or mechanical reworking.
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FIG. 2.7. Excess *!’Pb profiles in the three cores collected from the Sidi Moussa lagoon.

226Ra exhibited, in general, a smooth increase from downcore to surface layers with the
exception of the presence of a maximum in CSM-1 core. Activities of *’Ra around 20 Bq kg
! were found in bottom layers, being typical of unperturbed coastal sediments [2.23]; thus they
could be considered as local background activities. It was expected to observe 2?°Ra activities
much higher than those of Fig. 2.7, as it was the case for 2!°Pb, because phosphogypsum is
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enriched in 2!°Pb and **Ra (1638 and 1566 Bq kg'!, respectively [2.36]), thus containing 80%
of the initial content of these radioelements in the phosphate rock. In saline waters, radium has
a weak affinity for sediment particles [2.37] and, therefore, any ?2°Ra discharged in the ocean
at few kilometers from the study site is likely to be mainly in the dissolved form. Unsupported
210ph in different layers of the cores was obtained by subtracting ??°Ra, assumed to be in
equilibrium with supported 2!°Pb, from total ?'°Pb at each layer because 2*Ra presented
significant vertical variability (18 - 126 Bq kg! in CSM-1 core, 14 - 55 Bq kg in CSM-2 core
and 16 - 71 Bq kg! in CSM-3 core). Excess 2!°Pb profiles for CSM-2 and CSM-3 cores shown
in Fig. 2.7 were appropriate to carry out radiometric dating. The CRS model assumes a constant
atmospheric 2!°Pb flux to sediment over the last decades. Nevertheless, the rate of supply of
210pp has possibly been increased since the start of the fertilizer production plants. The excess
210pp profiles plotted in Fig. 2.7 showed an exponential decay with depth to >!°Pb supported
activities without indications of flux changes throughout the years. Thus, the classical CRS
dating model could be applied to CSM-2, and CSM-3 profiles as the necessary assumptions
would be valid. This model uses total and partial excess !°Pb inventories to assign an age to a
given layer of the sediment core, and then computes sediment accumulation rate for each two
adjacent layers.

Inventories are a function of sediment accumulation rates and radionuclide concentrations and,
therefore, they are quantitative indicators of contaminants delivery in sediment [2.38]. In CSM-
3 core, total >!°Pb inventory and flux were slightly higher than those in SM-3 core due only to
the difference in activities in both cores as sedimentation rates are similar. Although the
activities in CSM-1 core are similar to those in the other cores, the inventory and flux are
twofold higher, thus indicating high sedimentation rates in CSM-1 coring site, especially in
recent years.

The values of calculated inventories and delivery rates were higher than those estimated in the
previous section in the Oualidia lagoon and significantly greater than those reported for
Moroccan coastal systems. Anthropogenic activities involving NORM and extensive
agriculture are behind increasing >!°Pb inputs to sediment of the Sidi Moussa lagoon. Depth-
averaged accumulation/sedimentation rates were comparable in both cores. SARs vertical
profiles are plotted in Fig. 2.8, showing an increasing trend from bottom to top in both cores,
due to the surrounding land development, since several decades, for industrial, agricultural and
fishing activities, which have produced a gradual increase of the amount of eroded material in
the lagoon, similar to the Oualidia lagoon [2.39].
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FIG. 2.8. Vertical profiles of SARs, ' Cs activities and CRS ages in the cores from the Sidi Moussa
lagoon.

Vertical distributions of '3’Cs activities in CSM-2 and CSM-3 cores are also shown in Fig. 2.8,
along with the ages calculated using excess 2!’Pb profiles and the CRS model. In both profiles,
137Cs activities displayed a subsurface maximum at 13 ¢cm in CSM-2 and 15 cm in CSM-3,
matching the year of maximum fallout (1963). Activities in upcore layers deposited from 1975
to present were almost uniform, then decreased below the peak layers to 0.5 Bq kg™! in bottom
layers. According to the CRS ages, deposition of downcore layers occurred before the early
1950s, marked by the beginning of nuclear atmospheric tests, so that the presence of '*’Cs in
detectable levels, as is in the Oualidia lagoon [2.11], is considered contradictory. Such a
behaviour has been previously reported in several studies [2.40], and is often attributed to Cs
downward diffusion in the sediment column. It is worth noting that 2!°Pb is unlikely to be as
well affected by diffusion because of its high distribution coefficient (Ka ~ 10°) and,
consequently, remains mostly attached to particles of sediment.
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Inventories of 1*’Cs in the two studied cores were respectively 277 + 15 Bqm™ and 318 £ 16
Bq m™, similar to those estimated in the Alboran basin [2.41]. There are no data on '*’Cs in the
study area, which impedes comparison with results from previous studies. '*’Cs profiles were
used to estimate mean accumulation and sedimentation rates through corresponding the peaks
in the profiles to the year 1963. The calculated SARs were 0.156 and 0.163 g cm? y! and
sedimentations rates were 0.24 and 0.29 cm y'!, in CSM-2 and CSM-3, respectively. The values
are in good agreement with those provided by the CRS model and reported in Table 1 of Ref.
2.47.

It can be observed in 23%U vertical distributions presented in Fig. 2.9 that activities in surface
sediment (250 Bq kg and 350 Bq kg in CSM-2 and CSM-3, respectively) are up to 6 times
higher than those in bottom layers. All activities, except those recorded in bottom sections of
CSM-2 core, exceed by far the worldwide mean activity reported by UNSCEAR [2.17], 35 Bq
kg!. It is well established that dissolved uranium is incorporated to the sediment during
transport processes across the sediment-water interface [2.42]. It was reported that 2*3U content
in the phosphate rock is about 1600 Bq kg™!, and around 10 % is removed with the solid sub-
product (phosphogypsum) in the phosphoric acid production process [2.37]. According to the
temporal evolution of activities plotted in Fig. 2.9, the enhancement of 2**U in Sidi Moussa
lagoon sediment had started much before 1986, the year when the phosphate industry initiated
production. The presence of *®U in deep sections of the cores is most possibly due to its high
mobility prompted by downward diffusion of uranyl ions in porewater to deep sections, usually
characterized by reducing conditions that accelerate UO2 precipitation. On the other hand, the
profiles showed similar patterns in terms of 2*8U/?*°Ra disequilibrium throughout the cores.
Disequilibrium became larger in the upcore layers reaching the maximum at the sediment-
water interface. This is attributable to the different geochemical behaviour of each
radionuclide.
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FIG. 2.9. Vertical distributions of ***U versus CRS ages in the cores retrieved from Sidi Moussa lagoon.

2.3.2.2. Vertical profiles of metals in the sediment cores
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Metal concentration profiles in the two cores are presented in Fig. 2.10. Concentrations of all
metals, except As, were higher than those presented in the previous section for the Oualidia
lagoon, distant from the Sidi Moussa lagoon of about 50 km south. Most metal profiles
displayed significant variability and the presence of one or more maxima and minima
throughout the cores, while Fe showed a quite constant distribution around a mean averaged
value of 12.28 g kg! (SD = 1.02). It can be observed that downcore layers contents in metals
were similar to those reported for the Upper Continental Crust (UCC) [2.43], and high
concentrations were registered in a depth between 8 and 12 cm, which decreased towards the
upper layers. However, U concentrations exhibited a smooth increase from bottom to top layers
reaching a maximum greater than the UCC level at the topmost layer. Such high U
concentration could be due to the high water content and its high solubility [2.44]. In contrast,
two maxima can be seen in Th profiles, both lesser than the reference UCC level.

Ni Cu Zn Cd Pb v Co As Th U Fe
20200 40 80 0 10 20 0 30 600 0 15 300 45 90 15 300 5 10 0 8 0 60 120 0 10 20
2000 f
1980
1960
1940
E:’ﬂ 1920
1900
1880
1860
1840
1820
CSM—
Ni Cu Zn Cd Pb v Co As Th U Fe
20200 50 100 0 15 30 0 40 80 0 20 20 400 80 1600 30 60 O 6 120 4 80 60 1200 8 16
2000
1980
1960
a 1940
< 1920
1900
1880
1860
1840
CSM3

FIG. 2.10. Vertical distributions versus ages of metal concentrations throughout the two sediment cores
from Sidi Moussa lagoon. Units are mg kg, except Fe in g kg'.

It can be seen in the trace metal profiles that most elements, such as Co, Cu, AS and Ni,
displayed in both cores a maximum at a depth corresponding to the years when the phosphate
plants started. The same profiles showed in the layers above the maxima a decreasing trend in
concentrations, suggesting the positive impact of the environmental policy undertaken since
the early 2000s by the phosphate company [2.45]. Previous studies held in the area [2.4, 2.6,
2.8, 2.46] had reported high and positively correlated concentrations of these metals in
sediment, revealing the same origin, discharges from the phosphoric acid facilities and
intensive agriculture. Nevertheless, almost all metals were correlated significantly one to
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another in the CSM-3 sediment core but weakly in the CSM-2 core [2.47]. Such peculiar
difference can be explained by the positive correlation of Fe with all metals in CSM-3 core and
not correlated to any element. Therefore, this behavior suggests that all elements are related to
oxyhydroxydes of iron in one core and not in the other.

U, Cd, Pb, Co, Cu, and As enrichment factors were calculated using the expression (4) and Fe
as normalizer and background concentrations as those reported in Taylor and McLennan [2.43].
The concentrations measured in bottom layers were close to background concentrations in most
cases. Vertical profiles of EFs are plotted in Fig. 2.11. Enrichment factors of cadmium
displayed continuous increase throughout the two cores, reaching EFs greater than 9, indicative
of moderately severe enrichment, during the 1980°s and in the surface layer. In bottom layers,
no Cd enrichment (EF < 1) was noticed prior to the year 1850. Weak enrichment (EF < 3) and
moderate enrichment (3 < EF < 5) were recorded in the middle of the cores. On the other hand,
uranium seemed to be enriched as well in the sediment cores, with strong enrichment in the
surface layers and no enrichment in the bottom layers. No enrichment of Pb, Co, Cu and As
was noticeable in the two cores.
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FIG. 2.11. Time evolution of enrichment factors of U, Cd, Pb, Co, Cu and As in both sediment core
from Sidi Moussa lagoon.

Such enrichment in Cd and U in Sidi Moussa lagoon sediment can be likely produced by the
negative impact of the effluents discharging from the phosphate industrial facilities at Jorf
Lasfar, as has been pointed out in previous studies [2.6, 2.7] and lately by Boutahar et al [2.8].
It needs to be emphasized that given the high toxicity of Cd [2.48] and the need to comply with
international standards regarding Cd content in the phosphate products, processes have been
developed in Morocco to reduce its content in the phosphoric acid [2.49]. However, two effects
could be behind the presence of Cd and U enriched in layers formed much before the launch
of industrial activities in the area: i) their geochemical behavior characterized by low
distribution coefficients [2.50], 10* and 102, respectively, responsible for their post-deposition
downward diffusion with porewater, and ii) the rising of deep ocean waters with the so-called
“North-West African upwelling” [2.10], as a source of Cd, among other elements, affecting the
Moroccan littoral in the south until the study site. Beside cadmium and uranium, Co and As
presented weak enrichment in CSM-3 core, but only in the layer deposited between 1984 and
1990.
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2.4. CONCLUSIONS

The Oualidia Sidi Moussa lagoon complex is of particular ecological importance but also a key
in regional socio-economic development. The environmental issues arisen as a consequence of
the increasing human activities since several decades make the lagoons an authentic natural
laboratory to highlight the potential use of sediment deposition chronology in environmental
reconstructions. Lead-210 profiles have provided evidence for a recent increase atmospheric
210pp delivery to the Oualidia lagoon sediment, which makes inappropriate the application of
conventional dating models. In such conditions, a modified version of the CRS model has been
developed and applied to the studied sediment cores. Nevertheless, >!°Pb in Sidi Moussa cores
showed typical exponential decay profiles but with enhanced activity concentrations,
exceeding typical values reported in non-perturbed environments. The CRS dating model was
applied and the chronologies were consistent with the peaks of maximal fallout in '*’Cs
profiles, used as a time marker, but the depth of '*’Cs penetration reached the pre-fallout
horizons, indicating that downward diffusion has occurred. It is worth noting that the increase
of 21°Pb activities suggests a non-constant *!°Pb flux to the sediment and, therefore, constitutes
a contraindication to the use of conventional models. Despite this, the model was applied as a
first approximation to determine the age-depth relationship, but further studies are needed to
test the reliability of 2!°Pb chronologies taking account also of possible changes in sedimentary
conditions in the study area.

Results obtained regarding historical inputs of toxic metals bound to sediment particles, in
particular their low concentrations in topmost layers, showed the positive effect of the
environmental strategy implemented by the phosphate industrial facility since the early 2000s.
In addition, the high concentrations previously reported for Cd in sediments of the study area
was not found to be due entirely to the industrial effluents from the phosphate processing plants,
as always pointed out. Another natural source, the most plausible being the North-West African
upwelling, have contributed to the enhancement of Cd in sediment in accordance with the
established historical inputs inferred from radiometric dating of sediment cores.

137Cs, used as a time-marker for validation of the chronologies obtained, has shown limitations,
in particular in environments characterized by low sedimentation rates. Indeed, post-
depositional transport in the sediment produces a broadening of the 1963 peak and diffusion of
137Cs to pre-fallout sediment layers, making it sometimes impossible to identify the horizon of
maximum fallout.

The above findings demonstrate that radiometric dating of recent sediment is a powerful tool
in environmental studies requiring age-depth relationships, especially in establishing the time
evolution of coastal quality conditions. However, some points still need to be addressed for a
better understanding of the applicability of conventional dating models especially if '*’Cs
profiles are impacted by diffusion within the sediment column.
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Abstract

During two scientific surveys organized in 2014 and 2015, in total 21 sediment cores were
collected along the Namibian coast from 18° to 26° latitude and at different distances from the
shoreline. The Namibian coastal region is part of the northern Benguela upwelling system, one
of the four major eastern boundaries coastal upwelling ecosystems of the world. It is
characterized by strong wind-driven upwelling conditions, extensive areas of bottom waters
containing minimum amounts of oxygen (< 2 mL/L), affected by intensive sulfuric eruptions
and/or dominated by marine phosphate deposits. The radiometric characterization of sediments
from such a dynamic system provided necessary information on areas of net sedimentation that
are ideal for collecting sediment cores for studying temporal evolution of potential
anthropogenic contaminants during the last century by ?!°Pb dating method. Obtained data
suggested that sediment cores can be associated with a sedimentary area only by the analysis
of the uppermost layer which consequently significantly simplifies the work, allowing to
concentrate efforts on cores from which valuable information can be gained. Locations affected
by anoxic conditions were identified within sedimentary areas and were further investigated.
The detailed study of one sediment core affected by anoxic conditions presented in this study
shows that radionuclides mostly used for 2'°Pb dating (*'°Pb and ?°Ra) are not affected by
variable enhancements or depletions in the sediments due to the redox conditions. The 2!°Pb
dating technique can be thus applied with confidence in coastal sediment cores affected by
anoxic conditions. The U profile shows enrichment along the core consistent with a reduced
form of uranium which is present in anoxic conditions in the areas with high productivity and/or
deposition of organic matter. Specific profiles of some heavy metals (manganese, cadmium,
zinc and cooper) significantly influenced by anoxic conditions can be used as the ideal
fingerprint of the sediment conditions in the investigated area.
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3.1. INTRODUCTION

Many coastal areas, especially in the vicinity of industrial, urban, and agricultural activities
have been increasingly impacted by loads of contaminants (heavy metals, organic compounds,
radionuclides etc.) since the beginning of 20" century. Despite previously being considered the
least polluted, the rapid industrial development, high population growth rates, consumption of
massive amounts of natural resources and the subsequent production of large amounts of waste
in developing countries has gradually negatively impacted coastal zones. Coastal areas
threatened by continuously increasing contamination require sustainable management of
marine ecosystems and resources.

Various contaminants have entered the marine environment from anthropogenic sources
directly through discharge to marine waters, or indirectly via rivers and runoff from land-based
activities and atmospheric deposition. Furthermore, by oceanic and atmospheric circulation,
they are subject to long-range transport even to relatively pristine areas with the tendency of
finally being deposited onto the seabed. Marine sediments effectively retain and preserve many
of the previously mentioned contaminants [3.1, 3.2] and as such can be used to reconstruct
sources and magnitudes of contaminant inputs. The use of properly dated sediments (mostly
by 2!°Pb and !*’Cs), as natural environmental archives, may allow the definition of temporal
variability and trends of concentration levels for a variety of contaminants in the marine
environment. Radiometric characterization of marine sediments thus complements
conventional marine monitoring programmes and/or reconstructs past environmental
conditions, even in the regions that lack long-term monitoring data. [3.3]

Namibia obtained its independence in 1993 from South Africa, and shortly after that the
Ministry of Fisheries and Marine Resources was established with the responsibility and
mandate to manage the marine environment. A newly extended Exclusive Economic Zones
(EEZs) up to 200 nautical miles were introduced and furthermore, the Benguela Current Large
Marine Ecosystem (BCLME) was established, composed of Angola, Namibia and South
Africa, bordering Namibia in the north and south, respectively. The cold Benguela current is
one of the main features of this Large Marine Ecosystem (LME) and extends from
approximately 37° at Cape Point to 5° in northern Angola [3.4]. A unique features is that it is
bound by two warm water systems, the Angola Current and Agulhas Current, in the north and
south, respectively. On the landward side, the arid Namib Desert is situated. These boundaries
are highly dynamic and the surrounding warmer waters directly influence the ecosystem as a
whole. The LME is dominated by an intense wind-driven coastal upwelling system, the
predominant centre being near Liideritz (27°S, southern Namibia). The earlier studies in the
BCLME by Shannon and O’Toole [3.5-3.7], have described the system as complex and highly
variable as demonstrated by the seasonal, interannual, and decadal variability as well as
periodic shifts in local fish populations in this ecosystem. The Benguela Current LME
experiences a temperate climate and has an important influence on global climate and ocean
processes.

The study area, the northern Benguela upwelling system (nBUS), is located in the central part
of this LME, where the coastal upwelling is driven by quasi-permanent intense along-shore
south-east trade winds [3.8]. This upwelling process ensures high phytoplankton productivity
throughout the year especially during summer and autumn, when upwelling is reduced, at least
north of the main upwelling cell. However, the decay of organic matter leads to a decrease of
oxygen levels (0.5 mL/L) near the seabed. This area of anoxic water is found between
Conception Bay and Cape Cross within the 100 m isobaths. The anoxic condition is flushed
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out of the system with the onset of winter and spring, during the upwelling. However, these
local conditions are enhanced by seasonal input from oxygen-poor water from the Angola
Dome region [3.8, 3.9]

Another seasonal phenomenon is the sulphur eruption along the Namibian coast, which is the
production of hydrogen sulphide in the sediment due to the decay of the organic matter as
mentioned, by nitrate reducing bacteria. Emeis et al. described this process as an escape, either
by diffusion or eruption, of a mixture of methane and hydrogen sulphide which has
accumulated in the pore water of diatomaceous mud [3.10].

A large part of the Namibian inner shelf consists of Holocene phosphorite which is from a well-
established diatomaceous mud belt along the coast [3.11-3.13]. A large deposit primarily
outcrops offshore between Liideritz and Walvis Bays over an area of 18350 km? offshore, and
a secondary deposit occurs offshore between the mouth of the Kunene River and Palgrave Point
over an area of 6340 km? [3.14]. Coupled biostratigraphy and strontium isotope records
indicated that the oldest phosphorite is from the late Miocene (7-5 Ma), but the majority of the
phosphorite was formed between the Pliocene to Pleistocene (3 and 0.5 Ma). Phosphorite
formation is actively occurring in shallower waters along the Namibian coast (up to about 130
m water depth). The deeper laying phosphorite deposits (around 200 m depth and deeper) off
the Namibian coast were formed between 0.5 and 7 million years ago as previously described.

Due to the importance of BCLME for Namibia and lack of relevant information on possible
contaminants in their marine environment, the Environment sub-division of the Ministry of
Fisheries and Marine Resources in Namibia requested the IAEA Environment Laboratories to
participate in a monthly oceanographic monitoring (MOM) survey of the Namibian coast on
the new multidisciplinary Research Vessel (RV) Mirabilis. The primary aim of the mission was
to carry out a baseline study of marine radioactivity levels in the nBUS. Furthermore, to extend
the existing database by including additional information on inshore and offshore trace
elements and rare earth elements (REE) and to provide assistance to Namibia to set up a future
marine radioactivity monitoring programme. A large number of marine samples (28 seawater,
435 sediment and 45 biota samples) was collected and pre-treated during two MOM surveys
onboard the RV Mirabilis in 2014 and 2015. A significant amount of obtained data has been
presented elsewhere [3.15-3.17] or is in the publication process. This paper is a small part of a
larger study of coastal sediments as a sink, and in some cases, as a source of the contamination.

Baseline information on sedimentary conditions in the investigated area along the Namibian
coast obtained by the application of radiometric tools as a basis to evaluate the temporal
evolution of the levels of some contaminants that potentially could affect the area will be
presented in detail elsewhere. After the initial study on characterization of surface sediment
layers by gamma-ray spectrometry, baseline maps of several natural radionuclides were
constructed and information indicating if the sampling location can be considered as a good
repository due to the accumulation and preservation of the material deposited was obtained.
Areas with net sedimentation appropriate to study history of contaminants are confirmed by in-
depth analysis of the profiles of several natural radionuclides in selected sediment cores from
zones with different levels of dissolved oxygen.

The main objective of this paper was to explore the possibility of using sediment cores collected
from the anoxic areas as natural archives appropriate to study recent history of contamination
and to emphasize the importance of radiometric characterization of surface sediments to define
sedimentary conditions in the region prior to in-depth studies of contamination history.
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3.2. MATERIAL AND METHODS
3.2.1. Study area

The Benguela Current Large Marine Ecosystem (BCLME) is situated along the coast of south-
western Africa. Its southern border extends to the east of the Cape of Good Hope, and its
northern border touches the Angola (Cabinda) Front. It covers one of the four major global
coastal upwelling ecosystems occuring at the eastern boundaries of the oceans. The
combination of BCLME’s distinctive hydrography, bathymetry, tropodynamics, and chemistry
result in one of the most productive ocean zones in the world. The Benguela upwelling system
(BUS) is divided by the Liideritz upwelling cell at 27°S into the northern and southern BUS
(nBUS and sBUS). The 1500 km long Namibian coast is a part of the nBUS.

Two scientific surveys organised in 2014 and 2015 covered the entire shelf inshore to offshore,
between 18 °S and 27 °S latitudes (Fig. 2.1). The nearest sampling station to the coastline was
located two nautical miles (nm) from the shore, followed by 5 and 10 nm and every 10 nm
thereafter until 70 nm in an offshore direction.
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FIG. 3.1. Map of the study area indicating sampling points off Namibia (data for core sediments
collected at red marked sampling points is presented in this work).
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3.2.2. Sampling of sediment cores and sample pre-treatment

During the two surveys core sediment samples were collected at 21 stations in total. In 2014,
sediments were collected by using MC-200-4 MiniMulti-Corer, which is the smallest corer in
the MC series, carries four sample tubes 6.25 cm x 32.5 cm with an effective penetration of 20
cm. In 2015, additional core sediment samples were taken by a MC-400 Hedrick/Marrs Multi-
Corer corer which is constructed of anodized aluminum and carries four individually sealing
polycarbonate sample tubes. Overall sample tube length is 58 cm, with a maximum penetration
of 34.5 cm (Fig 2.2). After the collection, sediment samples were sliced per 1 cm up to 10 cm
and per 2 cm after 10 cm of each core. Samples were packed, labelled, frozen and transported
to IAEA laboratory in Monaco for further analysis. In the laboratory, sediments were freeze
dried, grinded, homogenized and properly stored before analysis.

FIG. 3.2. Deployment of box corers on the RV Mirabilis and on board slicing of core sediments.

3.2.3. Radionuclides analysis by gamma-ray and alpha-particle spectrometry

Core sediment samples were analysed for naturally-occurring and anthropogenic gamma-ray
emitting radionuclides using high purity germanium (HPGe) detectors in the IAEA
Environment Laboratories’ low level counting facilities in Monaco. After pre-treatment,
samples were prepared in small volume containers (depending on the sample volume available
with diameters equal to either 40 mm or 58 mm) and sealed. They were then set aside for at
least a 21-day period to allow sufficient in-growth for attaining equilibrium between **°Ra and
22Rn daughters. Samples were counted on a number of different detectors in the IAEA
Environment Laboratories’ low-level underground and surface counting facilities covered by
an ISO/IEC 17025 compliant quality management system (QMS). The methods used are
compliant with relevant ISO standards [3.18-3.20] and have been verified using [AEA certified
reference materials (CRMs) (IAEA-385 Radionuclides in Irish Sea sediment, IAEA-410
Radionuclides in Bikini Atoll sediment and TAEA-412 Radionuclides in Pacific Ocean
sediment) and regular participation in independent PTs and ILCs. All spectral analysis was
performed using the Genie 2000 software [3.21]. Depending on the specific detector used,
efficiency calibrations were derived either from measurements of calibration sources, prepared
with reference standards traceable to national standards, or verified Monte Carlo methods
[3.22, 3.23]. All necessary corrections for true coincidence summing and self-attenuation were
calculated using EFFTRAN [3.24], GESPECOR [3.23] or LABSOCS [3.22].
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For the analysis of uranium isotopes (***U, 2*°U and ?*®U), each sediment sample was spiked
with a known activity of 2*?U (National Physical Laboratory), wet digested using concentrated
HNOs, HF, HC1 and 30% H20:. The dried residues were dissolved in 3M HNO3 and uranium
was purified by using UTEVA prepacked columns. UTEVA was preconditioned with H20, 1
M HNOs and 3 M HNO;3 followed by subsequent elution of interfering elements with 3 M
HNO3, 9 M HCL and 5 M HCI/0.05M H2C204. Uranium was eluted with 1 M HCI, alpha
sources were prepared by micro-precipitation using neodymium (III) carrier, TiCls and
concentrated HF [3.25] and counted by alpha-particle spectrometry with low background ion-
implanted silicon detectors (Ultra-AS Ortec, counting efficiency of ~20%). The reliability of
the analytical results was ensured by analysis of the IAEA CRM TAEA-384 (Radionuclides in
Fangataufa Lagoon sediment) and reagent blanks.

3.2.4. Elemental analysis by ICP-MS

The concentrations of elements of interest in the different layers of selected sediment cores
have been determined by ICP-MS technique using a Triple Quadrupole ICP-MS (Agilent
8800). The Method 200.8 is usually applied for determination of dissolved elements in
underground waters, surface waters and drinking water [3.26]. However, this method has been
also successfully applied to determine element concentrations in liquid wastes, sludges and soil
samples. In this study, it has been applied to sediments after total dissolution and conditioning
of the solution for the measurement. The samples were analysed directly by pneumatic
nebulisation. For quantitative analyses, a minimum of three replicate subsamples were made.
The mean value of these measurements was used for data reporting. A rinse blank is used to
flush the system between samples. Quality check of results was done by measuring standard
and blank samples after every 10 samples. In addition, the reagents used for conditioning of
the samples were analysed in order to evaluate the background contribution to the sample
measurements.

3.3. RESULTS AND DISCUSSION
3.3.1. Radiometric characterization of surface sediments along the Namibian coast

Radiometric characterization of surface layers (0-1 cm) of 21 sediment cores collected along
the Namibian coast by analysis of naturally occurring radionuclides from uranium and thorium
series, *°K and !*’Cs with the aim to define sedimentary conditions along the Namibian coast
will be presented in detail elsewhere while only relevant information to support this study was
given below.

Massic activity ratios 2*®U/*?°Ra higher than one are observed in the great majority of the
surface sediments analysed. The coastal zone off Namibia, as part of the nBUS, is characterized
by high deposition of organic matter caused by high productivity associated with the strong
upwelling and very low oxygen or anoxic conditions at the water bottom surface in most of the
region. Such extreme conditions could explain relatively high levels of uranium due to its
higher tendency to associate with the organic matter and to precipitate in reduced form under
the predominant anoxic conditions. Further support for this conclusion is based on the fact that
238U determined in seawater collected in the area showed a clear deficiency in comparison to
the expected values estimated from the salinity data. According to uranium salinity
correlations, expected uranium concentrations for salinities 34.5 to 35 are around 40 mBq/L
whereas the obtained results in the examined area are around 30 mBq/L.
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Another important fact about the region is that some defined areas off Namibia are dominated
by marine phosphate deposits which are clearly evident from very high levels of radionuclides
from the uranium series (338U, 22°Ra, 2!°Pb) in near secular equilibrium obtained in sediment
core G4. In less proportions, the presence of phosphate deposits can be confirmed from the
results obtained for sediment cores ZZ7 and 26090.

In-depth analysis of massic activities of >!°Pb and ?*Ra in the surface layer with the aim to
define sedimentary conditions in the region indicated existence of two significantly different
groups of sediments. Sediments with 2!°Pb massic activities higher than ??°Ra (18002, 20010,
773, WBHC, 23002, 25020, G5 and LUDHC) indicating a presence of high fraction of
unsupported 2!°Pb which could be associated with areas of net sedimentation. Such cores might
be a good tool for geochronological studies focused on history of deposition of potential
contaminants. On the other hand, sediments showing the absence of unsupported 2!°Pb where
difference in massic activities of 2'°Pb and **’Ra was not so evident (18010, ZZ9, ZZ7, ZZ1,
G4, 26030, 26090 and SWB) could be associated with transportation bottoms without
continuous sediment accumulation rates and as such are not used for the geochronological
studies.

3.3.2. Vertical profiles of 2!°Pb and *?°Ra in sediment cores from anoxic zones

Sediment cores 20010 and 25020 were collected in the northern and southern net sedimentation
zones with minimum level of oxygen (< 2 mL/L) at the sediment-water interface (Fig 3a).
Focusing on the vertical profiles of ?!°Pb and ?*Ra as critical radionuclides used for the 2!°Pb
dating, it is visible that there is no significant difference in their shape by comparing it with
sediments collected in oxic zones. The unsupported 2!°Pb profile is visible in both cores (Fig
2.3b and 2.3c¢) although in the case of core 20010 the information is partially masked due to
high limits of detection associated with the >!°Pb values. On the contrary, core 25020 shows a
very good resolution of '°Pb profile and constant values in the uppermost layers were
associated with the characteristics of the material deposited over time. Obtained results
confirmed the previous assumption established by analysis of surface layers that both cores
were collected in sedimentation areas and could be potentially used for geochronological
studies related to the evolution of potential contaminants in the area.
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FIG. 3.3.  Oxygen in seawater vertical profiles a) and *'’Pb and **°Ra vertical profiles in sediment
cores 20010 b) and 25020 c) collected in anoxic zones off Namibia.

3.3.3. Vertical profiles of 28U in sediment cores from anoxic zones

Comparing the 2*8U profiles of sediment cores collected in anoxic areas it can be observed that
massic activities are up to one order of magnitude higher than in cores collected from well
oxygenated zones and that they are increasing by depth. Such quite unusual >*3U profiles in
anoxic sediment cores as presented in Fig 2.4a. are rarely reported and mostly obtained in the
areas with high productivity and/or deposition of organic matter [3.27].
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FIG. 3.4. a) **U vertical profiles in sediment cores 20010 and 25020 collected in anoxic zones off
Namibia, and b) total organic carbon (TOC) in the 25020.

Such peculiar profiles of uranium can be explained by two effects:

a) Under the predominate anoxic conditions, uranium is present in its reduced form with
a precipitation tendency of U(IV) oxides (hydroxides) contrary to its highly oxidized
U(VI) form that exists in solution under oxic conditions.

b) Uranium exhibits a tendency of more efficient absorption by organic matter than by
clay minerals and amorphous Fe and Mn-oxyhydroxides [3.27]. Therefore, the very
high deposition of organic matter in the area, as expected in an upwelling zone with
extremely high productivity and evidenced by the high TOC levels measured in the
layers of the cores (Fig 2.4b), contributes to the fixation of the U precipitated in the
different core layers and further explains the U obtained profiles.

The reliability of data was confirmed by determination of 2*®U massic activities by two
additional techniques (ICP-MS and alpha-particle spectrometry). In Fig 2.5 comparison of
results obtained by gamma-ray spectrometry and ICP-MS is shown. Data is also confirmed by
determination of 28U by alpha-particle spectrometry in selected layers of this core. A good
correlation between data was obtained by using three independent techniques with a slope equal
to one, and with a value for the ordinate in the origin equal to zero.
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FIG. 3.5. Comparison of results for **U massic activities (Bq/kg) in sediment core 25020 obtained by
gamma-ray spectrometry and ICP-MS.

Results of *U/?*8U activity ratios obtained by alpha-particle spectrometry (Table 2.1) are in
accordance with ratios obtained in seawater from the same locations which is expected due to
the main origin of uranium in sediments. Due to anoxic conditions uranium in reduced form is
precipitated from the water column without fractionation between radioisotopes and therefore
the same ratio is observed in different layers of the sediment.

TABLE3.1. *U/”U ACTIVITY RATIOS OBTAINED BY ALPHA-PARTICLE
SPECTROMETRY IN SELECTED LAYERS OF THE CORE 25020

Sediment U-234/U-238
layer (cm)  activity ratio

8-10 1.11 £0.03

4-16 1.13£0.03

18-20 1.12 £ 0.03

3.3.4. Heavy metals as fingerprints of anoxic conditions

As shown from previously given results, uranium behaviour can clearly indicate anoxic
conditions. However, behaviour of specific heavy metals is also significantly influenced by
anoxic conditions and consequently they can be used as the ideal fingerprint of the conditions
of the sediments in the respective area [3.28, 3.29].

In general, the elements belong to two groups: elements whose valence state is associated to
the prevailing redox potential conditions and elements which don’t change their valence but
form highly insoluble sulphides under anoxic conditions.
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Beside uranium, manganese also exists in multiple valence states. While uranium is converted
to reactive or insoluble species of lower valence under anoxic conditions, manganese behaviour
is the opposite. It forms a highly insoluble oxide under prevailing oxic conditions, whereas
under reducing conditions, it is predominantly soluble. Therefore, low concentrations of
manganese in comparison with the found ones in oxic areas are expected in sediment cores
collected from areas under the anoxic conditions as it mostly reflects lithogenic manganese

associated to the silicate fraction. The expected manganese profile is confirmed by results
obtained for core 25020 (Fig 2.6).
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FIG. 3.6. Vertical profile of Mn in sediment core 25020 collected in anoxic zones off Namibia.

Elements such as cadmium, zinc and cooper are usually removed from the solution in the
presence of H2S, thus increasing their precipitation and presence in sediment under anoxic
conditions. Therefore, their expected higher concentrations in the core 25020 are presented in
Fig 2.7 while clear correlation of Cu vs Zn is visible from the Fig 2.8.
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FIG. 3.7. Vertical profiles of Cd, Zn and Cu in sediment core 25020.
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FIG. 3.8. Zn/Cu correlation in sediment core 25020.

It is necessary to emphasize the importance of a proper interpretation of heavy metals
enrichment in specific sediment cores as it can’t be simply associated with the anthropogenic
activities in the investigated area during the last decades. Enrichment observed along the
examined core 25020, even higher in the deepest layers reflects more than one century of
deposition. It is a consequence of natural geochemical processes affecting the sampling area
and supports the additional evidence regarding the possible artefacts and erroneous conclusions
on anthropogenic contamination that can be reached if simple monitoring campaigns based
only on the analysis of surface sediments are carried out.

3.4. CONCLUSION

The Namibian coastal zone, which is part of the dynamic nBUS is characterized by two types
of surface sediment layers, transportation and accumulation bottoms, as confirmed by
radiometric surveys studying surface layers of 21 collected sediment cores. The simple
classification of the locations based on the data obtained from the study of surface sediments
(confirmed by detailed study of sediment cores published elsewhere) will significantly simplify
any further studies on the evaluation of the temporal evolution of potential contaminants in the
last decades planned in the area. The proposed approach will concentrate efforts on locations
with net and uniform sedimentation where the information on historical accumulation of
potential contaminants is preserved in the different layers and consequently significantly
reduce analytical efforts.

Specific areas along the Namibian coast are strongly influenced by anoxic conditions as a result
of high productivity and intensive sulphur eruptions. Sediment cores collected from such areas
are characterized by enrichment of 2*3U that can be used as a fingerprint of anoxic conditions.
Furthermore, such cores are also characterized by high deposition of organic matter that
influences selective deposition of some heavy metals (e.g. Mn, Cd, Zn and Cu) with uncommon
elemental profiles and ratios. Such enrichment is due to geochemical processes and not the
consequence of anthropogenic activities in the region. Therefore, in general, it is necessary to
emphasize the importance of careful interpretation of surface concentrations data that has to be
supported by additional data for different core layers to avoid any misinterpretations in
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monitoring studies. Study of >!°Pb and *?°Ra profiles in cores affected by anoxic conditions
indicated that they are not enhanced or depleted due to the redox conditions. As these two
radionuclides are commonly used in the application of 2!°Pb dating and as their profiles are not
disturbed by anoxic conditions it can be concluded that ?!°Pb dating method can be applied
with confidence for sediment cores collected from the areas influenced by anoxic conditions.
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Abstract

Monitoring of radioactivity in seawater and sediment has been carried out regularly in Japanese
coastal waters since 1984. After the Fukushima Daiichi Nuclear Power Plant accident in March
2011, an extended monitoring program started in the waters off Fukushima and nearby
prefectures. '*’Cs concentrations in the surface sediment had declined over time before the
accident: the effective half-life of '*’Cs in the surface sediment was 23.6 years on average,
which was longer than that in seawater, 17.3 years. While the spatial variation of K4 values
reflected the physical characteristics of the surface sediment such as specific surface area of
sediment grains, the values increased with time on a long-term basis (> a few decades). In
September 2011, the concentrations of '*’Cs in the surface sediment increased by two orders
of magnitude to 580 Bq/kg-dry at most collection sites more than 30 km away from the accident
site. Since September 2011, the *’Cs concentrations in sediments in general have decreased
with time with the effective half-life of 2.1 years. The vertical profiles of *’Cs in the sediment
column showed exponential decrease with depth, that was probably caused by vertical mixing
of the sediment by bioturbation and bottom current induced by rough weather. The declines of
137Cs concentration and inventory in the sediment were caused most likely by resuspension of
sediment and subsequent lateral transportation. Total inventory of Fukushima-derived '3’Cs in
the sediment was estimated to be 0.23 x 10'° Bq, which was approximately 6.4 % of the directly
released '*Cs activity to the ocean. Discharge of '*’Cs from the accident site altered the *’Cs
mass balance in the coastal environment so that Kz values have been converging to significantly
higher values than the pre-accident values.

4.1. INTRODUCTION

Coastal areas are characterized by high biological productivity, fresh water input through
riverine systems, vigorous water mixing in both horizontal and vertical directions, and
relatively high loading of suspended materials caused by these processes. Once pollutants
including radioactive materials are released to a coastal environment their behavior is expected
to be complicated accordingly. In Japan all the nuclear power plants and a commercial
reprocessing facility for spent nuclear fuel are located on the seashore. Monitoring programs
of coastal waters near all the nuclear power plants have been in place since 1984, testing for
radioisotopes such as *’Cs (half-life of 30.2 years) and *°Sr (half-life of 28.8 years) in their
seawater, surface sediment and biota once a year (hereinafter referred to as the regular
monitoring). The data collected for three decades at fixed sites are now truly indispensable data
sets for the overall background level of radioactivity mostly derived from the atmospheric
nuclear bomb tests in the coastal marine environment around Japan [e.g., 4.1-4.3].
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The Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident in March 2011 released large
amounts of radioactive materials to the ocean. Radioactive Cs, '*’Cs and '**Cs (half-life of 2.06
years), are the main radionuclides with relatively long half-lives (> few years) discharged in
the accident to the adjacent marine environment. Estimates have been made on the discharge
of ¥’Cs to the ocean; e.g., direct discharge of 3.6+0.7 x 10'° Bq [4.4, 4.5] and atmospheric
fallout on the ocean of (11.7-14.8) x 10'> Bq [4.6]. The activity ratio of '**Cs to '*’Cs was
estimated to be about 1 at the time of the accident. Discharge of such large amounts of artificial
radionuclides to the limited area of the marine environment in a brief period was an
unprecedented event. Right after the accident, a comprehensive marine monitoring scheme was
added to the regular monitoring in the waters off Fukushima and nearby prefectures (hereinafter
referred to as the extended monitoring).

In this document, results obtained from the regular and extended monitoring programs are
summarized, placing emphases on distributions of '*’Cs and their temporal changes after the
FDNPP accident in sediment in the coastal waters off Fukushima and nearby prefectures.

4.2. METHODS

As aforementioned, coastal waters near nuclear power plants have been monitored since 1984.
Currently in 2020, four monitoring sites are located within each coastal area off 15
nuclear power plant sites. The monitoring targets at the sites are seawater and surface
sediment. Seawater samples are collected once a year at the sea surface and about 10 m above
the seafloor. Sediment samples are taken from the surface 0-3 cm depth.

After the FDNPP accident, extended monitoring began, including surface seawater sampling
from March 2011 at select monitoring sites near the INAA location. The upper 3 cm of seabed
sediment (designated as surface sediment samples) were sampled along with the surface
seawater samples starting in May 2011. Since September 2011, 32 sites have been sampled
four times per year as part of the extended monitoring campaign (Fig. 4.1). Sediment core
samples with length of up to ~ 30 cm were taken at 9 sites for the extended monitoring during
the period from May 2012 to October 2015.

A summary of radioactivity measurements can be found in references 4.1, 4.7-4.10.
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FIG. 4.1. Sampling sites for the extended monitoring program. Seawater and sediment
samples are collected at each site. The red circle indicates the 30 km radius from the FDNPP site
shown as the red dot.

4.3. RESULTS AND DISCUSSION
4.3.1. Distributions of '¥’Cs prior to the FDNPP accident (1984-2010)

Cs-137 in the marine environment around Japan was basically of fallout origin before the
FDNPP accident, except for some amount from the 1986 Chernobyl accident. The
concentrations of '3’Cs in surface sediment and both surface and bottom seawaters had been
decreasing with time from 1984 to 2010 (Fig. 4.2). While impact of the Chernobyl accident
only appeared in the '¥’Cs concentrations in the surface water all around Japan (Fig. 4.2(a)),
those in bottom seawater and sediment did not show any increase at the time (Figs. 4.2(b) and
(¢)). The concentrations of 1*’Cs in the surface water have been relatively constant horizontally
with an average and standard deviation of 4.1+0.4 mBg/L in 1984-1985 and they decreased
with time to 1.5+0.2 mBg/L in 2010. Those in bottom water have been lower and in a wider
range than in surface water reflecting variable degrees of intrusion of intermediate open ocean
water with significantly lower concentration: they were 4.2+0.4 mBq/L in 1984-1985 and
1.4£0.3 mBg/L in 2010. The *’Cs concentrations in the surface sediment have been even more
variable than those in seawater. They ranged from 0.7 to 16 Bq/kg-dry with a geometric mean
of 2.6 Bg/kg-dry in 1984-1985 and decreased with time to 0.6 to 7.1 Bg/kg-dry with a
geometric mean of 1.8 Bg/kg-dry in 2010. The spatial variation of the concentrations reflects
the variable nature of physical characteristics of the surface sediment [4.11].
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FIG. 4.2. Temporal changes of '’ Cs concentrations in surface seawater (a), bottom seawater (b) and
surface sediment (c) in the monitored coastal water areas around Japan. The data obtained in the
waters off Miyagi, Fukushima, and Ibaraki Prefectures are shown as lines. The data were adapted
from Ref. [4.2]. Arrows and dotted lines indicate times of the Chernobyl! accident and FDNPP
accident, respectively.

The sediment distribution coefficient, Ks, of '*’Cs in a marine environment is defined as the
ratio of '3’Cs concentration in seawater to that in surface sediment under the steady state
condition [4.12] and it is used in radiological assessment models of the marine environment.
The Ka values calculated for the coastal surface sediment samples collected around Japan
between 1984-2010 ranged widely from 719 to 7540 L/kg with a geometric mean and median
0f923 and 719 L/kg [4.2]. The Ka value for Cs reported by the IAEA [4.12] for an ocean margin
was 4 x 10° L/kg. The significant difference between the suggested and measured values is
ascribable mainly to the way they are estimated: the former was based on laboratory
experiments using stable Cs, that is '33Cs, and its field observations. Stable Cs in sediment
tends to exist more as an immobile fraction, which is not involved in desorption-adsorption
reactions with stable Cs in seawater, but all the stable Cs is used for the Kz calculation, resulting
in a higher K4 value than the K4 for '¥’Cs. Variability of the K values obtained in the coastal
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waters of Japan should be a function of the sediment grains’ specific surface area available for
the adsorption-desorption reactions between '*’Cs in seawater and surface sediment. A
relationship between K4 (L/kg) and specific surface area, S (m?/g), was derived as follows with
a determination coefficient, r?, of 0.78 (Fig. 4.3).

Ka=11,200 S'-66 4.1)

The plotted relationship suggested that '3’Cs of fallout origin in seawater had been equilibrated
with that in sediment before the FDNPP accident. However, the '*’Cs concentrations in
seawater and sediment also decrease over time as aforementioned so that the equilibrium here
is not merely a static equilibrium in a closed system but rather a quasi-equilibrium or dynamic
equilibrium with a part of the system, seawater, allowed to exchange with open ocean water.
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FIG. 4.3. Relationship between K, value and specific surface area of sediment grains in the monitored
coastal areas around Japan (Fig. 4.1(a)). The data were adapted from Ref. [4.2]. While the data for
the specific surface values were derived from samples taken from 2016 to 2018, the Kq values were
evaluated for the samples taken in 1984-2010.

The arithmetic means of effective half-lives of 1*’Cs in surface and bottom seawaters calculated
from the decreasing rates in the period of 1984-2010 were 16.0 and 17.3 years, respectively.
These numbers agreed with the *’Cs effective half-life of 16.5+0.9 years calculated for the
north-western north Pacific Ocean seawater [4.13]. The effective half-lives for sediment were
determined to range between 10.3 to 55.1 years with an arithmetic mean of 23.6 years. The
difference in half-lives between seawater and sediment implies that while '*’Cs in seawater in
Japanese coastal areas is mainly controlled by water mixing with the open ocean, that in
sediment in general may not necessarily be in equilibrium with that in overlying seawater, and
137Cs may stay longer in sediment than in seawater on a long-term basis. Based on a laboratory
experiment using '3*Cs as a tracer, Borrentzen and Salbu [4.14] suggested that it takes about
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1100 days for 50% of the '3*Cs ions to be fixed to the irreversible fraction of the sediment (silty
sediment taken in the coastal water in the Cara Sea), while 99.7% of the Cs ions are fixed in
about 12.5 years. Fixation of Cs to the sediment following adsorption onto the surface of the
sediment grains may thus be one of the main causes for the longer residence time of '*’Cs in
sediment. Kusakabe and Takata [4.2] presented a simple box model consisting of two boxes,
coastal seawater and sediment, and they showed that average K4 values around Japan increased
with time from 600 in March 1984 to a near-equilibrium value of 1030 by 2011. That is,
concentrations of *’Cs in sediment are predominantly controlled by the surface area of the
sediment grains in a short time span (~ few years), but over the long-term, its fixation to the
irreversible fraction of the sediment makes the Ku larger with time. Eventually decreasing rates
for both seawater and sediment become identical to get a terminal dynamic-equilibrium kq, ka»
of 1030.

4.3.2. Distributions of 3’Cs after the FDNPP accident (2011-2019)
4.3.2.1. 37Cs in the surface sediment

From May 10 to June 2, 2011, 60-83 days after the FDNPP accident started, surface sediment
and seawater were collected at the monitoring sites labeled as Miyagi, Fukushima 1 & 2 and
Ibaraki (Fig. 4.1(a)) close to the FDNPP site as a part of the regular monitoring program.
Results after this time period are presented as the right-hand ends of the Fig. 4.2 curves. The
four sites were heavily impacted by the accident with respect to the '*’Cs contents in seawater
and surface sediment. Temporal variations of '*’Cs concentrations in sediment after the
accident were quite different from those in the seawater. While the *’Cs concentrations in the
seawater increased by two orders of magnitude at most in May to June 2011 and readily
decreased in the following years for Miyagi, Fukushima 1 & 2 and Ibaraki, those in the
sediment did not follow the trends in the seawater: the concentration peaks appeared later with
different timing and they were spatiotemporally fluctuating.

More comprehensive results on the effect of the accident to the coastal areas were obtained in
the extended monitoring. Approximately one month after the start of the FDNPP accident, on
April 15, 2011, the highest *’Cs concentration ((86 Bg/L) was observed in surface water
around 30 km to the east of the FDNPP (it is not shown in Fig. 4.1(b), Oikawa et al. [4.10]).
The elevated concentrations decreased by about three orders of magnitudes until September
2011, and then declined more slowly. As of January 2019, the '*’Cs activity concentrations
were similar to the pre-accident values, 1.6+0.3 mBq/L, averaged over 2006-2010 in the waters
off Fukushima Prefecture. Although the bottom seawater layers from the sites having 3, 4, and
5 in the site code (e.g., G3, G4, and ES5, Fig. 4.1 (b)) with depth of > 200 m were much less
affected by the accident (Fig. 4.4(a)), the '3’Cs activity concentrations tracked the same
declining trend over time as those of surface water. From May to September 2011, '3’Cs
concentrations in surface sediment and seawater as well were measured 6 times at 12 sites for
the extended monitoring. The highest '*’Cs concentration (10 Bg/L) in the surface water was
found at site C1 on May 11, 2011.

The concentrations in surface sediment varied temporally and horizontally ranging from 2
Bg/kg-dry at site L1 to 580 Bqg/kg-dry at site D1 for the period of May to September 2011
(Figs. 4.4 and 4.5). After that, two peaks of the concentration appeared in the northern and
southern parts of the extended monitoring area, that is, around sites K1, D3, and B3 (Fig. 5).
The horizontal variations were not necessarily related to proximity to the accident site nor
physical characteristics of the sediment such as bulk density and water content. Kusakabe et al.
[4.9] related the variation to the transport route of the radiocontaminated water from the
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FDNPP; initially the radiocontaminated water migrated north after the accident, followed by
some of the water moving to the south (Fig. 4.6). After September 2011 '3’Cs concentrations
in the surface sediment were in general in a declining trend with time until January 2019.
However, the trend involved a large fluctuation compared to that for seawater (Fig. 4.4). The
fluctuation may reflect spatial heterogeneity of the '*’Cs concentrations in a small area. For
example, six samples were taken at site D1 in succession on September 13, 2011. The
concentrations varied in the range of 170-580 Bg/kg-dry with the average and standard
deviation of 330+£160 Bq/kg-dry, implying there was concentration heterogeneity [4.9]. The
local heterogeneity of Fukushima-derived '*’Cs concentrations has been also reported by
Thornton et al. [4.15]. They found local *’Cs concentration anomalies which were an order of
magnitude greater than concentrations of nearby sediment with the areal sizes of the anomalies
ranging from a few to a few hundred meters. It was inferred that post-depositional migration
of sediment due to bottom current lead to the formation of a pocket of '*’Cs-contaminated
sediment at the base of vertical features of the terrain. Although positioning for the sampling
has been done within at most ~1850 m from the pre-determined locations, the sporadic peaks
in Fig. 4 may reflect the local heterogeneity of '*’Cs concentrations caused by the post-
depositional migration of the sediment. Ikenoue et al. [4.16] used an autoradiography technique
and found '¥’Cs-enriched particles in the sediment samples taken at sites 11 and IB2 in May
2013 and May 2017, respectively. These particles included 9-64 % of the '*’Cs in the sediment
samples. Because these '*’Cs-enriched particles are sparsely distributed in the sediment, they
may be also one of the reasons for temporal and spatial fluctuations of the '3’Cs concentrations
in sediment.

The temporal change of geometric mean of the '*’Cs concentrations in sediment (Fig. 4.4)
indicates an exponential declining trend from September 2011 to January 2019 with an
effective half-life of 3.1 years. However, the half-lives for the first half period and the latter
half period were significantly different from each other, that is, 2.2 and 5.0 years, respectively.
Further discussion of this is given in Sec. 4.3.2.3.
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FIG. 4.4. Temporal changes of '*’Cs concentrations in surface and bottom water (a) and surface
sediment (b) in the waters off Fukushima and nearby prefectures. The data were adapted from Ref.

[4.2].
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FIG. 4.5. Spatiotemporal change of >’Cs concentration in the surface sediment. The data were

adopted from Kusakabe et al. [4.9, 4.11] and Kusakabe and Takata [4.2]. Date shown in the panels
are from the middle of each sampling period.
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FIG. 4.6. Spatiotemporal change of *’Cs concentration in the surface seawater. The data were adapted
from Ref. [4.10].

Difference in responses to the additional input of '*’Cs to the seawater and surface sediment
leads to the temporal change of the sediment distribution coefficient, K. After the accident, the
steady-state condition should not be expected so that a new term, an apparent distribution
coefficient, Ka) is introduced: K is simply a ratio of '*’Cs concentration in seawater to that
in surface sediment. Kusakabe and Takata [4.2] presented a schematic diagram for the temporal
changes of '3’Cs concentration in seawater and surface sediment, and Kae). Fig. 7 indicates
three points. (1) The concentration of '*’Cs in seawater increased and reached the peak at time
t2 and then dropped to almost the pre-accident level. (2) The concentration of *’Cs in surface
sediment followed the trend with a time-lag fashion and slower pace, and the maximum value
appeared at time t3. (3) Consequently, their ratio, K4, dropped at t1 and reached the maximum
at t4 approaching the terminal Kaw) value which was significantly higher than the pre-accident
value. The drop of Kaw value at time ti by a factor of ten was observed at the sites off Ibaraki
Prefecture (data not shown here, Kusakabe and Takata [4.2]).
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FIG. 4.7. Temporal evolution of *’Cs concentrations in seawater (blue/top line) and surface sediment
(middle/orange line), and Kq (bottom/green line) in nearby waters following the Fukushima accident.
The dashed lines indicated with “t;”, “t;”, “t;"and “t;” show temporal maximums for each
parameter.

A simple box model for migration of '3’Cs in the coastal area after the accident is schematically
illustrated in Fig. 4.8. The model consists of two boxes, seawater and surface sediment. A
transfer rate constant, k; is mainly controlled by the mixing of surface water with clean
intermediate and deep seawater in the open ocean. Accident-derived '3’Cs in seawater is being
removed by diffusion-advection to open water and by deposition-adsorption to the sediment
with the rates, k4, and k2, respectively. Cs-137 in sediment migrates to overlying water via
desorption-dissolution of Cs and/or resuspension and subsequent lateral transportation of
sediment with a rate of k3. By fitting the geometric means of 1*’Cs concentrations in two boxes
to the equations for mass balance between seawater and sediment, temporal changes of Cs
concentrations in seawater and sediment, and Ka() values were calculated for the period from
September 2011 (t3) to January 2019 [4.2].
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FIG. 4.8. Schematic diagram for migration of *’Cs in coastal waters.

The results are plotted in Fig. 4.9. Data points in grey in the figure were omitted from the
calculation because they were calculated based on smaller datasets than those for the rest of the
points and thus had a larger error. The model presented here was a simplified one applied to a
spatially variable environment in terms of the *’Cs concentration. However, some general
points can be drawn from the model calculation results. (1) '*’Cs concentrations in seawater
decreased with time from 0.011 Bg/L in September 2011 to 0.004 Bg/L in September 2012,
after that the decreasing rate slowed down. The average concentration was estimated to be
0.002 Bg/L in January 2019 and that was almost the same level as the pre-accident value. (2)
On the other hand, the concentration in surface sediment reached the maximum of 45 Bg/kg in
September 2011and decreased at a slower pace to 38 Bq/kg in September 2012. In January
2019 the average concentration was estimated to be 11 Bg/kg. (3) Consequently, the Ka) value
reached the maximum of 10,400 in January 2013 and decreased more slowly than the
concentrations in sediment. The Ka) value will eventually converge (or has already converged)
to the permanent Kq(s) value, Kda), of 6,240, which is significantly higher than the pre-accident
value (~600).

Fates of radionuclides in the coastal area are generally site-specific and event-specific.
Relevant factors include oceanographic settings, such as being a coastal sea facing the open
ocean or being a semi-closed sea, and modes of radionuclide input, such as instantaneous or
continuous discharges. In addition, characteristics of sediment such as grain size may also
affect radionuclide fates in the coastal environment. In cases where these factors are different,
the fates need to be changed accordingly.
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FIG. 4.9. Temporal changes of '*’Cs concentrations in geometric mean in bottom seawater (a) surface
sediment (b), and the Kuu) values (c) measured in the extended monitoring zones. The best-fit curves
determined by the model calculation are shown as black solid lines. The grey circles indicate data that
were not used for the model calculation. See the text for details. The data were adapted from Ref. [4.2].

4.3.2.2. Vertical profiles of '3’Cs in the sediment

Vertical profiles of the *’Cs concentrations in the sediment column collected at nine sites
within the extended monitoring program are shown in Fig. 4.10. In general, the profiles were
highest at the surface mixed layer or subsurface layer and decreased exponentially up to the
depths of ~ 30 cm. It seemed that the sites D1 and El nearer to the FDNPP had higher
concentrations detected not only at the surface mixed layer but also at layers of deeper than 3
cm (defined as intermediate and deeper layers). In addition, the higher concentrations were
found at the sites located in a relatively flat bottom area such as GO and I1, while low
concentrations were found at the sites located on steep bottom slopes such as ES5, G4, J1, and
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J3. The *’Cs concentrations in intermediate and deeper layers, except for site E1, decreased
with time following the temporal trend in the surface layer.

Cs-134 was also detected together with *’Cs in the sample cores (data not shown here,
Kusakabe et al. [4.11]), and that suggested the FDNPP-derived radiocesium (**Cs and '*’Cs)
had penetrated to the 20 cm depth or below in the sediment by May 2013 at site 1, November
2013 at site B3, and May 2014 at sites E1 and G4. Penetration of the FDNPP-derived
radiocesium into intermediate and deeper layers of the sediment column have been observed
at other locations as well [4.17—4.20]. This penetration might mean that decrease of particulate
137Cs input to the sediment such as from terrestrial material increased with time. However,
since the sedimentation rate in the coastal area of northeastern Japan including near the FDNPP
location was estimated to be 0.1-0.5 cm/year [4.18, 4.21, 4.22], meaning that it would take
several decades to hundreds of years for the sediments to accumulate to a 20-30 cm depth, the
possibility needs to be ruled out that the vertical profiles of '*’Cs in the sediment reflect the
temporal trend of *’Cs deposition to the sediment. Thus, it is most likely that the penetration
of FDNPP-derived radiocesium into intermediate and deeper layers has been controlled by
migration from an upper layer of sediment. The vertical mixing of sediment induced by rough
weather and bioturbations might be possible mechanisms working in the sediment layer of a
few tens of cm depth in a coastal region [4.19]. Teal et al. [4.23] estimated the bioturbation
rates in the temperate zone ranged from 10 to 200 cm?/year. Otosaka [4.19] demonstrated that
the vertical profiles based on the numerical simulation with a bioturbation rate of 200 cm?/year
agreed with observed values except for the anomalous '*’Cs concentration in the shallow
region. Therefore, here it was assumed that the bioturbation rate in the coastal waters off
Fukushima was similar to the value reported by Teal et al. [4.23]. Given the above, the higher
37Cs concentration might be observed in the intermediate and deeper layers of sediment
column caused by such processes as vertical mixing of sediment due to rough weather and
bioturbation.
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FIG. 4.10. Vertical profiles of '*’Cs concentrations in the bottom sediment. The data were adapted
from Ref. [4.11].

As stated previously, the '¥’Cs concentrations in the intermediate and deeper layers of sediment
declined faster than the loss by physical decay from May 2012 to October 2015. Two kinds of
processes may contribute to the declining trend: upward migration of '*’Cs desorbed from the
sediment to porewater; and vertical mixing and lateral transport of sediment by physical
agitation caused by rough weather. Radiocesium-enriched porewater has been observed in
beach sand, lagoon and coastal sediment samples collected in Fukushima Prefecture [4.24—
4.26] and in coastal sediment samples collected in the Irish Sea [4.27]. Otosaka [4.19] assumed
that the sediment porosity was 0.41 and Kz was 3500 kg/L, and then calculated porewater '*’Cs
porewater was less than 0.01% of the *’Cs sediment inventory. And also, the loss of '*’Cs in
sediment by the exchange of porewater could be negligible. These results suggest that the '*’Cs
concentrations of the intermediate and deeper layers in sediment had changed by processes of
vertical mixing of sediment. Some previous studies [4.28, 4.29] reported that re-suspension of
mobile particles in the sediment and lateral transport of re-suspended particles occurred due to
rough weather such as typhoons. Such weather conditions can change the vertical structures of
the sediment not only in the shallow region but also in the offshore region. Therefore, re-
suspension of the sediment and lateral transport of re-suspended particles need to be considered
as two other main factors to shape the vertical distributions of radiocesium in the monitoring
area (see Sec. 4.3.2.3). Thus, it can be considered that the vertical distributions of '*’Cs and
decline of the *’Cs concentrations in sediment were predominantly controlled by the vertical
mixing and lateral transport due to physical agitation caused by rough weather such as typhoons
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in summer to fall and low air pressure in winter in the coastal area of Fukushima and nearby
prefectures.

4.3.2.3. Inventory of 37Cs in the sediment

Activity of '¥’Cs in surface 0-3 cm sediment was calculated for the entire extended monitoring
area, which is bounded by 38°40°N, 35°20°N, and the 800-m depth contour excluding the area
within a 30 km radius from the FDNPP. The monitoring area was partitioned into Voronoi
polygons (see the inset map of Fig. 4.11). Activity of *’Cs in each polygon was calculated
based on the concentration in the surface 0-3 cm sediment measured at the site inside the
polygon, water content, and bulk density of the surface sediment, and area of the polygon. Total
activity of *’Cs in the surface sediment was calculated by summation of activities in each
polygon. The calculation was made for the period from September 2011 to January 2019. The
results are shown in Fig. 4.11. Following the general temporal trend of the *’Cs concentration
in the surface sediment (Fig. 4), the activity of '*’Cs in the surface 0-3 ¢cm sediment in the
monitoring area has been decreasing with time as well. In September 2011, it reached 4.6 x
10" Bq, and decreased to 4.5 x 10'> Bq in January 2019. Thus, about 90 % of the *’Cs present
in the surface sediment was removed in 7.4 years, while 16 % decreased due to physical decay
during the same period. Exponential decrease of the '3’Cs activity gives an effective half-life
of 2.1 years (Fig. 4.11). It should be noted that the half-life based on the geometric mean of the
concentrations (3.1 years) shown in Sec. 3.2.1 was longer than the half-life based on the activity
because the former was calculated using data from the sites that were unevenly distributed in
the monitoring area and the concentration was affected by the highly variable physical
characteristics of sediment, so that the half-life based on the concentration should be somewhat
biased. However, like the temporal trend of the concentration, the temporal change of activity
seems also to have slowed down: the effective half-lives for the first half period and the latter
half were 2.0 and 3.7 years, respectively. The effective half-lives calculated here should be an
upper limit because '*’Cs that continues to be released directly from the FDNPP site or through
rivers and ground water [4.24, 4.25, 4.30, 4.31] was not considered. Although accurate
quantification of these impacts to the budget of '*’Cs especially in the coastal water sediment
is necessary, the calculated half-lives might not be changed significantly after inputting these
values to the calculation because the amounts of continuously released '*’Cs were estimated to
be 2-3 orders of magnitude smaller than the amounts released right after the accident [4.6].
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FIG. 4.11. Temporal change of '*’Cs activity in the surface sediment in the extended monitoring area.
The inset map indicates the area used to calculate the activity which excluded the area close to the
FDNPP site.

The main mechanisms to reduce the '*’Cs activity in the surface sediment would be: (1)
desorption-dissolution of '*’Cs from the sediment; (2) downward migration by biological
activity and/or vertical mixing of sediment induced by bottom current; and (3) resuspension
and subsequent lateral transportation of the sediment. The first mechanism would work to a
lesser extent because the reaction occurs only in a brief period (a few months) after the
deposition and freshly deposited '*’Cs as mobile fraction in sediment tends to be transformed
to immobile fraction [4.14]. In addition, based on a laboratory experiment, Takata et al. [4.32]
suggested that the dissolvable *’Cs in suspended sediment collected off the Fukushima coast
was less than 10% of the total '*’Cs in particulates. The second mechanism should work to
shape the vertical profiles as mentioned in Sec. 4.3.2.2, but it cannot explain fully the decrease
of 37Cs activity because an increase of '*’Cs concentration in the intermediate and deep layers
of the sediment has been rarely observed. Kusakabe et al. [4.11] demonstrated that the rate of
decrease was related to the physical characteristics of the sediment such as grain size. The
higher decreasing rate was found in the sediment with larger grain size, where '*’Cs that is
generally associated with more mobile, smaller grains has been more readily removed from the
sediment. In other words, '*’Cs associated with larger grains is less mobile. This could also be
a reason why the declining rate of '¥’Cs activity in the surface sediment (Fig. 4.11) has been
slowing down as with the concentrations shown in Figs. 4.4(b) and 4.9(b): small, mobile grains
in sediment decrease with time leaving behind large, immobile grains leading to reduction of
the decreasing rate of *’Cs activity. Importance of grain migration induced by the bottom
current in the post-depositional redistribution of *’Cs in sediment has been examined using
numerical simulation and in situ observation [4.15, 4.19, 4.33]. The lateral transportation of
sediment crossing over the continental shelf should be the main mechanism to reduce the '*’Cs
concentration and activity in the surface sediment in the monitoring area.

The activity calculated above is the lower limit of the total inventory of '*’Cs in the sediment
in the coastal area because, in addition to the deep sediment layers (> 3 cm), two areas were
omitted from the calculation: the area outside the extended monitoring area; the area within a
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30 km radius from the FDNPP. There has been no systematic monitoring in any area outside
of the extended monitoring area. However, the areas outside may not significantly contribute
to the budget calculation due to the possible lower concentration further away from the FDNPP
site. The area close to the FDNPP has been intensively surveyed since right after the accident
by Tokyo Electronic Power Company Holdings (TEPCO), owner of the FDNPP. The data
obtained by TEPCO have been presented through the company’s web site. As shown in Sec.
4.3.2.2, 37Cs was present at sediment layer depths of > 3 cm. The fraction of inventory in the
surface 0-3 cm sediment to the total inventory was calculated to be 0.2-0.3 based on the vertical
distributions of '3’Cs in the sediment obtained during the extended monitoring program (see
Sec. 4.3.2.1). By using the data from the extended monitoring and TEPCO monitoring
programs [4.34], and the surface fraction of 0.3 to the whole inventory, the inventory of '*’Cs
in the area surrounded by the boundaries of 35°20°N, 38°40°N and the 800 m depth contour
including the area inside the 30 km radius was estimated to be 0.23 x 10'> Bq as of September
2011 [4.11]. Directly released '*’Cs from the accident were estimated to be 3.6 x 10'° Bq [4.4,
4.5], of which 6.4 % deposited onto the sediment. Airborne transports of '*’Cs to the ocean
have been estimated to be in a quite wide range of 5 x 10!°to 15 x 10'° Bq; this is due to the
sparseness of datasets [4.6]. And airborne transports of '*’Cs to the monitoring area is even
more difficult to estimate. Thus, sedimentary inventory of '*’Cs should be significantly lower
than 6.4 % of the total *’Cs released from the accident. Large amounts of radionuclides have
been discharged from the Sellafield nuclear fuel reprocessing plant to the Irish sea. MacKenzie
et al. [4.35] suggested that approximately 10% of the '*’Cs released from the Sellafield nuclear
fuel reprocessing plant accumulated in the Irish Sea sediment. The difference in the fractions
of 137Cs preserved in sediment may be ascribed to differences in the sedimentary environment.
The Irish sea sediment is rich in fine grains which tend to fix Cs from seawater. And *’Cs has
been released from the Sellafield plant continuously since 1960, which has kept transporting
Cs in seawater to the sediment. In addition, the Irish sea is a semi-closed sea so that *’Cs in
seawater stays in the sea longer than in the coastal water off the FDNPP.

4.4. CONCLUSIONS

Since each coastal environment has its own characteristics such as oceanographic settings and
bottom topography, it is quite difficult to predict fates of radionuclides in the environment in
general. The results from the long-term monitoring of radioactivity at fixed sites in Japanese
coastal waters provide essential information about the baselines of artificial radionuclides and
their spatiotemporal changes in the coastal waters. Without the datasets derived from the
regular monitoring, it would have been almost impossible to estimate the impacts of the FDNPP
accident to the marine environment. Comprehensive monitoring after the accident has
presented some interesting behaviors of artificial radionuclides. As of January 2019, while the
137Cs concentration in seawater was almost at the pre-accident level, that in sediment was lower
than the September 2011 level but significantly higher than the pre-accident level. As a result,
the Kaw) value will converge to a terminal, elevated Kaw value. However, quantification of
factors controlling the declining trend of '*’Cs in the sediment as a whole have not been fully
done. Further monitoring and data analysis are needed.
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Abstract

The Gulf of Aqgaba has significant strategic, economic, and recreational value to Jordan since
it represents its only marine outlet. In the last few decades, the Gulf was subjected to a variety
of serious environmental problems affecting its unique marine ecosystem. To evaluate the
historical trends of pollution in such a stressed marine environment, two short sediment cores
were collected from the Phosphate Loading Berth Port from depths between 200 to 330 m. The
activity concentrations of some radionuclides (*!°Pb, ?*Ra, *°K, '3’Cs, 2*®Ra, 2**Th) were
determined along the cores. Sediment chronology of the cores was also constructed using >!°Pb
age models (core bottom was estimated to date approximately 130 years before present) and
temporal variation of sedimentation rates in the area was determined. The results showed high
activity concentration of the measured uranium series radionuclides (>'°Pb, 2?°Ra, and ?**Th)
in the topmost layer of the shallow sediment core (PLB1) close to the phosphate port as a result
of the contribution of phosphate dust. Based on the different 2!°Pb age models, recent
sedimentation rates from the area varied between 0.15+0.07 and 0.22+0.03 cm yr''. Chronology
obtained from 2!°Pb was validated by the '*’Cs profile. The sedimentation rates in the area
showed an increasing trend over time, especially since the year 1965. This date represents the
start of a period that underwent increasing coastal activities, constructions, and fast
urbanization around the port in Agaba.

5.1. INTRODUCTION

The Jordanian coast of the Gulf of Aqaba represents the only seaport in Jordan. This short
coastal area (27 km) serves all uses of the coastal area, including industrial, commercial,
touristic, and urban developments and activities. In the past few decades, population density,
industrial and harbors activities, and coastal development along the Jordanian coast have
rapidly increased and resulted in detrimental effects to its unique, diverse and sensitive coral-
reef ecosystems [5.1, 5.2, 5.3].

Globally, Jordan is the third largest exporter and fifth largest producer of phosphate rocks g
[5.4]. The marketable phosphate powder is exported through the Aqaba port. During the
loading, storage, and shipping phases, some phosphate powder escapes to the atmosphere, the
land around the storage areas and loading docks, and to the sea. The fine sediment layers in the
port berth show evidence substantial powder phosphate deposition (0.05-1%; [5.5, 5.6]). This
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phosphate powder is nearly insoluble in seawater [5.7] but contains numerous potentially toxic
and radioactive elements of environmental concern [5.3]. Also, high sedimentation rates up to
8 mg.m > day ! were recorded in this port [5.3], which are responsible for the decreased health
conditions of coral reefs in their vicinity [5.8] or even death to coral colonies by reducing light
intensity, inhibiting coral calcification, and increasing sediment load [5.9]. Since heavy metals
are released from the phosphate dust, relatively elevated concentrations of heavy metals were
recorded in coral skeletons sampled from this port [5.2, 5.10].

Industrial and domestic activities are known to release a significant amount of hazardous heavy
metals that are delivered to the coastal environment through rivers, waste effluents, and
atmospheric emissions [5.11, 5.12, 5.13]. Several studies showed elevated concentrations of
heavy metals in sediments near the Phosphate Loading Berth (PLB) compared to other areas
along the Gulf [5.3, 5.5]. Because U concentrations are high in marine sediment that contain
large amounts of organic matter, phosphate, or both [5.14], increased activity concentrations
of 238U, 23U, 2**U and ?%*Ra in sediments and seagrasses from the Phosphate Loading Berth
were recorded [5.15, 5.16, 5.17]. These concentrations were 3-fold higher than in other coastal
locations and were attributed to phosphate dust generated during transport [5.15].

The progression of the anthropogenic impact on the marine environment can be evaluated by
analysing numerous parameters in dated sediment cores (if mixing is limited). Among these
parameters, the sedimentation rate is very important since it allows reconstructing the
environmental evolution and the human impact on the coastal environment [5.18]. The most
common technique used to date recent sediments and calculate sediment deposition and
accumulation rates during the last 100-150 years is based on 2!°Pb profiles [5.19, 5.20].

The goal of the present study is to determine the activity concentrations of gamma-emitting
radionuclides in deep sediment cores collected in front of the PLB area to study the effects of
phosphate particles in the Gulf of Aqaba. Furthermore, the study aims to establish a sediment
chronology (based on the 2!°Pb dating method) showing the variations of sedimentation rate
and the impact of human activities in the region over the last century.

5.2. MATERIALS AND METHODS
5.2.1. Study area

The Gulf of Agaba (28°29'-30° N and 34°30'-35° E) is the north-eastern extension of the Red
Sea. The Gulf is semi-enclosed basin, and the Straits of Tiran separate it from the Red Sea
proper. The maximum depth of the Gulf'is 1800 m, 180 km length, and variable-width ranges
between 14-26 km. The climate in the Gulfis extremely arid with negligible precipitation (~2.2
cm yr'!) and runoff and high evaporation (~400 cm yr'). However, flash floods after heavy
rainfall events in winter might occur and transport terrestrial material into the Gulf. The
frequency of these flash floods ranges from several times a year to once a decade [5.21]. Little
is known regarding the contribution of terrestrial sediment that enters the marine environment
during these floods.

The mean value of sea surface temperature is about 23.9°C with seasonal variations of about
6-7°C. Thermal stratification of the water column exists during summer, while the water is well
mixed during winter [5.22]. Lack of regular freshwater and high evaporation causes
particularly saline conditions (salinity 40-40.8%0) and the oligotrophic nature of the Gulf
system [5.22]. The Gulf of Aqaba is influenced by both the airflows from the Mediterranean
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low-pressure system and the Indian monsoonal trough [5.23]. Winds year-round are similar in
terms of magnitude and direction (90% northerly winds).

The study area is located within the Aqaba subbasin. According to Tibor [5.24], this subbasin
has a short or non-existent tectonically based shelf with a limited sediment supply. However,
the nearby Eilat subbasin in the western side of the Gulf'is supplied with sediments from Araba
Valley. Both subbasins connect in the south into the Eilat deep (900 m depth). Generally, the
main sources of sediment to the area are restricted to dust deposition (negligible), material
brought by flash floods, and earthquake-induced turbidity currents or resuspension [5.25].

5.2.2 Sediment core sampling and preparation

In February 2019, two short sediment cores were collected from the Jordanian coast of the Gulf
of Agaba in front of the PLB from different water depths (Table 5.1; Fig. 5.1). The samples
were collected using UWITEC short sediment corer with PVC tubes of 60 cm long and 9 cm
in diameter. One core (PLB1) was collected at a water depth of 202 m and another one (PLB3)
at a water depth of 331 m.

TABLE 5.1. SUMMARY OF SAMPLING DATA IN FRONT OF THE PHOSPHATE
LOADING BEARTH (PLB) SITE

Sediment core code Longitude (E) Latitude (N) Water depth (m) Core length (cm)

PLBI1 29.505 34.985 202 17

PLB3 29.496 34.983 331 12

29.50

Latitude (M)

20.44

20.38

34.82 34.88 34,94 35.00
Longitude (E)

FIG. 5.1. Bathymetric map of the northern tip of the Gulf of Aqaba showing the locations of the
sediment cores.

Immediately after extraction, the cores were carefully sliced every 0.5 cm for core PLB3, and
1 cm for core PLB1 down the length of the cores using slicer equipment. After that, the
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sediment samples were weighted (wet wt.) and oven-dried until a constant weight was reached
and the dry bulk density was determined. The samples were then crushed, homogenized, and
sieved through a 2-mm mesh. Contents of total organic matter were determined in each slice
according to the method of loss in weight by ignition (LOI: 450°C, for 8 h) described by Byers
[5.26].

5.2.3 Massic activity determination

For radiometric determination, subsamples were transported to Seville (Spain), and the activity
analysis of 2!°Pb, 22°Ra, “°K, 1¥’Cs, 2?Ra, 2**Th was determined by high-resolution gamma-ray
spectrometry using a low-background intrinsic High Purity Germanium (HPGe) detector with
good configuration (nominal efficiency 60%, resolution 1.4 keV at 122 keV and 2.3 keV at
1332keV). Samples were kept in sealed plastic containers (presumably gas-tight) and stored
for at least three weeks to allow equilibration of >*’Ra with its daughter nuclides [5.25].

5.3. RESULTS AND DISCUSSION
5.3.1. Massic activity

The activity concentrations of some radionuclides, including 2!°Pb, 22°Ra, *°K,, 137Cs, 22!Ra, and
234Th (in Bq-kg! dry weight) in the uppermost layer from both sediment cores were first used
to study the differences between the two locations (Table 5.2).

TABLE 5.2. ACTIVITY CONCENTRATION (BQ.KG' DRY WEIGHT) OF SURFACE
SAMPLES FROM SEDIMENT CORES FROM THIS STUDY

Activity concentrations of surface sample (Bq-kg' dry weight)

Sediment core  Depth (m) 210pp 226Ra K 37Cs  2%Ra 234Th
PLBI1 202 393+11 13343 364+18 3+0.5 312 154+21
PLB3 331 74+4 26£1 297+13 ND 20+1 45+10

The surface samples from the sediment core PLB1 show much higher activity concentration
for the radionuclides of the uranium series (*!°Pb, 2°Ra, and **Th) than the samples from the
core PLB3 (Table 2). This could be attributed to the contribution of phosphate dust lost to the
sea during loading and shipment to core PLB1 since it is shallower and closer to the main
phosphate port (Fig 1). However, the other radionuclides such as “°K, '*’Cs, and ?**Ra showed
moderately higher values in PLB1 (Table 2) that could be attributed to differences in sediment
composition.

Similarly, Ababneh [5.15] found that the values of 233U, 233U, 22°Ra, and *°K concentrations in
the PLB location decrease in the direction from the beach towards the surf zone at greater
depths, owing to e the diffusion of phosphate dust with increasing distance from the shore.
Pittauerova [5.25] attributed the increased ??°Ra activities in core tops from Eilat to be caused
by the contribution of phosphate dust from Eilat and Agaba industrial ports. They found that
226Ra is positively correlated with phosphorous concentrations, and the 2*Ra activity
concentration in fertilizer samples is around 1200 Bq.kg™'. The concentrations of “°K in the
present study are comparable to the results obtained by Pittauerova [5.25] from bottom
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sediments collected from Eilat deep (375-470 Bq.kg™!), whereas the artificial radionuclide '*’Cs
in this study was present in very low concentrations. The activity concentrations of >!°Pb, ?Ra,
40K, 1¥7Cs in shallow surface sediments (0-12 m) from the PLB were about 430 + 73; 62 3+ 65;
93.9 + 13, BDL Bg/kg respectively [5.17], proving that the reduced effect of anthropogenic
pollution is found in deeper cores [5.25].

5.3.2. Vertical profiles

The unsupported *!°Pb (*!°Pbex) values were determined by subtracting the supported *!°Pb
(estimated through ??°Ra) in each layer from the total 2!°Pb (Fig. 5.2). In this way, the
unsupported 2!°Pb due to the contribution of phosphate dust was removed. The profiles of
unsupported 2!Pb (*!°Pbex) of PLB1 and PLB3 follow a relatively exponential decrease with
depth (Fig. 5.2). The 2!°Pbex activity profile in PLB1 has a maximum value in the first layer
whereas it is beneath the surface layer in PLB3, indicating that the top layer in this core is
subjected probably to disturbance and sediment mixing caused by biological (bioturbation) and
physical processes (wave and current) [5.27, 5.28].

Total 2!°Pb reaches equilibrium with the supporting >*Ra activity at depths of 16 cm in PLB1
and 8.5 cm in PLB3, but above this depth, the activity declines more or less exponentially (Fig.
5.2). On the other hand, the supported 2!°Pb of PLB3 has little variation with depth (Fig. 5.2).
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FIG. 5.2. Depth profiles of *!’Pb, **°Ra, and excess *!’Pb in the sediment cores PLBI and PLB3 from
the northern Gulf of Aqaba. Error bars represent counting error.

The activity concentrations of 2!°Pb and ??°Ra (Bq.kg'dry wt) varied among sites. They ranged
from 32 to 393 Bq.kg™'; 16 to 133 Bq.kg™' dry wt. at station PLB1 and 34 to 160 Bq.kg™'; 18 to
43 Bq.kg'dry wt. at station PLB3, respectively (Fig. 5.2). The >!°Pb activity concentrations in
the sediment samples at station PLB1 were higher when compared to the activity at station
PLB3. This is because PLBI1 is the shallowest and closest to the mainland, which receives
increased depositional flux of freshly high-activity sediments of 2!°Pb supplied by phosphate
powder. Conversely, PLB3 is from deeper water depth and far from the mainland (pollution
sources). Furthermore, silt and organic carbon content may control 2'°Pb activity
concentrations; it was suggested that 2!°Pb has a high tendency to be associated with fine
particles and organic matter [5.29]. The organic carbon concentrations in core PLB1 ranged
between 3.5-10.7%, and the profile showed a surface maximum and then an exponential
decrease with depth (Fig. 5.3). An excellent correlation (r=0.93) was found between organic
carbon content and unsupported 2'°Pb activity concentrations. Organic matter in core PLB3

was not analysed.
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FIG. 5.3. Depth profile of organic matter content (%) and its correlation with *!°Pb activity
concentrations in the sediment cores PLBI from the northern Gulf of Aqaba.

Since 2**Th reflects the *®U content, a strongly positive correlation between 2*°Ra and 2**Th in
both PLB1 and PLB3 sediment cores was obtained (Fig. 4), though the activity concentrations
were different between the two sites. The correlation is stronger in PLB1 (r=0.99) compared to
PLB3 (r=0.94) because the range covered by nuclides correlated is clearly smaller in PLB3

than in PLBI (Fig. 5.4).
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FIG. 5.4. Correlation between ***Th and **°Ra in sediment cores collected from the study area.

Profiles of ??Ra, °K, and ***Th showed minor variations of activity concentrations with depth
in core PLB3. On the other hand, profiles of ?®Ra and ***Th in core PLB1 showed an
exponential decrease with depth in PLB1, and the *’K profile showed minimal variation and
increased values after 11 cm (Fig. 5.5). This could indicate the effect of the anthropogenic
phosphate dust discharge to the upper part of the core (<I1 cm) since phosphates and

phosphogypsum

are depleted in “°K.
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5.3.3. Age models and sedimentation rates

The vertical profiles of 2!°Pb can be used to trace sediment accumulation that has occurred over
the past 100 years [5.30, 5.31]. For the determination of the age model, and since the
distribution of excess 2!°Pb values follows a relatively exponential decrease with depth (Fig.
5.2), the CF:CS model, which assumes constant 2!°Pbex flux and constant sedimentation rate,
was applied to core PLB1.

According to the CF:CS model, the accumulation rates (MAR) and the sedimentation rate
(SAR) in core PLB1 from the study area average 0.08+0.01 g.cm™ yr'! and 0.22+0.03 cm yr'!,
respectively. The sedimentation rate (SAR) value is close to those reported by Pittauerova
[5.25] from the nearby Eilat subbasin. Their values using the CF:CS model vary between 0.10
£ 0.02 to 0.35 = 0.23 cm yr'!, with high values recorded in shallow depths (250 m depth) due
to dilution of terrestrial sediments by authigenic carbonate. However, lower sedimentation rates
ranging between 0.04 to 0.07 cm yr'! were recorded from multicores during the last 1000 years
(using “C dating method) from depths between 440-830 m [5.32]. This is consistent with 2!°Pb
results obtained and indicates that sedimentation rates from the study area increased in the last
century and that the '*C sedimentation rate could be affected by compaction effects.

Additionally, the sediment chronology from PLB1 was also constructed using Constant Flux
(CF), widely known as the Constant Rate of Supply model (CRS). Results from both models
are shown in Fig. 5.6. The CF:CS and CF ages agree well in the first 9 cm (last 40 yrs), and the
studied core (PLB1) extended back to 1951 and 1893 according to CF:CS and CF models,
respectively (Fig. 5.6).

2040

l ® CF Model
2020
é o A CF-CS Model
2000 - a

~ 1980 - N

< 1960 A

g

= 1940 |
1920
1900 |
1880

0 2 4 6 8 10 12 14 16
Depth in core (cm)

FIG. 5.6. Dates calculated from CF:CS and CF models versus depth.

The results for ages, sedimentation (SAR), and accumulation (MAR) rates obtained from the
application of the CF model in core PLB1 are shown in Table 5.3 and represented in Fig. 5.7.
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TABLE 5.3. MASS ACCUMULATION RATES (MAR, cm-yr!) AND SEDIMENTAION
RATES (SAR, g-cm™ yr'') DERIVED FROM 2!°Pbex PROFILES USING CF AGE MODEL
FROM CORE PLB1 FROM NORTHERN GULF OF AQABA

Year Sedimentation rate (SAR) Accumulation rate (MAR)

A.D. (cm yr) (g.cm? yr)
2019 0.19+0.01 0.07+0.00
2011 0.17+0.01 0.07+0.00
2003 0.26+0.02 0.10+0.01
1996 0.24+0.02 0.09+0.00
1985 0.17+0.01 0.07+0.00
1973 0.14+0.01 0.05+0.00
1952 0.08+0.01 0.03+0.00
1929 0.07+0.01 0.02+0.00
1893 0.04+0.01 0.01+0.00

The sedimentation (SAR) and accumulation (MAR) rates have increased with time, from the
minimum values in the bottom of the core to the maximum values at present (Fig. 5.7). The
accumulation rate (MAR) increases from 0.01+0.00 in the year 1893 to 0.10+0.01 g.cm™ yr!
in the year 2003. Similarly, the sedimentation rates (SAR) increase from 0.04+0.01 cm yr'! in
the year 1893 to 0.26+0.02 cm yr'! in the year 2003 by applying the CF model (Table 5.3, Fig.
5.7). These results are comparable to the previous result reported by Pittauerova et al. (2014)
for cores collected from Eilat. Their values ranged between 0.11 £ 0.02 to 0.35 £ 0.23 cm yr'.

For the next step in this research, historical trends and evolution of anthropogenic pollutants
profile will be constructed by analysing different heavy metals and contaminants in each layer
of the core. The objective will be to analyse the temporal evolution of the possible increasing
trends of the different metals toward the surface of the core due to the increase of anthropogenic
activities in the area during the last decades.
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FIG. 5.7. Mass accumulation rates (MAR, g.cm™ yr'') and sedimentation rates (SAR, cm yr') derived
from ?!°Pb profiles by applying the CF model from the northern Gulf of Aqaba.

The sedimentation rate showed an important change of an increasing trend over time,
particularly from the mid-1960s onwards (Table 5.3; Fig. 5.7). It is obvious from the CF model
results (Table 5.3) that the sedimentation rates before 1965 were relatively stable, averaged
0.08 = 0.04 cm yr'!, and showed an accelerated increase to 0.21 + 0.04 cm yr! after 1965. This
change could be related to human activities and the start of increasing population, urban
expansion in Aqaba, and the heavy industries as well in the mid-1960s. This date coincides
also with the construction of the Phosphate Port in the mid-sixties (1960°s) and the start of the
exportation process.

Due to surface layer disturbances in core PLB3, no age model could be applied to this core.
However, since the total equilibrium between 2!°Pb and **’Ra was not reached at the last layer
(Fig. 5.2) and if it is assumed this will occur in depths >11 cm (correspond to 130 years), then
a rough estimation of the sedimentation rates in this core should be higher than 0.09 cm yr!.

5.3.4. 37Cs profile and sedimentation rate

In order to validate the chronology obtained from applying the >!°Pb models, the '*’Cs profile
from the same cores were used. The radionuclide '*’Cs is widely used as an independent tracer
to confirm the 2!°Pb age dating method [5.31, 5.33]. The use of *’Cs relies on detecting its
atmospheric deposition peak from 1963 as a result of nuclear weapon test fallout.
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According to Ruiz-Ferndndez [5.34], the sedimentation rate via '*’Cs data can be calculated as
follows:

d

3 (t@y — 1963) (51)

In which S is the average sedimentation rate (cm yr'"), d is the depth (cm of the '*’Cs peak from
the sediment profile), and t(o) is the collected sampling year

Referring to Fig. 5.6, the 2!°Pb dating models indicates that the year 1963 value falls around 10
cm depth. Although the activity depth profile of *’Cs shows a high value in the topmost part
of core PLB1, it displays a small peak (maximum) in the 11 cm layer. However, core PLB3
displays this peak value around 4.5 cm layer (Fig. 5.8). In both cores, this peak could be
attributed to the worldwide nuclear weapon test fallout. By assigning the year 1963 as the
maximum '¥’Cs concentration in the atmosphere to this layer (11 ¢cm) in PLBI core, the
sedimentation rate of 0.20 cm yr™! was determined. This value is consistent with that derived
using the 2!°Pb CF and CF:CS dating models (0.15-0.22 cm yr!), indicating that both
radioactive isotopes yield comparable results. In a study by Pittauerova [5.25] from the nearby
Eilat subbasin, the 1963 maxima was not present, rather '3’Cs activities decreased
exponentially with depth. This depth distribution was attributed to either mixing at low
sedimentation rates or a combined effect of mixing and sedimentation [5.25].
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FIG. 5.8. Vertical distribution of "’ Cs activity (Bq.kg™) in the sediment cores PLBI and PLB3 from the
northern Gulf of Aqaba. Error bars represent counting errors.

5.4. CONCLUSIONS
The main conclusions from the present study can be summarized as follows:

— Higher activity concentrations of the uranium series radionuclides (>'°Pb, ?2°Ra, and
234Th) were recorded in the topmost layer of the shallow sediment cores compared to
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deep cores that could be attributed to the contribution of phosphate dust lost to the sea
during loading and shipment.

The profiles of excess 2'’Pb (?!°Pbex) from both cores follow a relatively exponential
decrease with depth. However, the top layer in core PLB3 showed signs of sediment
disturbance due to mixing caused by bioturbation and physical processes.

Profiles of 2*®Ra, “°K, and ?**Th showed minor variations of activity concentrations in
the deep core. However, they showed an exponential decrease with depth in the
shallower core.

Based on the CF:CS age model, recent sedimentation rate averages 0.22+0.03 cm yr',
whereas the accumulation rate averages 0.08+0.01 g.cm? yr.

By applying the CF model, the sedimentation rate showed an important change of an
increasing trend over time, particularly from mid-1960s onwards (from 0.08 + 0.04 to
0.21 £ 0.04 cm yr'!). This change could be related to human activities, the starting of
the increasing population, urban expansion in Agaba, and the heavy industries in the
mid-1960s.

The sedimentation rate value derived from the *’Cs profile from the study area (0.20
cm yr'!) were consistent with values obtained from 2!°Pb profiles (0.15-0.22 cm yr').
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Abstract

The Perai Industrial Area is one of the densest industrial and heavily populated zones in
Malaysia. Concentration levels of arsenic, barium, chromium and zinc were investigated in the
two main rivers, i.e, Juru River and Perai River in this area. From each river, one sediment core
was collected at the river estuary and another one within the river, about 2-3 km away from the
estuary, using a KC™ Kajak corer. Concentrations of arsenic, barium, chromium and zinc were
performed using Neutron Activation Analysis (NAA), complemented with Energy Dispersive
X-ray Fluorescence Spectrometer (EDXRF), whereas the sediment deposition rates were
determined through Lead-210 dating, which was measured by using a Gamma-ray
Spectrometry System. Using continental crust values and iron concentration as the
normalization metal, enrichment factors for elements were calculated. The results showed
arsenic having severe enrichment at the study area. Zinc enrichment was mostly at a moderate
level, although the enrichment was more serious at Juru River. Meanwhile, no enrichment for
barium and chromium was found in most of the cases, except chromium was found severely
enriched in one location. Sedimentation rates indicated the contaminants were deposited
quickly. Analyses of metal concentration in surface sediments collected along the river indicate
contaminants were released from a diffuse source upstream.

6.1. INTRODUCTION

In nature, environmental issues are complex processes and difficult to understand. Interactions
occur both between the abiotic environment and the biosphere and within themselves [6.1].
Around one-third of the world’s population lives near the coastal area (less than 100 km), where
they utilise the coastal and marine resources to create job and business opportunities [6.2-6.3].
Development of the coastal zone, exploitation of its natural resources, and its use as a receptacle
for societal wastes promote sediment contamination and endanger the living marine resources
[6.4]. Remediation of a marine environment is not a standalone process but has to be taken into
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consideration the ecological interdependence of the oceans, coastal areas and the freshwater
systems associated with them [6.5].

Pollutants released from land will be transported to rivers that finally end up in marine
ecosystem. Inorganic pollutants such as heavy metals, that are released in the river water can
be accumulated in the sediments and aquatic food chain [6-7], which will bring health effects
to the aquatic life [8-9] and also to human being through fish consumption. . Few important
sources of inorganic anthropogenic pollution are agriculture activities, animal waste, domestic,
industrial, mining and petroleum activities, and also from the others industrial emissions [6.10-
6.11].

Sediment is a mixture of complex materials resulting from industrial, biological and chemical
waste brought by rivers and the coastal erosion. Weathering is one of the major sources of
sediments; however, the fast growing economy and population growth also contribute large
portion of the waste materials into the coastal area that stock up into the sediment over time
[16.2]. Natural occurring radionuclides in the sediment such as 2!°Pb could then be utilized as
a powerful tool for the determination of mass fluxes in the marine environment, particularly
for investigation of recent sedimentation. The deposition rate of contaminants in sediment can
be estimated using the natural radionuclide profiles of 2!°Pb in a sediment core, where the
sedimentation rates can be estimated by employing different mathematical models. Pb-210
(T12=22.20+0.22 years), a member of the 28U decay series, is present in the sediments through
two main routes. First, there is a >!°Pb fraction continuously produced in situ from ??°Ra (T12
= 1600+7 years); this fraction, known as background or supported 2!°Pb, is assumed to be in
radioactive secular equilibrium with °Ra. On the other hand, ?*’Rn (T12 = 3.8235+0.0003
days) which is a noble gas, emanates from the Earth’s surface and goes into the atmosphere
where it decays into >!°Pb, which is removed from the atmosphere back to the Earth’s surface
(by wet precipitation and/or dry fallout) contributing to the unsupported or excess fraction of
210pb [6.13]. This atmospheric addition of ?!°Pb is in excess of the amount permanently
supplied by the in situ decay of 2*’Ra. As time goes by, the activity of excess 2'°Pb will decay
until reaching equilibrium with the supported ?'°Pb fraction (**°Ra). The activity differences
between the initial excess 2!°Pb (at the surface of the sediment core) and the subjacent core
sections can be used to estimate the time when the sediment at this section was deposited [6.14-
6.18].

With regards to the elemental analysis, in general, Neutron Activation Analysis (NAA) is a
favourite nuclear analytical technique that have multi-application and non-labour-intensive.
NAA technique is a non-destructive method where it does not have to perform most chemical
preparation steps such as heating, digestion, usage of reagent and etc. This can help to ensure
the integrity of the sample and minimise the potential contamination on sample due to
reagent/chemical add in [6.19]. Besides these, the NAA method is also having other advantages
such as fast and simple preparation, ability to determine multi-element simultaneously and can
determine element concentration down to sub-picogram levels [6.20]. NAA operational is
working based on the properties of the nucleus, radioactivity and the interaction of radiation
with matter. When performing NAA, neutron source emitted from the reactor will be absorbed
by the sample’s (soil, sediment, water, etc) element nucleus after a non-elastic collision and
turn into a new nucleus at highly excited state. This target nucleus will become radioactive
which later start decaying and emitting gamma rays [6.20]. Emitted gamma rays can be
measured by using a Gamma Spectrometry system, where the peak energies positions are
unique for different radionuclides (element) and the intensities are proportional to their
concentrations.
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Energy dispersive X-ray fluorescence (EDXRF) spectrometry is another widely used non-
destructive nuclear analytical technique that can also measure simultaneous elemental
information from different types of materials. It is employed in a wide range of industries and
applications including cement production, cosmetics, food and environmental, forensics, glass
production, healthcare products, iron, mining and mineral beneficiation, petroleum and
petrochemicals, pharmaceuticals, polymers and related industries, steel and non-ferrous metals.
The spectrometer contains a radiation source, a sample and the detector. In an EDXREF, the
radiation source is the X-ray tube that irradiates a sample, and an energy dispersive detector
measures the fluorescence light produced by the sample. This detector can determine the
different energies of a sample’s characteristic radiation and assign them to different elements
that are present in the sample. This separation phenomenon is known as dispersion.

The Perai Industrial Estate is one of the major industrial parks in Penang state and in Malaysia.
Penang is located on the northwest coast of Peninsular Malaysia, next to the Malacca Strait. It
consists of two parts: Seberang Perai (early well known as Wellesley Province) on the Malay
Peninsula mainland, and the Penang Island. The Perai Industrial Estate is about 15 km? and is
bordered by the Perai River to the northwest, Juru River to the east, the Penang Channel to the
southwest and Baru Perai road to the north (Fig. 6.1). The Perai Industrial Estate was
established in the 1970s in response to the need of industrial expansion of earlier rubber estates,
such as Mak Mandin. With limited land area on the Penang Island, the choice seems right to
turn the coastal area of Perai into a major industrial area. This was further boosted when the
13.5 km long Penang Bridge was completed in 1985. With improved access to the Penang
international airport on the Penang Island, many more companies set up factories in this area.
Perai Bulk Cargo Terminal that located at the estuary of Perai river encourage larger container
ship to deliver huge cargo. As rapid population growth and heavy industrial development occur
continuously surroundings Perai industrial area, the household and industrial discharges were
suspected to be released into the nearby rivers; Juru River, for instance, is reported to be one
of the most polluted rivers in the country [6.21].

This study is aimed to assess the changes in sediment deposition rates, as well as, the
concentration and enrichment of As, Cr, and Zn, in sediment cores sampled from Perai River
and Juru River, Penang, that might have been promoted by the population growth and economic
development in the Perai Industrial area.

6.2. EXPERIMENTAL
6.2.1. Collection and preparation of samples

Sediment cores were collected during the dry season between 2017 and 2018 within the estuary
zone and a few km upriver, in Juru River and Perai River (Fig. 6.1) to avoid massive mud
transportation into the river sediment by the heavy downpour during rainy season and the water
turbulence that disturbs the sediment surface. The cores were collected using a KC™ Kajak
Core Sampler (Fig. 6.2) with an 8 cm diameter PVC tube. The sediment core was extruded
from the bottom of the tube and sliced at 2 cm thick sections at the sampling site; samples were
put into plastic bags and cooled in icebox prior elemental analysis. Back to the laboratory, the
sediments were weighed, then a small scope of sample (1-2 g) were taken for particle analysis,
balance samples were re-weighed and dried in an oven at 80°C until constant weight [22]. The
dried samples were grounded to powder size of less than 74um (200 mesh) and homogenised
prior to further analysis All data is reported on a dry weight basis.
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TABLE 6.1 SAMPLING LOCATION DETAILS

Date Station Coordinates  Core Length (cm)
53464 ° N
Feb 2017  SP 01 Juru River 74
100.4189 ° E
5.3395°N
Feb 2017  SP 02 Juru River 78
100.4048° E
5.3992 °N
July 2018  SP 09 Perai River 62
100.3927° E
5.3832°N
July 2018 SP 11 Perai River 30
100.3697° E

6.2.2. Particle size analysis

Particle size distribution was analysed with a Microtrac™ X100 laser diffraction (Fig. 6.3).
Using the Udden—Wentworth scale, particles were characterized into percentage of clay (< 4

um), silt (4 — 63 um) and sand (> 63 um) [6.23].
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FIG. 6.3. Particle size analyser and sample output.

6.2.3. Loss on Ignition

Loss on Ignition (LOI) is an approach to estimate the percentage of organic matter content (%
OM) in soil/sediment samples. This approach only requires the use of muffle furnace and does
not need to use any chemicals (Fig. 6.4). The % OM is calculated by comparing the sample
weight before and after ignition. Organic matter present in the sample will be oxidised to carbon
dioxide before further ashed at temperatures between ~200 to 500 °C. The weight losses are
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due to water evaporation and carbon dioxide evolutions can then be calculated using the
following two equations by weighing the sample before and after controlled heating (ignition
at 550 and 1000 °C), that can be correlated to water content, the organic matter and carbonate
content [24]. So, by using equation (6.1) and equation (6.2), the percentages of organic carbon
and carbonate were calculated for every layer of sediment core.

(Weight Post 105°C Dry sample)—(Weigh tPost 550°C Ash)
(Weight Post 105°C Dry sample)

% Organic Matter = X 100 eq(6.1)

Weight Post 550 °C Ash)—(Weight Post 1000 °C Ash
% CaCO, = WY : )-(Weig )% 2.274x 100  eq(6.2)
(Weight Post 105°C Dry sample)

where 2.274 = 100.088 / 44.009 = molecular weight CaCO3 / molecular weight of COx.

FIG. 6.4. a) LOI (from left to right) at 105°C, 550°C, and 1000°C. b) Furnace for LOL

6.2.4. Radionuclides analysis

Radioactivities for Pb-210,??°Ra and !*’Cs were determined by gamma-ray spectrometry (Fig.
6.5) consisting of a high-purity germanium (HPGe) setup and a multichannel analyser (16,384
channels). The detector used is a closed end coaxial well-detector from CANBERRA™ that
operated at 2,000 HV bias supply (detector: 62 mm diameter, 49 mm, and 5 mm distance from
the window; well: 35.5 mm depth, 23.5 mm diameter, active volume of 8.8 cc). This 25%
relative efficiency p-type well detector having 820 eV FWHM resolution at 122 keV (°*’Co)
gamma-ray line and 1.85 keV at 1332 keV (°°Co) gamma-ray line. The shielding chamber is
made of lead, copper and cadmium with the total thickness up to 11 c¢cm to reduce cosmic
radiation. This system was calibrated following procedure reported by Yii et al. [6.25] ] using
a customized gamma multi-nuclide standard source (source no. 1290-84 and 1755-30 from
Isotope Products Laboratories, USA) comprised of 2!°Pb, 2*' Am, '°°Cd, *’Co, #™Te, >!Cr,
138n, 88r, 1¥7Cs, #¥Y and ®Co in the same counting geometry. Fine-ground dry sediments
from each section of the core were sealed in a 6mL cylindrical HDPE container using thick
PVC tape to prevent radon from escaping [6.26]. Net weight of each sample was divided by its
sample volume to obtain sample density. To reach secular equilibrium between ??°Ra and their
progenies, all samples were stored aside for at least a month before gamma counting [6.27-
6.28].

All samples were counted for 15 hours and corrected for density and sampling date. An inert
material in a container of the same geometry as the samples was counted over a weekend to
determine the background counts. The counting times were long enough to achieve below
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10%2c counting error [6.29-6.31]. The ?*°Ra were measured through the gamma transitions of
their progenies; 2'*Pb (295.21 and 351.92 keV) and '“Bi (609.31 keV, 1120.29 keV and
1764.49 keV). Meanwhile, >!°Pb was measured directly via energy 46.5 keV peak and *’Cs
was measured directly via energy 661.62 keV peak [6.28, 6.29, 6.32]. The sample activities
were calculated using the equation reported by Yang et al. [6.28] and Chen et al. [33]. The
minimum detectable activity (MDA) for the radionuclides of interest was: *°Ra (1 Bq/kg),
210pp (5 Bg/kg) and '*7Cs (1 Bg/kg). The reference materials IAEA-Soil-6 and IAEA-412 were
used for quality control evaluation. If measurement values for the reference materials were
within the 95% confidence level (as stated in the certificate), the results of samples will be
accepted.

FIG. 6.5. Radioactivity measurement (from left to right): samples, well detector, gamma spectrometry
system.

6.2.5. Trace elements analysis

Trace elements present in sediment samples were analysed using two different methods, i.e. by
NAA or EDXRF. To perform NAA analysis, duplicate samples of ~0.1 g powdered sediment
aliquots were weighted in polyethylene vials and heat sealed (Fig. 6.6). IAEA-Soil-7 reference
material was used as quality control material. All samples were placed into a rotating rack
inside a pneumatic transport facility and irradiated up to 6 hours with thermal neutron flux
(4.0x10'2 n cm 2 s7!) produced by Malaysian Nuclear Agency’s TRIGA Mark II research
reactor. Before counting the irradiated samples using a Gamma Spectrometry System, the
samples were allowed to cool for duration between 2 to 4 days (first counting), or 3 to 4 weeks
(second counting). Table 6.2 shows the radioisotope counted and their properties for different
elements [6.34-6.35].

TABLE 6.2. NEUTRON ACTIVATION ANALYSIS (NAA) RESULTS (Adapted from
[6.66])

Element Radioisotope Half-life Energy (keV) y-ray

Cr SICr 27.8 days 320
Fe FFe 45.1 days 1099,1292
Ba B1Ba 11.5 days 496
Zn 65Zn 244 days 1115
As TAs 26.4 hours 559
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The gamma-ray detector used for the NAA analysis was a closed end coaxial 3” x 3” HPGe
detector connected to a multichannel analyser that was previously calibrated from low to high
energies by using a mix standard solution including 2*!Am (59.5 keV), '%Cd (88.1 keV), *’Co
(122.1, 136.5 keV), **Ba (81.0, 303.0, 356.0, 384.0 keV), ¥’Cs (661.7 keV), °Co (1173.2,
1332.5 keV) and %Y (898.0, 1836.1 keV) [6.36-6.37]. The gamma-ray spectrometry counting
process of the irradiated samples, mix standard solution and the reference material were
performed for one hour each. If measurement values for the reference materials were within
the 95% confidence level (as stated in the certificate), the results of samples will be accepted.

FIG. 6.6. NAA metal analysis (from left to right): Samples, neutron irradiation, gamma counting.

Meanwhile, for the elemental analysis using EDXRF, in-house loose powder method was
applied. Approximately 1.0 — 2.0 g ground sample aliquots were placed into a small Teflon
ring cap cup, covered with a 6 pum polypropylene Mylar® to be analysed using a Rhodium x-
ray tube. The reference material SRM 2709a was used as quality control material and
calibration of the method. The results of samples were accepted when the reference material
achieved the 95% confidence level as mentioned in the certificate.

FIG. 6.7. Energy Dispersive X-Ray Fluorescence Spectrometer.
6.2.6. Enrichment factor (EF)

In order to evaluate potential contamination caused by trace elements, the enrichment factor
(EF) was calculated based on the Eq. (3) [6.35]:

(E/R)measure
EF = ——= . (6.
(E/R)cc cq- (6.3)

in which (E/R)measure 1s the concentration ratio between the target element (E) and the reference
element (R) measured in the sample, and (E/R)cc is the concentration ratio in the continental
crust [6.38]. In order to reduce the minerology and particle size variations, trace element
concentrations was normalised using iron (Fe) serving as the reference element [39]. Iron was
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selected as normalisation agent because it was found didn’t correlate significantly with other
trace elements. Iron distribution also being reported not affected by other elements [40]. Since
iron usually present at a relative high concentration naturally, therefore it will not be enriched
very much by anthropogenic sources in estuarine sediment [41-42]. If the element found in the
sediment have EF value less than 2, it is consider originally coming from the lithogenous
materials, otherwise it is coming from the anthropogenic sources [43]. EF values classification
were used according to Ayari et al. [44].

6.3. RESULTS AND DISCUSSION
6.3.1. Particle size analysis

The sediments in all cores are mostly composed of fine-grained particles (Fig. 6.8). In most
core sections, the percentage of silt is higher than the clay, and the clay is higher than that of
sand. Overall, for all the cores, the silt content is around 40 — 70 %, the clay content between
10 — 60 % whilst the sand content around 0 — 40 %. Clay content shows a decreasing trend
from the top towards the bottom of cores SP 02, SP 09 and SP 11 and also from 20 cm onwards
for core SP 01. These trends could be due to the re-suspension of fine particles when the river
water flows through the area. Meanwhile, the silt content shows a slight increase from the upper
section of the core towards the bottom for cores SP 01 and SP 09 (collected upriver areas)
whilst the cores of SP 02 and SP 11 (collected in the estuarine areas) have higher contents of
silt at the upper part of the core. On the other hand, the sand contents are low at the top sections
of the cores SP 02, SP 09 and SP 11 whilst increasing values are observed at the top portions
of core SP 01 (Fig. 6.8). Movement of sand might be related to erosion due to nearby river
activities and also the volume and speed of water flow.

SPO01 SP02 SP09 SP11
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FIG. 6.8. Particle size distribution in sediment cores at study area.
6.3.2. Loss on Ignition

Generally, percentages of organic carbon decrease gradually from the surface sediment towards
the bottom of the core whilst carbonate contents are almost constant (Fig. 6.9). The organic
carbon content in sediment cores SP 01, SP 02, SP 09 and SP 11 at the study site are between
7.7-17.8%, 7.8 —14.3%, 6.1 — 19.9%, 9.5 — 13.0 %, respectively. The organic content for the
estuary cores (SP 02 and SP 11) are comparable with the finding reported by Wan Mahmood
et al. [6.18] of between 4.1 — 13.6 %. Significant correlations (p<0.05) are noted between the
clay percentage and the organic matter in all sediment cores, although the correlation
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coefficients in the cores from Perai River (SP 09, r =0.71 and SP 11, r = 0.90) are higher than
in those from the Juru River (SP 01, r=0.56 and SP 02, r = 0.52).
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FIG. 6.9 Loss on ignition (LOI) in sediment cores at study area.

6.3.3. Radionuclide activities

The activity concentrations for '¥’Cs, 2!°Pb and **Ra in each core are illustrated in Fig. 6.10
and summarized in Table 6.3. The '*’Cs activities are below the detection limit of 1 Bg/kg for
all sediment cores. Meanwhile, >*Ra activity ranges (Bq/kg) are highly variable among cores,
with highest values observed in the cores collected upriver (Table 6.3). These values are higher
than those found in sediment cores from previous studies in Asia (e.g. the Economic Exclusive
Zone of the east coast of Peninsular Malaysia, 16 — 46 Bq/kg [6.45], east coastal area of
Peninsular Malaysia, 46.2 — 121.5 Bg/kg [6.46] and Vietnam coast, 23.1 — 40.2 Bq/kg [6.47]),
or elsewhere (e.g. Gulf of Mexico, 11.8 —97.3 Bq/kg [6.48]; Estuary of Coatzacoalcos River,
15.57+1.4 Bg/kg [6.49]; Santos - Cubatio drainage basin, 28.2 — 80.0 Bq/kg [6.50]), but much
lower than values reported for Krka River estuary (45 — 662 Bg/kg [6.51]). A single factor
ANOVA analysis revealed that ?°Ra activities are significantly different among cores: SP 01
(97.0+£32.8 Bg/kg) = SP 11 (79.3+£6.8 Bg/kg) > SP 02 (53.9+£9.9 Bq/kg) =SP 09 (57.5+26.1
Bqg/kg).

Cores SP 01 and SP 09 (both collected upriver) show high variability of 2?Ra activities (Fig.
6.10) which could be due to the input of radioactivity from the mainland, likely due to human
activities, for instance, the use of high phosphate content fertiliser in agriculture. Transported
radionuclides eluted from soil and contained in dry and wet atmospheric precipitation (*!°Pb)
are deposited together onto sediment [6.52]. Ra-226 was found to have poor correlation with
the particle size fraction or organic matter content. Only in the two upriver cores are **°Ra
activities correlated with clay percentage (SP 01, r = 0.44 and SP 09, r = 0.65, p<0.05) and in
SP 09 there is a significant correlation with organic matter (r = 0.92, p<0.05) (Table 6.4). This
could be because the inner river sediment received more input of >’Ra from the mainland due
to soil erosion, and as radium is soluble in water, as fluvial sediments reach the estuarine zone,
radium isotopes desorb owing to ion exchange competition with the major cations present in
seawater [6.53].Activities of 2!°Pb are also higher than those previously reported in the region
such as at Linggi River Estuary (south west Peninsular Malaysia), 37.9 — 176.2 Bq/kg [6.18],
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at Kuala Muda area (north west Peninsular Malaysia), 11.9 — 78.8 Bq/kg [54] and at Brunei
Bay, 2.6 — 32.3 Bq/kg [6.12]. Again, the single factor ANOVA analysis revealed that there are
significant differences between cores for the 2!°Pb activities among all cores in this study: SPO1
(154.7£51.5 Bg/kg) = SP 11 (159.2+23.1 Bqg/kg) > SP02 (100.2+20.0 Bqg/kg) = SP 09
(100.9+54.1 Bg/kg).

The activities of 2!°Pb are mostly higher than >°Ra along all cores, and the equilibrium between
both radionuclides was only achieved at cores SPO1 and SP09. The >!Pbex (excess 2!°Pb)
activities were obtained by subtracting the 2?°Ra values from 2!°Pb activities (Table 6.3). Pb-
210ex activities are significantly (p<0.05) correlated with organic carbon content (r=0.76 in SP
01; r = 0.74 in SP02; r= 0.87 in SP 09: and r = 0.79 in SP 11. Also, significant (p<0.05)
correlations are observed between 2!°Pbex and clay content in most cores (with r = SP 02: 0.67,
SP 09: 0.73 and SP 11: 0.78). It has been shown that 2!°Pb may be associated with biogenic
particles and high 2!°Pb activities may be derived from the lithogenic (detrital) inclusion [6.55].
Lead-210 is easily attach to particle and is readily captured by organic matter and clay size
particles [6.56], although under anoxic conditions, 2!°Pb moved back into the water bodies
[6.57].
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FIG. 6.10. Activity concentrations of *’Cs, ?'’Pb and **°Ra in sediment cores at study site.

The logarithmic values of 2!°Pbey activity depth profiles in all cores show significant departures
from linearity (Fig. 6.11), characteristic of a profile resulting only from radioactive decay, in
aquatic environments where steady state sedimentation process occur. In most cases, such
divergences could be the result of strong variations in the sediment accumulation process,
sediment sources and mixing [6.58]. As previously described, 2!°Pbey activities in the cores of
this study are strongly influenced by the organic matter content and differences in grain size.
In addition, the uppermost 20 cm segment in core SP 01 showed 2!°Pbex activities decreasing
upward near the surface, which could have resulted from the accumulation of >!°Pbex-depleted
(older) sediments, from the dilution of 2!°Pbex activities by high sediment loads, or from the
accumulation of sediments from a different source (as suggested by the changes in particle size
distribution) (Fig. 6.8); whereas between 20 and 40 cm depth, where 2!°Pbex activities are
almost homogeneous, the sediments might be mixed, although, looking at the high ?*Ra
activities in this segment, likely this core segment accumulated sediments from a different
source. Core SP02 showed almost homogenous 2'Pbex activities in the upper 30 cm
(corresponding to increasing values of silt (Fig. 8)) and a slump deposit between 30 and 50 cm
depth, characterized by coarser sediments (Fig. 6.8); the sediments in the uppermost ~12 cm
segment of core SP 09 seems to have been transported from a difference source (as indicated

88



by the higher 2?°Ra activities and high content of clay) and !°Pbex activities near the surface
are nearly homogenous.

The 2'°Pbex activities were normalized by the clay content and organic matter in the cores, with
the purpose to evaluate if the 2'°Pbex profile could be improved; however, results are not
satisfactory. Nonetheless, despite all the complex features observed in the 2!Pbey activity depth
profiles, all of them showed significant (p<0.05) dropping trends with depth, with high slope
values, which would account for high accumulation rates [6.59]; although, owing to the non-
monotonic 2!°Pbex depth profiles, it is very difficult to derive an age model from them.
However, attempts are made to approximate a preliminary mean sedimentation rate for each
core, by using the constant rate-constant sedimentation (CF:CS) model [6.60], which assumes
a constant 2!%Pbex flux to the sediment surface and a sediment cumulative rate [6.17]. Thus, the
logarithm of excess 2!°Pb (In 2!°Pbex) data obtained in this study was plotted against the depth
of sediment core; and the slope of the regression between both variables was used to estimate
the mean sediment accumulation rate (SAR, in cm/y). The mean SAR values obtained (Table
6.3) ranged from 0.94+0.11 cm/y in SPOI to 2.70+0.68 cm/y in SP02. The highest value
recorded at station SP 02 corresponds to the estuarine area of Juru River, reportedly affected
by heavy loads of waste water discharges [6.21].

The mean sedimentation rate interval from in this study of 0.94 — 2.70 cm/y are comparable to
those reported by Joseph et al. [6.12] for Brunei Bay where the sedimentation rates ranged
between 0.47 —2.13 cm/y and higher sedimentation was attributed to rapid urban and industrial
development. The study results are also comparable to the sedimentation rates found at Linggi
River estuary between 0.70 — 1.97 cm/y [6.61]. However, the sedimentation rate found in this
study is higher than some other areas as reported by Cheevaporn et al. [62] at Bang Pakong
River, Thailand (0.47 — 0.72 cm/y), and by Xu et al. [6.63] at Nile River Delta, Egypt (0.42 —
0.56 cm/y).

TABLE 6.3. RADIOACTIVITY CONCENTRATIONS OF ***Ra, *'°Pb, THEIR RATIOS
AND SEDIMENTATION RATE AT STUDY SITE

. Activity concentration (Bq/kg dw.) Sedimentation
Sampling Pb-210 excess .
Station (Bq/kg dw.) accumulation rate
137Cs 226Rq 210Pb (cm/y)
SP 01 <MDA 54.0 -209.9 78.8—-241.0 5.9-142.0 0.94 +£0.11
SP 02 <MDA 36.0—74.3 56.5-129.9 8.4-79.3 2.70 +0.68
SP 09 <MDA 35.8-131.0 62.5-250.3 104 -1314 1.79 + 0.49
SP 11 <MDA 66.8 —90.6 121.4-193.9 50.6 —115.1 1.15+0.14

TABLE 6.4. SUMMARY OF CORRELATION ANALYSIS OF RADIOACTIVITIES
CONCENTRATIONS WITH THE PERCENTAGE OF ORGANIC MATTER AND
PARTICLE SIZE FRACTIONS IN SEDIMENTS FROM JURU AND PERAI RIVERS,
MALAYSIA
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Correlation coefficient (r)

Station Element
Organic (%) Clay (%) Silt (%) Sand (%)

210pp 0.56 0.44 0.11 -0.45
SP 01 226Ra -0.02 0.44 0.05 -0.41
10Phx 0.76 0.21 0.11 -0.25
210pp 0.65 0.53 0.56 -0.63
SP 02 226Ra -0.11 -0.23 0.02 0.10
210pp,, 0.74 0.67 0.57 -0.71
210pp 0.93 0.72 -0.45 -0.36
SP 09 226Ra 0.92 0.65 -0.41 -0.33
20pp,., 0.87 0.73 -0.46 -0.37
210pp 0.70 0.69 0.34 -0.77
SP 11 226Ra -0.09 -0.07 0.12 0.00
20pp,., 0.79 0.78 0.34 -0.85

1313

Note: r values in Bold are significant at 95%, “-* value indicate negative correlation.
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FIG. 6.11. Sedimentation rates in core sediment at study site.
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6.3.4. Trace elemental concentrations

Table 6.5 summarizes the concentration of the trace metals As, Ba, Cr, Fe and Zn in the study
area. Arsenic (As) concentrations in all the cores are less than 50 ng/g, whilst Ba, Cr, Fe and
Zn have maximum concentrations higher than 100 pg/g. Overall, the concentration ranges for
As, Cr and Zn in this study are higher than those reported by other researchers in the same
area/region. For instance, a study at Juru River conducted by Wood et al. [6.64] reported a
range from 0.90 — 12.3 pg/g (As), 7.0 — 77.7 pg/g (Cr) and 36.7 — 83.7 ng/g (Zn); whereas Zn
concentrations are also higher than those (2 — 483 ppm) reported for surface sediment by Lim
and Kiu [6.65] at the same river. Analysis of metal concentration in surface sediment collected
along the Juru River indicated that contaminants are released from a diffuse source upstream
from the sample sites, as reported by Yii et al. [6.66]. A study conducted by Cheevaporn et al.
[6.62] reported a maximum of 61pg/g for Zn and 14 pg/g for Cr found at Bang Pakong River,
Thailand.

TABLE 6.5. CONCENTRATIONS AND ENRICHMENT FACTOR (EF) RANGES OF
POTENTIALLY TOXIC ELEMENTS (ug g!) IN SEDIMENT CORES FROM JURU AND
PERAI RIVERS, MALAYSIA

Element CC! Location Concentration Range?  Concentration Range? EF range
5.7-14.7
SP 01 9.7-25.9(15.7) (11.3)
SP 02 10.2—24.0 (14.5) 6.8 ~17.5
(10.0)
As 1.7
SP 09 - - -
6.6-19.6
SP 11 9.2-23.9(18.0) (13.2)
SP 01 211 -390 (280) - 0.3-1.2(0.6)
SP 02 179 -383 (277) - 0.4-0.8 (0.6)
Ba 584
SP 09 - 193 — 583 (420) 04-1.5(.1)
SP 11 319 -466 (397) - 0.7-1.1(0.8)
SP 01 52.8 —100 (74.0) - 0.4-1.1(0.7)
SP 02 91.3-134 (110) - 0.8-1.2(1.0)
Cr 126
SP 09 - 65.3 — 2088 (555) 0.8 -23.5(6.7)
SP 11 84.0 - 129 (107) - 0.7-14(.1)
SP 01 25250 — 52560 (36366) - -
Fe 43200
SP 02 33900 — 42100 (37062) 33047 — 40644 (37353)* -
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Element CC! Location Concentration Range’?  Concentration Range? EF range

SP 09 - 18300 — 33708 (29296) -

SP 11 30970 — 39235 (35125) - -

SP 01 53.6 808 (229) - 1.3-13.5(3.9)

SP 02 84.7 — 648 (252) - 1.6 -10.8 (4.4)
Zn 65

SP 09 - 58.2 — 576 (148) 1.4-12.0(3.3)

SP 11 86.4 — 199 (141) - 1.6-3.82.7)

!CC = Continental crust values as published by Wedepohl in 1995 [38].

2Determined by Neutron Activation Analysis (NAA)

3Determined by Energy dispersive X-ray fluorescence (EDXRF) spectrometry
“*Concentrations of Fe for core SP 02 were determined using both NAA and EDXRF techniques
for comparison.

Note: Values given in the parenthesis are the average values

Correlations of elemental concentration with organic matter and particle size are summarized
in Table 6.7. The zinc concentrations in all cores are significantly correlated (p<0.05) with
organic matter content (r = values of 0.87 in SP 01, 0.71 in SP 02, 0.93 in SP 09, and 0.74 in
SP 11). The correlation between zinc with clay content is also significant (p<0.05), with r
values 0f 0.59 in SP 02, 0.69 in SP 09, and 0.74 in SP 11. This observation implies that organic
matter, attached to finest particles of clay, is the predominant carrier of zinc to the sediments.
Iron (Fe) also shows significant correlation (p<0.05) with the clay content in three of the cores
(r = values of 0.59 in SP 01, 0.54 in SP 02, and 0.65 in SP 11). Meanwhile, no significant
correlations are observed among arsenic, barium and chromium with the organic matter or
particle size fractions.

6.3.5. Enrichment factors

The enrichment factors obtained in this study (Table 6.5 and Fig. 6.12) indicated that sediments
are enriched by arsenic in the entire cores collected from SPO1, SP02 and SP11 (moderate
severe to severe levels); by zinc at all four cores (from moderate to severe level at the top
portion of the cores, but at minor level and/or not enriched down core) and by chromium only
in core SP 09 from 10 cm onwards until the bottom. Meanwhile, no enrichment is observed by
barium in all four cores.

At Juru River, for core SP 01, the EFs of arsenic showed severe enrichment throughout most
of the sediment core especially at the bottom part of the core. Arsenic concentrations can be
categorized from moderately severe to severely enriched. Barium and Cr showed no
enrichment throughout the whole sediment core. On other hand, Zn shows an attractive profile
which varied from severe enrichment at the top portion of the core down to minor and/or no
enrichment at the bottom after 20 cm core depth. The enrichment factor values for Zn ranges
from 13.5 down to 1.1 (average, 3.8). Meanwhile, for core SP 02, arsenic shows severe
enrichment at the centre part of the core while the top and bottom portions of the core are
moderately severely enriched with an average EF value of 10.0. The Zn profile up to the depth
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of 30 cm shows moderately severe enrichment while the lower part of the core had minor and/or
no enrichment. Once again, Ba and Cr showed no enrichment in this core.

On the other hand, cores at the Perai River, at station SP 09, zinc varies from severe enrichment
at the top part of the core down to minor and/or no enrichment at the bottom after 10 cm core
depth. Chromium shows a very fluctuating profile with enrichment found throughout the core
except at the top portion of the core and in some layers, this element is severely enriched.
Barium remains not enriched throughout the core. Lastly, at station SP 11, arsenic shows an
increasing trend of enrichment from moderate severe to severe moving down the core. Zinc is
moderately enriched at the top half of the core but has no enrichment at the bottom half.
Meanwhile, Ba and Cr remain not enriched throughout the core.

In summary, the EFs obtained for the element concentrations in the sediments from the two
rivers are comparable (Table 6.5). The most relevant difference is the high EF by Cr observed
in the upriver area of Perai River. The Perai Industrial area is densely populated and is
comprised of many heavy industries, and the most possible sources of pollution might be
coming from agriculture, sewage and manufacturing industries emissions [6.67]. Another
possible source of arsenic pollution could be due to the use of arsenical herbicides in plantations
along the river [6.68]. Electroplating, leather tanning, and textile industries release, as well as
leaching from topsoil and rocks could be the potential source of chromium at the study side
[6.69]. High zinc content found in the river could be contributed by the widely used zinc foil
roofing for houses and restaurants along the river.
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TABLE 6.7. SUMMARY OF CORRELATION ANALYSIS OF TRACE ELEMENT
CONCENTRATIONS WITH THE PERCENTAGE OF ORGANIC MATTER AND
PARTICLE SIZE FRACTIONS IN SEDIMENTS FROM JURU AND PERAI RIVERS,
MALAYSIA

Correlation coefficient (r)

Station Element
Organic (%) Clay (%) Silt (%) Sand (%)
As 0.32 0.22 -0.09 -0.13
Ba -0.05 0.00 0.24 -0.14
SP 01 Cr 0.46 -0.10 -0.17 0.19
Fe 0.69 0.59 -0.12 -0.43
Zn 0.87 -0.01 -0.05 0.04
As -0.20 -0.31 -0.45 0.45
Ba -0.21 -0.37 -0.20 0.31
SP 02 Cr -0.09 0.34 0.26 -0.34
Fe 0.31 0.54 0.59 -0.66
Zn 0.71 0.59 0.66 -0.73
Ba -0.01 0.03 -0.15 0.09
Cr -0.47 -0.30 0.03 0.28
SP 09
Fe 0.10 0.13 0.24 -0.33
Zn 0.93 0.69 -0.43 -0.35
As -0.59 -0.57 -0.30 0.65
Ba 0.26 0.31 0.27 -0.42
SP 11 Cr 0.07 0.04 0.06 -0.07
Fe 0.67 0.65 0.37 -0.76
Zn 0.74 0.74 0.19 -0.74

(T3]

Note: r values in Bold are significant at 95%, “-*“ value indicate negative correlation.
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6.4. CONCLUSION

During dry season, at the Perai Industrial Area, two sediments cores were collected from both
two main rivers (Perai and Juru river) adjacent to the area. These cores were analysed using
three nuclear techniques, in order to determine the sediment accumulation rates and to assess
the enrichments by arsenic, barium, chromium and zinc at the study area. Concentrations of
arsenic, barium, chromium and zinc were quantified using Neutron Activation Analysis (NAA)
technique and complimented with Energy Dispersive X-ray Fluorescence Spectrometer
(EDXRF). By using the gamma spectrometry system, 2!'°Pb and ??°Ra activity profiles were
established for each individual core; unfortunately, due to the complexity of the excess 2!°Pb
activity profiles found in this study and lack of supporting '3’Cs activity profiling, an accurate
age model was not able to be produced from them. However, preliminary apparent sediment
can still be calculated and found to be between the range of 0.94 — 2.70 cm/y with the core
collected from the Juru River’s estuary giving the highest sedimentation rate. The level of trace
element enrichment by As, Ba and Zn was comparable among the cores from Perai and Juru
rivers; but significantly higher Cr was found upriver at Perai River. Considering that high
enrichment levels of As, Cr and Zn observed in the area, further monitoring and mitigation
strategies for trace element contamination are needed.
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Abstract

The study was conducted on coastal areas of Ha Long Bay, the north-west part of the Gulf of
Tonkin (Vietnam). The aim of the study was to find suitable dating method in using 2!°Pb and
137Cs techniques for sediment chronology, and to evaluate the temporal trends of heavy metals
and nutrients inputs into the Bay during the last century. Two sediment cores were taken and
analysed for excess 2!°Pb and '*’Cs. Several ?!°Pb dating models were applied for sediment
chronology, and it was found that the CIC model would not be suitable for dating the cores.
CF:CS model was also found not applicable to either of the cores as a whole because the model
would give results with large uncertainties. CF:CS model, however, could be applied to
estimate initial 2'°Pbex concentration and the missing 2!°Pbex inventory below the bottom layer.
CRS model was used in combination with the use of *’Cs fallout peak as an independent
reference date. With the assumption that fallout '*’Cs in sediments was not redistributed by
post-depositional processes, the use of the 1964 date for the *’Cs fallout peak for correcting
CRS model data could be the most suitable for dating of the two cores. Sedimentation rates in
the survey area were found in the range from 0.17 to 1.08 g cm? y™!' (0.17 to 1.75 cm yr™!). The
sedimentation rate in the Bay has been increasing in recent years, possibly could be due to
agricultural and coal mining activities as well as urbanization along the coast. Coastal
sediments were found to be below regulatory standards for heavy metal concentrations.
However, TOC, N, and P profiles show increasing concentrations trend since 1990 onward,
which could be due to increased agricultural activities in the continent along the Bay’s coast.

7.1. INTRODUCTION

The marine environment in many areas of the world, including Vietnam, is facing many
challenges and threats, aggravated by the increasing coastal population and growing coastal
economic activities [7.1]. Many coastal estuaries are polluted by wastewater discharged from
industrial parks and urban areas [7.2-7.3]. Chemical and heavy metal pollution is one of the
dangers to the habitats of invertebrates, fish and humans [7.4].

The Ha Long Bay, located in the north-west part of the Gulf of Tonkin, is a UNESCO World
Heritage Site and a popular travel destination. The Bay has an area of about 43,400 ha and over
1600 islands and islets, most of which are uninhabited and unaffected by humans [7.5]. In
recent years, the Bay is threated by high levels of pollution. Tourism growth and industry have
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resulted in water contamination and solid waste accumulation, damaging the ecosystem and
affecting visitor experience [7.6]. The landscape of the Bay is devastated by many negative
impacts, one of which is the shallowing of the Bay. Along the Bay’s coast, there are large scale
open-pit coal mines with large amount of waste soil and rock materials, most are dumped near
the mining sites on the top of the watersheds. Due to large steep terrains on the dumping sites,
the risk of landslides and mud flooding is very high, often threatening the neighbouring
residential areas and directly affecting the Bay’s coast [7.7].

Nuclear techniques and isotopic techniques have been widely used to study the accumulation
and transport of pollutants in and through the marine environment. The excess 2!°Pb technique
has been recognized and applied to evaluate the sedimentation rate. In addition, the *’Cs
technique has also been used to verify the age of sediments determined by the 2!°Pb technique.
The combination of the excess 2!°Pb with !*’Cs techniques has become popular and has played
an important role in determining the sedimentation rate of modern sediments over the past 100
years. Based on the sedimentation rate over time, it is possible to reconstruct the history of
heavy metal pollution and other pollutants [7.8-7.12].

Previous studies (Fig. 7.1) showed that tidal flats in the north of Vietnam were impacted by
land-ocean interaction processes and human activity [7.13-7.15]. The flats were experiencing
erosion in some parts and accretion in others, and the sedimentation rates were in the range
from 0.14 to 3.04 cm yr' [7.13]. The sediment core taken in Ha Long Bay coast (core MC3 in
Fig. 7.1) had low sedimentation rate, averaging 0.14+0.11 cm yr'!' [7.13]. In the central water
area of the Ha Long Bay, two sediment cores (HP16 and HP 21 in Fig. 7.1) were taken to the
depths of 27 cm (HP16) and 62 cm (HP21) by a piston corer [7.14]. Sediment rates were
calculated using the 2!°Pb and '*’Cs techniques, and were found to be in the range of 0.41 -
0.75 cm yr'! [7.14]. In another study, sediment cores at the estuary of the Binh Huong River,
which discharges to the Ha Long Bay, and one sediment core at the area near the harbour of
Cam Pha (QL in Fig. 7.1), were collected [7.15]. Results showed that the sedimentation rates
ranged from 0.3 to 1.2 cm yr”!' with an average of 1.0 cm yr™! [7.15].

Nevertheless, the use of nuclear and isotopic techniques in environmental studies in Vietnam
is still in the initial stage, and the advantages of these techniques for real environment problems
in Vietnam are not yet fully exploited. Most previous studies in Vietnam were not paying due
attention to influencing factors such as sedimentation process and dynamics of the study area,
so the criteria for sampling location selection and sampling techniques as well as models for
calculating sedimentation rate have not been fully studied.

The aim of this study was to find a suitable dating method using 2!°Pb and '*’Cs techniques for
sediment chronology, and to evaluate the temporal trends of heavy metal and nutrient inputs
into the Bay during the last century.

7.2. MATERIAL AND METHODS

New approaches to sediment sampling have been adapted. The sampling site was chosen in the
undisturbed by modern human development coastal area. Fig. 7.1 depicts a map of the study
area in which the sampling locations of past research [7.13-7.15] are also shown. The sampling
sites were designed with the aim to elucidate the influence of the openings to and out the Bay
to the sedimentation process. Two sediment cores were taken in March 2019 using a 6 cm
diameter transparent acrylic corer.
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FIG. 7.1. The study site (base map source: 1:10000 scale Vietnam digital map).

The sediment cores were cut into slices of 2 cm in the field. Sliced samples were analysed for
210pb and 2%°Ra to determine the excess 2!°Pb (*'Pbex = 2!°Pb — ?2°Ra) and for *’Cs. Sliced
samples were also analysed for heavy metals, N, P and TOC as described in [7.15]. 2!°Pbex
values were used to determine the sediment age for each core by the following steps:

(a)Using the Constant Flux Constant Sedimentation Rate (CF:CS) model to determine
the mean sedimentation rate. This model is based on two assumptions: the mass accumulation
rate of each layer is constant and the 2!°Pbex flux to the sediment surface is also constant. When
these are met, 2!°Pbex concentration would decrease exponentially with increasing mass depth
by the following equation [7.12]:

InCi=InCo—2m (7.1)
Where:
Ci: !%Pbex concentration in layer i (Bq kg™!);
Co: initial 2!°Pbex concentration when layer i is formed (Bq kg™');
r: mass accumulation rate (kg m? yr'!);
\: 21°Pb disintegration constant (0.03114 yr!);
m;: mean mass depth of layer i (kg m™).

By graphing in MS Excel the In(?!°Pbex) versus accumulated mass depth, the trend line

equation in the form of y = a + bx gives Co=¢% and r=-A/b [7.12].

(b)Applying CF:CS model for the segment of surface layers to estimate initial >'Pbex
concentration Co [7.12]. Using Constant Initial Activity (CIC) model that is based on the
assumption that sediments have a constant initial *'°Pbex concentration Co regardless of
accumulation rate. The age of each sediment slice is calculated the by the following equation
[7.12,7.16]:

N _ 1, Co
t(i) =< lnc—i (7.2)

Where t(i) is time elapsed since formation of layer (i) (Bq m™).

(c)Applying CF:CS model for the segment of bottom layers to estimate the missing
210Pbex inventory A(j) below the bottom layer [7.12]. The core 2!°Pbex inventory (Bq m™) A(0)
is calculated by summing the inventory from the accumulated deposit to the incomplete core
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bottom and A(j) [7.12]. Using Constant Supply Rate (CRS) model that is based on the
assumption that the rate of deposition of 2!'’Pbex from the atmosphere to the sediment surface

is constant. The age of each sediment layer is calculated the by the following equation [7.12,

7.16]:
1, A0
() =3 n% (7.3)
Where A(i) is accumulated >'°Pbex deposit below layer (i) (Bq m™);
(d)Using the Composite model [7.16] to correct >!°Pb dating by CRS model results if
reference dates are known. In this study, the '*’Cs fallout peak has been tried to use as an

independent reference date.

(e)Determining the mass accumulation rate and sediment accumulation rate for each
sediment slice.

7.3. RESULTS AND DISCUSSIONS

Fig. 7.2 shows 2!°Pbex and '*’Cs activities versus depth in the cores VD01 and VD02. The first
core VDO1 was taken from a shallow water depth of 1.6 m and had length of 60 cm. The VD02
core was taken from a deeper water depth of 3.5 m and had length of 38 cm. In both cores,
210pbex concentrations vary irregularly with depth. In VDO1 they are relatively constant
throughout the uppermost 20 cm of the core. Below that there is a significant non-monotonic
feature between 24-34 cm. At greater depths the decline in 2!°Pbex concentrations is more
regular, though a steady increase in the gradient suggests a significantly lower sedimentation
rate towards the base of the record.

It is evident from these observations that the CIC and CF:CS models are not applicable to either
of the cores as a whole. The ?!°Pbex concentration profiles do not decrease monotonically and
the application of CIC model by equation (7.2) would give deeper layers with higher
concentrations younger ages than the underlying layers [7.12]. The natural logarithmic graphs
of 2!%Pbex against accumulated mass are also not linear, and the CF:CS model would give results
with large uncertainties. CF:CS model, however, could be applied for linear segments such as
the segment of surface layers to estimate initial '’Pbex concentration, and the segment of
bottom layers to estimate the missing 2!°Pbex inventory below the bottom layer [7.12]. Fig. 7.3
shows the results of applying the CF:CS model to the record below 50 cm of core VD01, which
suggests a basal sedimentation rate (from the 1930s through to the early 1940s) of 0.31+0.01
g ecm? yr! (0.43 cm yr'!). Similarly, the CF:CS model for the section below 25 ¢cm of core
VD02 gives a sedimentation rate of 0.21£0.02 g cm? yr! (0.24 cm yr!). The missing 2!°Pbex
inventory A(j) below the bottom layer of each core was also derived from the regression
equation (Fig. 7.3) and was used in CRS dating model by equation (7.3).
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FIG. 7.3. Results of applying the CF:CS model to the record below 50 cm of core VD01 and below
25 em of core VDO02.

137Cs dating technique has been used widely for independent validation of the 2!°Pb chronology
[7.16-7.18]. In this study, it is assumed that fallout '*’Cs in sediments was not redistributed by
post-depositional processes such as human activities, diffusion within pore-waters, and only a
small portion of 1*’Cs concentration has been diffused downward. Fig. 7.2 demonstrates that
the '¥’Cs concentrations in VD01 have a broad but reasonably distinct peak between 36-44 cm
that may record the early 1960s fallout peak from the atmospheric testing of nuclear weapons
[7.17]. Assuming a date of 1964 for the '3’Cs fallout peak at depth 41 cm, this feature suggests
a mean post-1964 sedimentation rate of 0.57 £ 0.10 g cm? yr!' (0.74 cm yr'). The *’Cs
concentrations in VD02 also have a high peak at 25 cm, and by assigning a date of 1964 for
the 137Cs fallout peak, mean post-1964 sedimentation rate of VD02 could be estimated as 0.34
+£0.08 gcm?yr! (0.45 cm yrt).

The 2'°Pb inventories suggest >!°Pb supply rates of more than 1000 Bq m2yr! in VDO1, and
around 400 Bq m?2yr! in VDO02. Since these values are many times higher than the probable
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atmospheric flux, and it follows that the dominant processes controlling the 2!°Pb supply are
likely to be sediment transport via focussing or from catchment inputs, the Constant Rate of
Supply (CRS) model needs to be applied with caution, particularly since the record is not
complete. Nevertheless, the raw CRS model dates for VDO1 are in relatively good agreement
with the 1*’Cs record in that they place 1964 at a depth of around 43 cm. The discrepancy is
due to an apparent decline in the 2!°Pb supply rate, from a pre-1960 value of ~1400 Bq m? yr’
! to a post-1960 value of ~1000 Bq m? yr'!. This could be due to a change in the sedimentary
processes delivering 2!°Pb to the core site, or sediment mixing enriching older sediment with
modern 2'°Pb. However, the existence of the non-monotonic >'°Pb feature between 24-34 cm
and maintenance of the '¥’Cs peak between 36-44 cm together suggest that sediment mixing
has had no more than a moderate impact on the radiometric record.

Assuming the *’Cs date to be correct, composite model, or revised CRS model dates for the
post-1964 period can be calculated using the *’Cs date as a reference point [7.16]. The results
suggest that during this period the sedimentation rate has increased from a value of around
0.41g cm™ yr! (0.58 cm yr!) in the late 1960s (a value similar to the basal rate) to a
contemporary value of around 1.08 g cm™ yr! (1.75 cm yr'). Pre-1960 dates are more
problematic, particularly in view of the fact that the core has not captured the complete >!°Pb
record. A reasonable assumption is to suppose that the basal rate determined from the piecewise
application of the CF:CS model to the lower part of the *!°Pb record persisted throughout the
period spanned by this part of the core. The results of these calculations are shown in Fig. 7.4
and Table 7.1. Results of calculations for VD02 follow a similar pattern to VD01 though with
a different timing for the brief episode of accelerated accumulation in the late 20th century
(Fig. 7.4). Table 7.2 gives revised CRS model dates for the second core VDO02. The
sedimentation rate in the Bay has been increasing in recent years, possibly could be due to
agricultural and coal mining activities as well as urbanization along the coast.
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FIG. 7.4. Results of dating and calculations of sedimentation rates by CRS model.
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TABLE 7.1. Pb-210 CHRONOLOGY OF CORE VD01

cm

Depth Chronology

g cm? AD y +

Sedimentation Rate

Date  Age
gem?yr! cmyr! £ (%)

11

13

15

17

19

21

20193 0 0

0.56 2018.7 06 09 1.05 1.74 9.99
1.74 20174 18 1.6 1.08 1.75 8.36
3.04 2016.1 32 2.1 1.07 1.58 8.37
4.44 20146 46 2.6 0.98 1.38 8.36
5.89 2013.0 63 3.1 0.92 1.25 8.37
7.39 2011.1 81 3.6 0.88 1.14 8.38
8.96 2009.1 102 4.2 0.85 1.07 8.39
10.55 20069 123 4.6 0.82 1.02 8.41
12.17  2004.6 14.6 5.1 0.77 0.94 8.44
13.85 2002.0 172 5.7 0.72 0.84 8.45
15.60  1999.1 20.1 6.2 0.69 0.82 8.71

Sedimentation rate (g cm? yr)
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23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

57

59

17.22

18.73

20.29

21.92

23.54

25.17

26.86

28.63

30.21

31.61

33.06

34.58

35.91

37.06

38.26

39.50

40.85

42.34

44.01

19963 229 6.7

1993.7 256 7.1

1991.1 282 75

1988.4 30.8 7.8

1985.7 33.6 8.2

1982.6 36.7 8.5

1978.7 40.6 8.9

1973.8 454 9.2

1968.8 504 6.7

1964.0 553 3.0

1960.2 59.0 5.3

1956.2 63.1 7.0

1952.6 66.6 8.1

1949.6 69.7 89

1946.1 732 9.6

1942.1 77.1 103

1937.6 81.7 10.9

19324 86.8 11.1

1926.6 92.6 11.1

0.70

0.74

0.77

0.75

0.68

0.59

0.51

0.46

0.43

0.41

0.40

0.40

0.39

0.36

0.33

0.32

0.32

0.31

0.28

0.89

0.96

0.97

0.92

0.84

0.71

0.59

0.55

0.58

0.58

0.54

0.56

0.63

0.62

0.55

0.49

0.44

0.40

0.32

9.24

9.47

9.48

9.49

9.53

9.59

9.58

9.54

9.55

9.57

9.79

10.33

10.55

10.56

10.54

10.52

10.49

10.40

7.30

TABLE 7.2. Pb-210 CHRONOLOGY OF CORE VD02
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Depth Chronology Sedimentation Rate
Date Age
cm  gcem? AD y + gem?yr!  cmyr! £ (%)
0 2019.3 0 0
1 0.72 2017.9 1.4 1.6 0.70 0.91 7.46
3 2.23 2015.4 39 2.6 0.78 0.98 6.56



11

13

15

17

19

21

23

25

27

29

31

33

35

37

391

5.55

7.09

8.69

10.36

11.87

13.22

14.62

16.08

17.48

18.82

20.21

21.66

23.28

25.08

26.96

28.91

2012.9

2010.0

2006.8

2003.1

1998.4

1993.2

1988.4

1982.9

1976.4

1969.8

1964.0

1959.1

1952.4

1944.1

1934.7

1924.6

1913.7

6.4

9.3

12.4

16.1

20.9

26.0

30.9

36.3

429

49.5

553

60.1

66.8

75.1

84.6

94.6

105.5

3.6

4.7

5.5

6.4

7.4

8.2

8.8

94

10.0

7.2

3.0

59

8.2

9.9

11.2

12.0

12.0

0.67

0.58

0.53

0.44

0.37

0.36

0.35

0.32

0.32

0.36

0.32

0.24

0.22

0.22

0.22

0.21

0.17

0.80

0.73

0.67

0.54

0.47

0.51

0.51

0.45

0.44

0.52

0.48

0.34

0.29

0.26

0.24

0.22

0.17

7.00

6.75

6.69

7.01

6.81

6.08

5.73

5.66

5.58

5.37

5.36

5.52

5.94

6.63

7.13

7.32

5.22

Table 7.3. Summary of analyses for heavy metals, TOC, N and P. It can be seen that the heavy
metal concentrations in Bay’s coastal sediments are lower than the limits set by the Vietnam
National Technical Regulation on Sediment Quality [7.19].

TABLE 7.3. ANALYSIS RESULTS FOR HEAVY METALS, TOC, N AND P
Cr Co Ni Cu /n As Cd Pb TOC N P
(mg (mg (mg (mg (mg (mg (mg (mg (%) () %)
kg kg') kg kg kg kg') kg') kg
éﬁfﬁge 1182 37.97 41.07 2878 3237 127 082 1478 478 0.08 0.02
Min value 9.13 3277 3046 2258 2009 002 013 810 260 005 0.01
Max value 1734 4485 63.11 4499 5412 289 1.1 2390 991 0.14 0.05
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Safe limits
set by [19]

160

108

271 41.6

4.2

112

Temporal trends of heavy metals inputs into the Ha Long Bay are depicted in Fig. 7.5 (at core
VDO1) and Fig. 7.6 (at core VDO02). It is evident that the concentrations of Cr, Co, Ni, Zn, Pb,
Cu, As and Cd in the Bay sediment have not varied much over the time. It could be concluded
that all heavy metals input into the Bay are from the same source consistently over time.
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FIG. 7.5. Temporal trend of heavy metals input into the Ha Long Bay (at core VDOI).

110



mg kgt mg kg mgkg!
0 10 20 30 40 50 60 0 10 20 30 40 50 60
5020 . 5020 0o 2 4 6 8 10 12
3 % %’xﬁ" 2020
¥, e
2010 * * 2010 9K g
+ X AR 2010
® X . K
2000 'y ¥ 2000 s E [ # 2000
» X * K,
1990 ¥ 1990 INEERS 1990
* * | ¥
— 1980 : 1980 i 1980 .
a * py * * X - ™ *
< H Sie0 b e e
r 1970 * -2 . *fx < 1970 —u- +
. % o ' ANt } o e k)
< 1960 + 2 1960 e % 1060 4 Al
- IRy ‘ Fe * - B
1050 ¢ L 1950 — 1950 % ?
P b o * * X * ¢
1940 - — 1940 T ; 5 1940 :
. X A ERERS + ¢
1930 - i 1530 : H 1930 :
® ¥ * 4 H g ¢
1920 : H: 1920 : S 1920 1=
< X i AdER AN ENENEE ¢ LIl ]
1910 AL LAY T 1910 1910
sesedpere [ wvaniisnn O eevefpees Ni weive /N s Ph o eeeedpeer Cu verrdprer O ssrsdpess A5

FIG. 7.6. Temporal trend of heavy metals input into the Ha Long Bay (at core VD0?2).

Temporal trends of nutrients (N, P andTOC) inputs into the Ha Long Bay are depicted in Fig.
7.7 and 7.8. It could be seen the tendency of low N, P, and TOC values from 1910s to about
1990 and increasing values from 1990s onward. TOC concentrations before 1990 were low,
around 3%, and increased gradually from 1990s onward, reaching a value of about 8-10% in
2016. Trends of increasing concentrations of nutrients from 1990s onward could be the
evidence of booming economic activities in Vietnam after “Renovation”, the economic reforms
starting in 1986 with the objective of creating a "socialist-oriented market economy" [7.20].
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FIG. 7.7. Variation of N, P and TOC concentrations along the depth age of sediment core VDOI.
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7.4. CONCLUSION

Several 2!°Pb dating models were applied for sediment chronology of the two cores taken in
the coastal area of the Ha Long Bay. It was found that the CIC model would not be suitable for
dating these cores due to the 2!°Pbex concentration profiles do not decrease monotonically, and
the application of CIC model would give deeper layers with higher concentrations younger
ages than the underlying layers. CF:CS is also not applicable to either of the cores as a whole
because the natural logarithmic graphs of 2!°Pbex against accumulated mass are not linear, and
the CF:CS model would give results with large uncertainties. CF:CS model, however, could be
applied for linear segments such as the segment of surface layers to estimate initial 2!°Pbex
concentration, and the segment of bottom layers to estimate the missing 2!°Pbex inventory below
the bottom layer.

In this study, CRS model was used in combination with the use of '*’Cs fallout peak as an
independent reference date. With the assumption that fallout '*’Cs in sediments was not
redistributed by post-depositional processes, the use of the 1964 date for the *’Cs fallout peak
for correcting CRS model data could be the most suitable for dating of the two cores. Dating
results of the two Ha Long Bay sediment cores showed that the sedimentation rates in each
core vary, probably depending on sediment flux from the surrounding coastal watersheds and
rivers, and were in the range from 0.17 to 1.08 gcm™ y! (0.17 to 1.75 cmyr'). The
sedimentation rate in the Bay has been increasing in recent years, possibly could be due to
agricultural and coal mining activities as well as urbanization along the coast. Coastal
sediments were found to be below regulatory standards for heavy metal concentrations.
However, TOC, N, and P profiles show increasing concentrations trend since 1990 onward,
which could be due to increased agricultural activities in the continent along the Bay’s coast.
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Abstract

This study presents the 2*3Pu, 23"240Py, and 2*!Pu isotopes activity concentrations in different
coastal compartments of the southern Baltic Sea. Also, *°***°Pu inflow, its inventory in the
Gulf of Gdansk and the Gdansk Basin, as well as the most important sources, are given,
allowing the establishment of the trend in Pu contamination assessment of these areas. The
Baltic Sea organisms of different taxonomy or trophic levels did not accumulate plutonium to
the same extent. The highest amount of 2***?°Py existed in the middle parts of sediments, came
from global atmospheric fallout and occurred in the mobile, connected to carbonates, fraction.
Opposite, the most considerable amount of >*!'Pu appeared in the surface layers of sediments
and came from the Chernobyl accident. The Vistula and the Odra River were significant
sources of plutonium in the southern Baltic Sea. Annually in 2002 and 2003, the Vistula River
enriched its estuary in 10.3 MBq ***Pu, 89.0 MBq ****?*°Pu and 1.65 GBq of >*'Pu. The annual
inflow of 238Pu, 239*24°Py, and 2*'Pu with the Odra River in 2002 and 2003 to the Pomeranian
Bay was 9.51 MBq, 45.86 MBq and 0.62 GBgq, respectively. The total 2*?*Pu activity
deposited in the Gulf of Gdansk and the Gdansk Basin sediments was estimated at 1.18 TBq
and 3.77 TBq. Based on the calculations and data available in the literature, the sediments of
both regions were highly enriched with plutonium — the sediments of the Gulf of Gdansk and
the Gdansk Basin contained 6.4% and 22.0% of 2*****°Pu deposited in whole Baltic Sea
sediments, whereas their areas constituted only 1.2% and 4.4% of its total area.

8.1. INTRODUCTION

The Baltic Sea is a small, shelf and mostly enclosed sea with limited water exchange, very
sensitive to human activities. The large amount of radioactive substances produced by human
use of nuclear power is a significant current and future concern, not only when related to the
Baltic Sea. Plutonium is one of the most significant transuranic elements found in the
environment as 23®Pu, 2*°Pu, 24°Pu and ?*'Pu [8.1, 8.2]. The key plutonium sources in the Baltic
Sea have been: global atmospheric fallout from the high-yield nuclear weapon tests and the
Chernobyl accident. At present, the contribution of the global fallout is much smaller and
equals about 1 GBq per year, while the Chernobyl accident needs to be taken into consideration
in risk assessment on the environment [8.1, 8.3, 8.4, 8.5, 8.6]. The other potential source of
plutonium has been the releases from spent fuel facilities in Sellafield (UK) and Cap de la
Hague (France). However, they seem less important — the North Sea inflows to the Baltic Sea
through the Skagerrak and the Kattegat are short-term, every few years, and rarely reach the
Stupsk Narrow [8.7, 8.8]. Atmospheric fallout after the Chernobyl accident appears to have
more importance as it resulted in plutonium emission of around 30 TBq of 2**Pu, 61.5 TBq of
2399pu+240Py and 5 PBq %*'Pu [8.9].

Marine plants and animals accumulate radionuclides from the aquatic environment [8.10, 8.11].
Thus, it is essential to determine radionuclides accumulation in living organisms and the
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potential transfer to the human body. The highest plutonium activity concentrations in marine
ecosystems were found in sediments, but its complex biogeochemical cycle caused it to be
present in all environment compartments [8.1, 8.3]. Many studies suggested the possible
increase in both the plutonium concentration in the southern Baltic Sea and its bioavailability
in the marine food chain as a result of desorption from sediments and subsequent accumulation
in benthic organisms [8.8, 8.12, 8.13, 8.14, 8.15, 8.16].

The work summarizes the results of the studies on activity determination of the most important
a-emitting plutonium isotopes (***Pu and ****2*°Py) as well as B-emitting 2*'Pu in the southern
Baltic Sea as well as inflowing river using the alpha spectrometry and accelerator mass
spectrometry techniques as valuable tools to achieve comprehensive data on the presence of
anthropogenic contaminants in the specific marine system, namely the southern Baltic Sea.

8.2. MATERIALS AND METHODS
8.2.1. Sampling

Seawater samples were collected in 1987 and 1999 throughout the southern Baltic Sea: Gulf of
Gdansk (Gdansk seaport), Gdansk Deep, Pomeranian Bay and open sea near Ustka. After
collection of 100-300 L of seawater, the samples were filtered using pre-weighed membrane
filters of 0.45 pum (suspended forms) and 0.23 um (colloidal forms) pore diameter. The
sediments cores were collected from the Vistula River confluence, the Gulf of Gdansk, the
Gdansk Deep and the Bornholm Deep. Sediments were collected with Niemisto sampling tool
to get clear, untouched cores. Surface sediments were cut: 1-10 cm layer every 1 cm, 10-30 cm
every 2,5 cm, over 30 cm every 5 cm. Phytoplankton was sampled by vertical hauls and
trawling using a Copenhagen-type net (20 um mesh diameter). Zooplankton was collected by
vertical hauls using a 505 um mesh Bongo net, a 303 um mesh Hensen net, and a Nansen net
of 202 pum mesh diameter, and. Fish samples from the Gulf of Gdansk were caught by
professional fishermen (Fig. 8.1).

Jl

Samplmg 5|tes.

® seawater

@® sediments

® bentos and plankton
fish

: y ] 7 i 2J" S/TFF Data © BSHC, Dats © GEBCO
FIG. 8.1. The Southern Baltlc Sea and the locations of the Samplmg sites [base map from
http.//data.bshc.pro/].
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8.2.2. Radiochemical analysis and plutonium measurements

All samples were spiked with a known amount of 2**Pu. The separation and determination of
plutonium in water samples were carried by methods that exploit the ability of radionuclide to
co-precipitate with MnOz. The sediments and biological samples were mineralized in HNO3
and further separated and purified on Dowex anion exchange resins. Finally, the plutonium was
electrolyzed on steel discs [8.17, 8.18]. The chemical yield varied from 50% to 90%.

Plutonium 2*®Pu and 2°*2%°Pu activity concentrations in analyzed Baltic samples were
measured using an alpha spectrometer (Canberra, USA). The determination of >*'Pu in the
samples was done indirectly by measurements of >*! Am ingrowth from the decay of p~-emitting
241py. Previously prepared Pu targets that were a part of earlier work were re-measured after
10-15 years in alpha spectrometer again. All achieved spectra of plutonium alpha isotopes were
compared with the same spectra obtained much earlier, and ?*'Pu activities were calculated on
the sampling date [8.18]. The values of 2*’Pu/**°Pu atomic ratios in some samples were also
measured using accelerator mass spectrometry (AMS). All AMS sources were prepared as
Al/Cu cathode targets containing plutonium with Fe/Al. The targets were measured at CNA
(Seville, Spain) using accelerator mass spectrometry (ETHZ/PSI, Switzerland) equipped with
a 3x3 mm?silicon detector [8.18, 8.19].

8.3. RESULTS AND DISCUSSION

8.3.1. Plutonium isotopes (**¥Pu, 23**24'Pu, and ?*'Pu) activity concentrations in the
southern Baltic Sea ecosystem, as well as their activity and atomic ratios

8.3.1.1. Seawater

The seawater plutonium activity concentration in the southern Baltic changed from east to west.
The greatest concentration was observed in the Pomeranian Bay (small inflows of saline water
from the North Sea every 2-5 years, potentially richer in plutonium from Sellafield NRP
discharges). For example, the total concentration of °*24°Py in the total seawater sample
(understood as unfiltered water) from the Pomeranian Bay was estimated at 150+4 mBqm™,
while in the Gulf of Gdansk it was 5.2+0.8 mBq'm™ (Table 8.1, Fig. 8.2). A significant part of
plutonium was noticed in filtered water (0.22 um filters) as a dissolved fraction and ranged
from 54 to 97 % of its total amount [8.20, 8.21]. Studies on ?*'Pu in the southern Baltic seawater
showed significant growth in a decade after the Chernobyl accident. In 1987 ?*'Pu activity
concentrations were 0.23+0.03 Bq'm? in the water of the Gulf of Gdansk and 0.11 + 0.02 Bqm®
in water from the Gdansk Deep, while in 2000 its activities were 2.57+0.46 Bqm?® in the water
of the Gulf of Gdansk and 2.48+0.04 Bqm?® in the Gdansk Deep (Fig. 8.2). The calculated
values of the 2*8Pu/**24Py, and 2*'Pu/****?*°Pu activity ratios indicated that the plutonium in
southern Baltic water is mainly from the Chernobyl accident transported by river water [8.20-
8.22].
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TABLE 8.1. 233y, 239*24py AND 2*'Pu ACTIVITY CONCENTRATION IN WATER FROM
THE SOUTHERN BALTIC SEA; BDL — BELOW DETECTION LIMIT (4dapted from [8.20-
8.22])

Plutonium Activity Concentration

Water Sample 238py 239+240py 241py
(mBg'm?+SD) (mBq'm3+SD) (mBqm?=+o)

Studies in 1987

Gulf of Gdansk - 1.66 =0.32 0.23 £0.03
Gdansk Deep - 2.08+0.33 0.11+0.02
Studies in 2000

Gulf of Gdansk (seaport)

dissolved 1.5+0.5 2.8+0.7 1.83 £0.09
suspended 0.8+0.2 1.6+04 0.59 £0.04
colloidal - 0.8+£0.2 0.22 £ 0.02
total 23+09 52+08 2.57+£0.46
Gdansk Deep

dissolved 4.1+05 79+0.6 2.19+0.04
suspended 1.2+0.2 2.5+0.2 0.16 £0.01
colloidal 0.4+0.1 0.7+0.1 0.16 £ 0.01
total 57+1.0 11.1£0.6 2.48 £0.04
Stupsk Bank

dissolved bdl 17.1+£23 1.56 £0.55
suspended bdl 3.8+0.9 1.94+£0.12
colloidal bdl 1.1+0.1 0.08 +0.01
total bdl 209+2.5 3.35+0.17

Pomeranian Bay

dissolved 70+3 145+ 4 1.86+0.03
suspended 1.2+0.2 40+04 0.32+0.01
colloidal 60.2+£0.2 1.0+0.2 0.05+0.01
total 71.8+2.8 150+ 4 2.21£0.07

A historical trend of temporal anthropogenic contamination of the seacoast was observed. An
increase of 2*'Pu content would be noticed in other compartments of the Baltic ecosystem (Fig.
8.2). However, the late inflow of plutonium to the Baltic Sea from the catchment area would
impact its presence in the sediments and distribution in organisms of different living habits.
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FIG. 8.2. **'Py in the southern Baltic Sea water and its activity concentration changes from 1987 to
2000.

8.3.1.2. Sediments

Some studies confirmed that plutonium particles settle out, and the aquatic sediments are its
main reservoir [8.4, 8.5, 8.23, 8.24, 8.25, 8.26]. The southern Baltic Sea is not an exception,
and plutonium activities in its sediments are much higher than in other Baltic ecosystem
components. The research performed on the Baltic sediments showed the highest ?*®Pu and
239+240py activity concentrations, which were determined in muddy sediments of the Gulf of
Gdansk. Opposite, ten times lower 2**Pu and 2***?*°Py activity concentrations were noticed in
sandy and poor in organic matter sediments of the Vistula River estuary. In all analyzed
sediments, the total 2*®Pu and 2***2*°Py activities have decreased with sediment core depth. The
study on 2*'Pu content in the southern Baltic Sea sediments indicated its activity concentrations
were not uniform and depended on the seafloor geomorphology and its depth and the location,
similarly to alpha-emitting plutonium isotopes. In 2000, the highest >*'Pu activity concentration
was found in the muddy sediments of the Gdansk Deep (13.7+2.4 mBqg' dw (dry weight))
and the value of the 2*'Pu/?***?%%Py activity ratio was estimated at 37+8. The highest amount of
241py has been present in the surface layer of all analyzed sediments. Compared to previous
studies on 2*!Pu, the effect of late inflow of plutonium to the Baltic Sea from the catchment
area and 2*'Pu activities increase in sediments when compared to water; e.g. from 0.90+0.14
Bqkg!' dw in surface sediments from the Gulf of Gdafisk in 1987 to 20.0+5.0 Bqkg' dw in
2000 as well as from 14.2+2.5 Bqkg' dw in surface sediments from the Gdansk Deep in 1987
to 62+13 Bqkg! dw in 2000. This situation could also be observed in the case of 23°*24Py
(Table 8.2) [8.8, 8.23]. The analysis of the values of the 2*Pu/?**"24°Py and 2*!Pu/?***?4°pPy
activity ratios allowed to recognize of plutonium sources and revealed the Chernobyl
plutonium presence (including all radionuclides: 2**Pu, 23°*24°Pu, and ?*'Pu) at 0-3 cm sediment
layers in sediments from the Vistula River estuary and the Gulf of Gdansk. In the other
analyzed southern Baltic regions and its deeper sediment layers, the plutonium (mainly 2**Pu
and 23%"240Py) came from the global atmospheric fallout as an effect of nuclear weapon tests in
1958-61 [8.8, 8.23].
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TABLE 8.2. Pu-238, Pu-239+240 AND Pu-241 ACTIVITY CONCENTRATIONS IN
SEDIMENTS FROM THE SOUTHERN BALTIC SEA; bdl—- BELOW DETECTION LIMIT
(Adapted from [8.8, 8.22])

120

Sediment layer

Plutonium activity concentration

(cm) 38py 239+240py 2py
(mBgkg! + SD) (mBgkg! + SD) (Bgkg! +SD)
Studies in 1987
Gulf of Gdansk 0.12 +0.01 0.90+0.14
Gdansk Deep 0.37£0.05 142+25
Studies in 2000
Vistula River estuary (54°22.00 N; 18°59.01 E), depth=15.3 m
0-1 47 +£23 94 + 33 16.5+3.7
1-2 44+ 19 131+34 125+£2.6
2-3 60 +27 143 £ 41 11.4+29
3-4 38+22 141 +43 11.3+4.0
4-5 42 +21 116 £35 8.8+1.8
5-6 89 +45 423 £ 97 83+1.8
6-7 80+ 56 438 £ 132 12+£3
7-8 37+26 93 £42 -
Gulf of Gdansk (54°27.09 N; 19°02.09 E), depth = 70.5 m
0-1 102 +39 234+ 58 20.0+5.0
1-2 32+23 757+ 110 81+22
2-3 117+£24 793 + 64 9.8+£2.0
8-9 850+ 236 4576 + 547 1.06 £0.12
17.5-20 343 167 0.02 +0.01
20-22.5 4+4 18£8 0.02 +£0.01

Gdansk Deep (54°49.91 N; 19°19.55 E), depth =112 m



0-1 27+ 16 418 £ 74 62=+13

1-2 60 +23 1404 £ 110 21.0+£3.3
8-9 130+ 130 391 +£226 47+2.0
10-12.5 1+1 23+3 1.5+0.3
30-35 3+1 151 bdl
35-40 1+1 11+£3 bdl

Bornholm Deep (55°09.00 N; 15°55.00 E), depth =93 m

0-1 11+£7 229 + 30 6.0+1.0
1-2 31+£9 747 + 44 11.5+1.0
10-12.5 175+ 124 1491 + 362 0.87£0.25
12.5-15 22+22 65 £ 38 0.74+£0.23
30-35 5+4 27+9 bdl

The experiment on plutonium fractionation in sediments collected in the southern Baltic
indicated the highest amount of plutonium was connected with carbonates fraction: the Vistula
River estuary (34%), the Gulf of Gdansk (42%) and the Bornholm Deep (35%). In the Gdansk
Deep sediments, at the highest amount, the plutonium was associated with the fraction soluble
in mineral acids (40%). A significant amount of plutonium in analyzed sediments was also
complexed by organic matter (29%). As it occurred, about 40% of plutonium in the Gdansk
Deep sediments existed in low-mobile soluble in mineral acids fraction and potentially was not
as dangerous to the ecosystem as carbonates fraction found in the other regions analyzed (Fig.
8.3) [8.8]. Although plutonium was released as a dioxide form mainly due to biological
processes, it was transformed into bioavailable fractions; however, the amount was
insignificant.
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FIG. 8.3. #***'Py fractionation in the southern Baltic sediments.

8.3.1.3. Organisms

The Baltic Sea organisms of different taxonomy or trophic levels do not accumulate plutonium
to the same levels (Table 3). The values of plutonium isotopes concentration activities in
southern Baltic plants and animals ranged widely. 2*°***°Pu content in Baltic organisms varied
from 0.94+0.05 mBqkg™! wet weight (ww) in fish (flounder Platichthys flesus) to 850+60
mBqkg! ww in priapulid (Halicryptus spinulosus) [8.22, 8.27]. The average value of 2***?4Py
concentration in phytoplankton was 6.31+0.89 mBqkg! ww, while in zooplankton was
estimated at 4.69+0.69 mBqkg!' ww (Table 3) [8.20, 8.22, 8.27]. The average values of 2*'Pu
activity concentration were calculated at 1.06+0.09 Bq'kg!' dw in phytoplankton and 2.27+0.30
Bqkg! dw in zooplankton, while in phytobenthos were lower (0.45+0.09 Bqkg! dw). Among
analyzed invertebrates, the highest values of **'Pu activity concentration were in benthic
organisms, namely Polychaeta (7.71+0.85 Bqkg™! dw) and Priapulida (9.20+1.20 Bqkg™! dw)
[8.22].

The plutonium was also heterogeneously located among the analyzed fish tissues and organs
and. Most of the 23*"2%0Py was located in their internal organs (predominantly alimentary tract
(8-70 %) and skeleton (10-25 %)), and the lowest value was found in muscles (5-6 %).
However, about 50% of the total *****°Pu accumulated in herring's (Clupea harengus) gills
[8.21, 8.27]. Similar observations were done according to >*'Pu — most of it was located in
internal organs like the intestine (8-61 %), and a herring was an exception again — these fish
contained 34% of total >*'Pu in gills [8.21]. It suggested that feeding habits had a significant
impact on analyzed plutonium isotopes content and distribution in the body.
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TABLE 8.3. 238py, 239"240py AND 2*'Pu ACTIVITY CONCENTRATIONS IN ORGANISMS
FROM THE SOUTHERN BALTIC SEA ECOSYSTEM; *RESEARCH DONE IN 1987
(BOTH ALGAE AND VASCULAR PLANTS) (4dapted from [8.1,8.20,8.27,8.29])

Ecosystem component

Average plutonium activity concentration

58py 291240y 2#1py
(mBgkg! dw) (mBgkg! dw) (Bgkg! dw)
Phytoplankton 3.09+0.63 6.31+0.89 1.06 +0.09
Zooplankton - 4.69 + 0.69 2.27+0.30
Phytobenthos* - 46.4+4.0 0.45+0.09
Zoobenthos*
- Polychaeta - 135+ 15 7.71 £ 0.85
- Priapulida - 850 + 60 9.20+£1.20
- Crustaceans - 32+3.6 0.97+0.14
- Bivalves (soft tissues) - 3£5 0.91+0.07
Fih 238py 239+240py 241py
(mBq-kg' ww) (mBq-kg' ww) (mBq-kg! ww)
- Platichthys flesus 0.17+£0.02 0.94 £0.05 104+9
- Gadus morhua 0.45+0.05 2.35+0.11 254+3
- Clupea harengus 0.86 £0.11 2.22+0.11 31713
- Perca fluviatilis 0.49+0.13 1.96 +0.03 666 + 10
- Neogobius 0.08 + 0.02 6.50 % 0.64 863 + 66
melanostomus
Seabirds “Pu e Pu “Pu
(mBq-kg! ww) (mBq-kg! ww) (mBq-kg! ww)
- Phalacrocorax carbo 0.05+0.01 0.22 +0.02 8.8+04
- Fulica atra 0.13+£0.03 0.84 +£0.09 19+1
- Alca torda 0.41£0.06 1.44+£0.12 46+ 2
- Somateria mollissima 0.20+0.06 1.16 £0.03 50+3
- Clangula hyemalis 0.31+£0.09 2.10£0.26 59+2
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- Cepphus gryle 0.20 £ 0.06 1.36 £0.15 38+2
- Govia stellata 0.30+0.06 1.16 £ 0.16 37+2

- Uria aalge 0.18 £0.07 0.47+0.10 22+1

In the pelagic plankton-eating herring, most of the plutonium was present in the gills, while in
the case of carnivorous pelagic cod (Gadus morhua), most of the plutonium was accumulated
in its intestine. The different observation was done according to benthic, feeding on plankton
and invertebrates flounder (Platichthys flesus) — both gills and intestine contained a significant
comparable amount of ***24°Py and ?*'Pu [8.21, 8.27]. These data might suggest a substantial
amount of plutonium came directly from seawater, especially in the case of gills. The studies
on plutonium 2*°*24°Py and ?*'Pu in carnivorous cod's gills and skin indicated that skin mucus
contained the highest amount of plutonium (66% of total ***2*°Pu and 98% of total 2*!Pu in the
skin). The mechanism for uptake of 2***?*°Py and ?*'Pu in the cod skin was passive adsorption
onto the mucus surface. Only 13% of 2***2*°Pu and 18% of *'Pu in the gills of cod existed in
adsorbed fraction what indicated plutonium content in gills of cod was involved in the
metabolism of this radionuclide in fish. However, it could be the opposite in the case of pelagic
herring that fed on plankton — its lamellas might contain a higher amount of plutonium due to
the feeding style [8.20, 8.21, 8.28].

The calculated values of the 238Pu/2°*24Py, and 2*!Pu/°"2*0Pu activity ratios in different
components of the southern Baltic indicated that the plutonium has come as a consequence of
the Chernobyl accident mostly [8.20-8.22, 8.27]. The significant amount of the Chernobyl
plutonium in Baltic pelagic organisms has been confirmed by 2*°Pu/?*°Pu atomic ratio analysis.
The obtained data have been differentiated; the highest value of the 2*°Pu/**°Pu atomic ratio
was found in the stomach of herring (0.44+0.03) and can be traced to its indirect contact with
water and food water containing the Chernobyl plutonium. Lower 2**Pu/?*°Pu atomic ratio has
been measured in the skin of benthic flounder (0.26+0.04). It might indicate the global
atmospheric fallout (>*°Pu/?*Pu 0.18) as the primary source of plutonium and the increasing
impact of the Chernobyl-derived plutonium (**°Pu/>**Pu 0.40). These calculations have been in
good agreement with data determined by alpha spectrometry measurements. The analyses of
238py/239+240py and 24'Pu/?***24%Pu activity ratios revealed the smallest contribution of the
Chernobyl-derived plutonium in benthic fish. In contrast, pelagic herring had a somewhat
greater ratio (e.g. 2%Pu/?***?*%Py at 0.39+0.05) [8.18, 8.27, 8.39].

The reflection of the plutonium contamination level at the southern Baltic Sea coast might also
occur in marine birds. Generally, the highest ***?*°Pu and 2*'Pu activity concentrations were
measured in the whole body of wintering seabirds such as black guillemot (Cepphus grylle),
long-tailed duck (Clangula hyemalis), or common eider (Somateria mollissima), and in
migratory seabirds such as common guillemot (Uria aalge), razorbill (Alca torda), or red-
throated diver (Gavia stellata). These migratory birds contained the highest 23**2*°Py and *'Pu
concentrations in feathers, skeleton, and viscera, while the seabirds permanently habitating at
the southern Baltic seacoast had the highest plutonium concentrations in the liver, e.g. great
cormorant (Phalacrocorax carbo) (Table 3). The calculated values of the 228Pu/?***24°Py, and
241py/239+240py activity ratios in individual parts of analyzed bird bodies indicated different
plutonium sources, the Chernobyl accident, global atmospheric fallout or nuclear fuel
reprocessing facilities [8.29, 8.30]. Some experiments were also conducted to estimate the
239+299py sources in bird's feathers of the migratory bird; namely, razorbill was chosen, and
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about 82% of 39"2%°Py present in feathers was adsorbed on their surface and came mainly from
the external, namely the environment. The rest of 2***?*°Pu (18%), analogous to uranium or
polonium, originated from metabolising the ingested isotope and was built in the feathers
structure during their growth [8.29, 8.30, 8.31, 8.32].

8.3.2. Plutonium 233Pu, 23**24'Py and 2*'Pu influx to the southern Baltic Sea coastal basins

About 250 rivers enter the Baltic Sea with 500 km® of freshwater per year and in 2000-2003
contained about 1.5 GBq of 2**"2*°Py [8.1, 8.33]. Skwarzec et al. (2003) studied the plutonium
isotopes content in Polish rivers, and they have shown rivers were the main source of plutonium
in the Gulf of Gdansk and the Gdansk Basin (mainly the Vistula and the Neman River) [8.26].

The study on plutonium isotopes in the Vistula River catchment area indicated differences in
their activities, and they depended on the season, weather conditions, geological structure. This
research showed the highest annual surface entry of 23%Pu, 2***24°Py, and ?*'Pu from the Vistula
River drainage was observed for the mountain tributaries, like the Dunajec and the San, while
the lowest was determined in lowland rivers like the Bug & the Narew or Bzura. Quarterly, the
highest values of plutonium surface runoff were calculated for winter while the lowest for
autumn and summer. In the study period 2002-2003, the southern Baltic Sea (the Gulf of
Gdansk and the Vistula Lagoon) was enriched with 10.3 MBq of 2**Pu, 89.0 MBq of 2*°*240Py
and 1.65 GBq of 2*'Pu annually. The study showed rivers (mainly the Vistula and the Neman
River) were the main source of plutonium in the Gulf of Gdansk and the Gdansk Basin and
supplied these regions with 78% of its total content. According to the whole Baltic Sea, the
Vistula brought about 7% of the total plutonium present in this sea (Table 8.4) [8.26, 8.34,
8.36].

TABLE 8.4. A SEASONAL AND ANNUAL FLUX OF 28py, 29°240py_ AND 24'Py FROM
THE VISTULA AND THE ODRA RIVER TO THE BALTIC SEA IN 2002-2003 (Adapted
firom [8.34-8.36])

Vistula Odra
Season 238Pu 239+240Pu 2411)u 238Pu 239+240Pu 2411)u

(MBq) (MBq) (GBq) (MBq) (MBq) (GBq)
Winter 4.17 16.1 0.56 2.19 7.41 0.11
Spring 5.03 51.7 0.71 3.73 21.1 0.16
Summer 0.33 3.86 0.06 2.03 10.5 0.10
Autumn 0.81 17.3 0.32 1.57 6.89 0.25
Annual 10.3 89.0 1.65 9.51 45.9 0.62

The study on plutonium isotopes activities in the Odra River catchment area indicated that their
differentiated concentrations depended on the season and weather conditions. The highest
annual surface inflow of 23¥Pu, 23"24%Py, as well as 2*'Pu from the Odra River watershed, was

125



observed for mountain tributaries from "the Opole anomaly" such as the Bobr, the Nysa
Ktodzka and the Nysa Luzycka [8.26, 8.35, 8.36].

Seasonally, the highest values of plutonium surface runoff were calculated for the winter, while
the lowest was for the autumn and the summer, similarly to the Vistula River. Thus, the
southern Baltic Sea (the Pomeranian Bay) could be, in period 2000-2003, enriched annually
with 9.51 MBq of 2*Pu, 45.9 MBq of #*****°Py, and 0.62 GBq of ?*'Pu carried by the Odra.
Therefore about 3% of the total plutonium came into the Baltic Sea with the Odra River water
(Table 8.4, Fig. 8.5) [8.26, 8.35, 8.36]. The values of the 23Pu/?"240Py, and 2*!Pu/***"24'py
activity ratios in the water of the Vistula and the Odra rivers indicated that the plutonium
fraction that came from the Chernobyl accident was less than 40% [8.34-8.36].

The next crucial source of plutonium in the southern Baltic Sea was the atmospheric fallout,
both the global from nuclear weapon tests and the Chernobyl accident. The study on dry
atmospheric fallout collected monthly in 1986 in Gdynia (northern Poland, at the Gulf of
Gdansk) indicated a notable impact of the Chernobyl accident on plutonium presence. At the
end of April 1986, there were an enormous increase of 2***2*°Pu and 2*!Pu activities in the air
over Gdynia and 2*°Pu/?*°Pu atomic ratio values changed significantly (Table 5) [8.7, 8.18,
8.22].

TABLE 8.5. 239°240py AND 24'Pu ACTIVITY CONCENTRATIONS, AS WELL AS THE
VALUES OF 240Pyu/2Py ATOMIC RATIOS IN AIRBORNE DUST, COLLECTED OVER
GDYNIA IN 1986 (Adapted from [8.7, 8.18, 8.22])

241 Pu 23 9+240Pu

Sampling Date (mBqg dw + SD) (uBq-g' dw + SD) 240py/23%Pu
January 0.162 +0.034 4.14+0.67 0.36 £ 0.06
February 1.008 £+ 0.143 329+32 0.23+0.03
March 0.860 = 0.160 262+3.6 0.29 £0.04
April 3504 +32.9 65122 + 723 0.47 £0.02
May 31.9+4.1 662 + 100 0.38£0.02
June 2.45+1.00 61.7£25.2 0.41 £0.06
July 2.34+0.49 582+12.7 0.49£0.10
September 2.85+0.86 41.2+13.0 0.47 £0.07
November 1.04 £0.35 18.4+5.8 044 +£0.15
December 0.99 £0.28 263+59 0.37+0.10

It was expected that the plutonium influx after the Chernobyl accident would be more
prolonged and stretched over time. Still, the airborne dust plutonium determination revealed
the opposite trend and showed its considerable dilution in 1986 over Gdynia at the Baltic
seacoast (Fig. 8.4). The plutonium ***2*Py and 2*!'Pu activity concentrations decreased

126



considerably in a few months; consequently, the values of 2*'Pu/?*24Py activity ratio and
240py/239Py atomic ratio reached the pre-Chernobyl accident level.
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FIG. 8.4. Trends in a) *****’Pu and **' Pu activity concentrations, and b) the values of **' Pu/*****’Py
activity ratio and **’Pu/**Pu atomic in the airborne dust collected over Gdynia in 1986.

8.3.3. Plutonium 23°*24'Py budget in the Gulf of Gdansk and the Gdansk Basin

The mechanisms of water circulation in the Baltic Sea are different in comparison with other
aquatic systems. The Gulf of Gdansk, and to a less extent the Gdansk Basin, are under the
significant influence of the Vistula River water. This river provides about 32.1 km?® of water to
the Gulf of Gdansk, constituting 7% of total river inflow to the Baltic Sea and 10% of water
volume in the Gulf of Gdansk [8.33]. At the mouth cone, there is no low muddy-loam fraction
which constitutes about 60% of material transported with the water of the Vistula River. The
intensive chemical and hydrodynamic processes have led to highly differentiated and unstable
river-marine muddy-loam sediments with sandy layers [8.37]. These processes result in
plutonium in the Vistula water being transported and deposited in deeper parts of the Gulf of
Gdansk [8.38]. The scheme of plutonium budget determination in the Gulf of Gdansk and the
Gdansk Basin was presented in Fig. 8.5.
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FIG. 8.5. Scheme of plutonium flux in the Gulf of Gdansk and the Gdansk Basin “(produced from Ref.
[8.26] with permission courtesy of [Elsevier])”.

In 2003 the Gulf of Gdansk seawater (with suspended matter) contained about 2.33 GBq of
239+249py;, and 9.92 GBq of 2***2%°Py was present in the Gdansk Basin. In both cases, 56% of
2391240py was associated with suspended matter. Living organisms of the Gulf of Gdansk
contained 3.81 MBq of 2**"24Py, while 7.45 MBq of 2Py is in the Gdansk Basin. From
these values, in the Gulf of Gdansk: 82.1% was deposited in zoobenthos, 1.6% in
phytoplankton, 13.6% in phytobenthos, 1.2% in fish, and 1.5% in zooplankton. According to
data from the Gdansk Basin: 83.2% of plutonium was deposited in zoobenthos, 3.6% in
phytoplankton, 2.5% in fish, and 7.5% in phytobenthos, [8.26].

The total >***2*°Pu amount deposited in the Gulf of Gdansk and the Gdansk Basin in 2000-2003
was estimated at 1.18 TBq, and 3.76 TBq, respectively, and almost whole plutonium present
in the Baltic Sea ecosystem (understood as biotic and abiotic components) was deposited in its
sediments (about 99%). Based on the calculations and data available in the literature, the
sediments of the Gulf of Gdansk and Gdansk Basin contained 6.4% and 22.0% of *****°Py
deposited in sediments of the whole Baltic Sea. The areas of the Gulf of Gdansk and the Gdansk
Basin constituted only 1.2% and 4.4%, respectively, of the total area of the Baltic Sea, and the
capacities of the Gulf of Gdansk and the Gdansk Basin were 1.3% and 5.7%, respectively, of
the total Sea. These results suggested that both regions contained sediments highly enriched
with plutonium (Table 8.6) [8.26].

TABLE 8.6. 2°"240py PLUTONIUM INVENTORY IN THE GULF OF GDANSK, GDANSK
BASIN AND BALTIC SEA FOR 2003 (Adapted from [8.3-8.5, 8.26])

i . Gulf of
Gdansk Basin Gdafisk
Sample Baltic Sea
Activity Bal?;))p art Activity Bal?;))p art
239+240py, in:
o water (GBq) 200 43 2.2 1 0.5
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e water and suspended

matter (GBq) - 9.9 5.0 2.3 1.2

e sediments (TBq) 15.2-24.2 3.77 22.0 1.19 6.4
e organisms (MBq) ‘a few GBq’ 7.50 ~0.2 3.81 ~0.1
Area (km?) 415266 18178 44 4940 1.2
Capacity (km?) 21721 1239.5 5.7 291.2 1.3

8.4. CONCLUSIONS

A historical trend of temporal anthropogenic contamination of the southern Baltic seacoast with
plutonium was observed. The analysis of the values of the 2*8Pu/?***24°Py and 2*'Pu/?**"240py
activity ratios allowed following plutonium sources and revealed the Chernobyl was a
dominant source in 2000. Significant increase of >*'Pu content in seawater within 10-15 years
after the Chernobyl accident occurred. Its growth could be expected in the other compartments
of the Baltic ecosystem due to the effect of late inflow to the Baltic Sea from the catchment
area. Plutonium fractions in the southern Baltic sediments also occurred as bioavailable
fractions; however, the amount was insignificant. The Baltic Sea organisms did not accumulate
plutonium to the same levels. The analysis of plutonium in airborne dust revealed the plutonium
influx after the Chernobyl accident was not prolonged and stretched over time, but the trend
was opposite and showed its considerable dilution in the air.

In 2000-2003, the total 2***?4°Py amount deposited in the Gulf of Gdansk and the Gdansk Basin
was estimated at 1.18 TBq, and 3.76 TBq, respectively, almost whole plutonium present in the
Baltic Sea ecosystem (understood as biotic and abiotic components) was deposited in its
sediments (about 99%). Based on the calculations, the Gulf of Gdansk and Gdansk Basin
sediments contained 6.4%, and 22.0% of 2***24°Pu deposited in the whole Baltic Sea's
sediments suggested that the sediments of both regions were highly enriched with plutonium.
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Abstract

Release of radionuclides into the marine environment takes place today from most of the
nuclear facilities around the Baltic Sea. Usually these releases are well documented and data
on the levels can be reviewed. Such data is valuable when sedimentary studies on the
geochemical behavior of elements are conducted. This study focuses on actinides as well as
other elements in a semi anoxic basin on the Swedish coast about 100 km south of Stockholm.
Discharge records are compared with levels found in dated sediment depth profiles, past
unknown releases from the nuclear facility Studsvik are reconstructed.

9.1. INTRODUCTION

The nuclear facility at Studsvik was built in the late 1950s on the eastern coast of Sweden,
approximately 100 km south of Stockholm on the shore of the bay called Tvéren. Tvidren, which
is semi-sealed, was created about 450 million years ago by a meteor impact. Tviren has shallow
(10-20 m) inlets and a deep central area with a maximum depth of 80 meters (Fig 9.1). The
surface area is 18 km? with thermocline laying on average at a depth of 11 meters. The water
temperature at the bottom of the deep parts range between 0-4 °C. There are periods with anoxic
conditions at the bottom that create unique conditions to study sedimentation processes for
different radionuclides [9.1, 9.2]. In the deep part of Tviren, undisturbed laminated sediment
is formed, with high time resolution in the sediment profiles making it possible to distinguish
single years.

Aquatic releases of radionuclide from the nuclear facilities and the permissible discharge levels
are regulated and controlled by the SSM (Swedish Radiation Safety Authority) in Sweden.
Historically, contamination have also occurred through fallout from accidents such as the
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Chernobyl accident [9.3] and fallout from atomic weapon tests [9.4]. Today, after
decommissioning of their nuclear reactors, the facility is mainly used for processing radioactive
waste. Studsvik has a wastewater treatment plant of its own and liquid waste is listed in eight
different categories [9.5-9.7]. Categories 1 and 2 have never been released, while categories 3
and 4 after purification and analysis for the radioactive levels, release in Bergdsundet (see Fig
9.1, point A). There are 10 upward pointing nozzles placed 10 meters apart, at the bottom of
Bergosundet, at a depth of 10 m. On average, the wastewater releases have occurred on a
weekly basis, emitting 200-300 m? in 3-4 hours, until 1985 when the amount decreased to 150
m?® and the time of release changed to 10 hours. The interval between the wastewater releases
have been approximately 5 days since 1985 [9.8]. Categories 5 to 8 and cooling water were
released through another pipe at a steady flow rate of about 1 m*/s. The outlet of that pipe is
situated about 600 m from the shore, in the Tvidren (see Fig. 9.1. discharge point “B”).
According to the annual reports, the cooling water contained very small amounts of
anthropogenic radionuclides [9.6] and the regulations state that the activity released in the
Tvéren pipe should not exceed 1/10 of the released activity at Bergdsundet [9.5].

Bathymetry in meters

58,74 58.75 58.76 5877 58.78 58.79 s8.80

5873

FIG. 9.1. The location and the bathymetry of the bay Tviren. The two aquatic discharge points from
the Studsvik facility are indicated by “A” and “B” in the map.

9.1.1. Historical overview of Studsvik activities that might have led to discharges to the
local marine environment.

At the beginning Studsvik was a research center concentrating on nuclear reactor technology.
It also had the capacity to process enrichment of uranium to plutonium [9.9]. In the past the
Studsvik facility used research reactors: a heavy water zero power reactor called RO, a
pressurized water reactor called R2, a reactor called TZ (a pressurized Zero Energy Bare
Reactor Assembly), a light water moderated reactor called KRITZ [9.10] and a neutron
research laboratory. Experiments concerning different fuel symmetries and different fuel
compositions under different conditions were conducted as well as experiments with neutrons,
such as neutron capture therapy [9.11]. Additionally, a van de Graaff generator was used for
various experiments relating to neutron physics [9.12]. The last operating reactor was shut
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down in 2005. Studsvik with is its spin-off companies, have also developed and incorporated
several methods for reducing the volume of different kinds of waste containing radioactive
materials, e.g. by incineration or metal melting.

In 2016 the Studsvik area housed the following nine radioactive facilities: The Hot cell
laboratory, (HCL), The Active central laboratory, (ACL), the Incineration facility, (HA), the
Melting facility, (SMA), the Treatment facility for intermediate waste, (HM), the Interim
storage for low and intermediate waste, (AM), the Storage for solid intermediate waste, (AT),
The Storage facility (FA) and Storage for radioactive waste, (AU) [9.13]. Work at all these
facilities causes aquatic radioactive waste of which some amounts of low-activity radioactive
waste have been released into the Baltic Sea, under strictly controlled conditions. One of the
important projects managed by Studsvik was the Inter Ramp Project that started in 1975. It was
an international fuel research project assigned to examine the failure propensity and
characteristics of 20 short unpressurized fuel rods of a characteristic 8 x 8 Boiling Water
Reactor (BWR) design. After having finished a prior long-term irradiation scheme containing
a patterned cyclic variation in power levels, they were subjected to overpower ramp operation.
The goal of the ramp operation is ito rapidly increase the power level of a fuel rod to a value
substantially higher than those during pre-ramp operation. The ramp test’s main objective was
to show evidence of overpower failure limits for each fuel rod and, if failure occurs, to examine
the characteristics and mechanisms of the failure. All irradiations, both long-term and power
ramp, for the 20 fuel rods with average burnup of 10 to 20 GWd/MTU were performed in the
R2 test reactor at Studsvik [9.14]. Many experiments were conducted using THE ISOTOPE-
SEPARATOR-ON-LINE facility called OSIRIS for the study of strongly neutron-rich fission
products [9.15].

9.1.2. Discharge data from Studsvik

Reports exist on the discharges of *H, ®°Co, °°Sr and !*’Cs from the first experiment, 1959, and
onwards, **Mn and '**Cs from 1977 and '*’Eu and '"*Eu with regularity from 1989. Past
emissions were not documented in detail and certainly not for the a- and B-emitting
radionuclides. Annual reports of all a-emitting isotopes, called Total a, exist up until 2006 but
since then there exist isotope-specific reports of 234U, 2*8U, 2*¥Pu, 2*°Pu, 2**Cm and ***Cm. B-
emitting isotopes are referred to as 7otal-f until 2006. In table 9.1 the total amounts released
can be seen and in Figs 9.2 and 9.3 the annual discharge as a function of time can be seen for
some selected elements. In Fig. 9.2 a steady decline can be noticed in reported annual
discharges from around the year 2000 and onwards. This is probably due to the
decommissioning of the research reactors and less experiments resulting in less radioactive
waste was produced at Studsvik. For comparison with other nuclear facilities around the Baltic
Sea a figure published by HELCOM [9.16] is shown in Fig. 9.3. It can be noted that Studsvik
is the facility releasing most activity in the period 1999 — 2010, with a total activity equal to
the sum of releases of all the other facilities in the Baltic Sea (note that nuclear power plant
Ringhals is situated on the Swedish west coast and doesn’t release activity into the Baltic Sea
area). It is especially Studsvik ?°Sr-releases that are pronounced in the figure. A similar
discharge comparison is not available for the actinides.
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TABLE 9.1 REPORTED AQUATIC RELEASES FROM THE STUDSVIK FACILITY FOR
SELECTED RADIONUCLIDES

Nuclide Accumulated annual Reported period Accumulated reported annual
reported discharge P P discharge, decay corrected to 2017

37Cs 2 800 GBq 1959-2017 1200 GBq

134Cs 570 GBq 1977-2017 0.39 GBq

$4Mn 310 GBq 1977-2017 0.06 GBq

%Co 1 700 GBq 1964-2017 37 GBq

12By 61 GBq 1988-2017 18 GBq

SH 1900 000 GBq 1959-2017 350 000 GBq

%St 1 700 GBq 1962-2017 840 GBq

Total alpha 53 GBq 1962-2017 -

Pu-238 7,0 MBq 2006-2017 -

Pu-239+240 2,9 MBq 2006-2017 -

Am-241 14 MBq 2006-2017 -
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Reported annual discharges for selected Reported annual discharge of actinides
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FIG. 9.2. Annual reported discharge to the Baltic Sea of selected radionuclides from Studsvik.
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FIG. 9.3. Total aquatic discharges from local nuclear facilities into the Baltic Sea in 1999 - 2010
(excluding *H). The data were adapted from Ref [9.16].

9.1.3. Other sources of radioactivity in the vicinity of Studsvik

In the Baltic Sea there are also other important sources of artificial radioactivity not originating
from Studsvik operations. The special characteristics of the Baltic Sea (a semi-enclosed
shallow sea) determine an increased accumulation of radioactive materials compared to other
seas or oceans [9.17]. There were two major events that introduced artificial radioactivity,
including plutonium and americium to the Baltic Sea ecosystem. First of all, the high-yield
atmospheric nuclear weapons tests, with the maximum fallout dated to 1963 resulted in a
239+240py deposition of about 60 Bq'm in the Northern hemisphere [9.18]. Around 40-50 Bq'm"
2 of 239"249Py deposited in the Baltic Sea region resulting with 16 to 18 TBq inventories [9.17].
The second main event was the Chernobyl accident in 1986, which introduced about 1.5 TBq
of 227*249py to the Baltic Sea [9.17]. Additional smaller sources include rivers. It is estimated
that riverine waters bring about 2 GBq of 2***24°Pu per year [9.19]. In addition to actinides the
fallout from nuclear test also deposited *’Sr and *’Cs to the Baltic Sea area and its catchment.
The total global fallout of *°Sr and '*’Cs has been estimated to 600 PBq and 960 PBq
respectively [9.20, 9.21]. Most of the fallout was on the Northern hemisphere and around
Studsvik latitude (~59 degrees north) this would mean an aerial deposition of around ~2 kBq-m-
2 for *°Sr and around 3.5 kBq'm? for '*’Cs. These activity concentrations have since then
decreased, due to physical decay of the radionuclides. The Chernobyl accident released *°Sr
and '¥7Cs at a ?°Sr/!*"Cs activity ratio of about 1/10 and the deposition was heterogenous over
Sweden. The Swedish radiation safety authority, SSM, has published a deposition map over
land that are based on monitoring the deposition by airplane [9.22, 9.23]. The reported *’Cs
deposition is a sum of both Chernobyl and global fallout. Today about 1-2 kBq'm™ can be
found in the soil around Studsvik from these two sources.

Source signatures of the radionuclide emissions can be identified using activity and atomic
rations between the radionuclides of interest. The 2*8Pu/2***?4%Py activity ratio in global fallout
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has been estimated at 0.025-0.028 [9.17, 9.24], 0.3 for reprocessing plants like Sellafield [9.25],
and 0.47 for Chernobyl fallout [9.17, 9.26]. In order to calculate the **! Am/?**>*%Py activity
ratio 2*'Pu decay to 2*' Am with a half-life of 14.35 years has to be accounted for. Assuming
the 2! Am/*°*24Py ratio in the Chernobyl fallout as 0.37 [9.27, 9.28], and 2*'Pu/?***?4°py
activity ratio as 74.6 in 1986 [9.29], the 2*! Am/?***?*%Py activity ratio of 2.3 would be present
in 2017. Similar calculation led to the global fallout 2*! Am/>***240Py activity ratio of around
0.54 in 2017 (assuming a global fallout 2*'Pu/?***240Py activity ratio of 16 and a >*! Am/>***24°py
activity ratio of 0.1 in 1963) [9.17, 9.30, 9.31]. 2*’Np input with global fallout and Chernobyl
accident are much lower compared to plutonium (**’Np/2?*240Py activity ratio of 0.0037 and
0.000125 in the global and the Chernobyl fallout, respectively) [9.26]. Atomic ratios of
240py/2¥Puy varies from 0.05 for weapons grade Pu to 0.18 for global fallout and 0.4 for the
Chernobyl accident [9.29].

9.2. MATERIAL AND METHODS

A solid review of Studsvik activities and discharges was conducted, both by the access to
Studsvik library and archive, personal interview with staffs (both active and retired) and from
reported data to the SSM. This included archives of monthly discharges, both airborne and
aquatic from 1959-2019, of which data from the aquatic releases were compiled.

9.2.1. Sediment sampling

To trace the mobility and to estimate the inventories of the discharged radionuclides several
sediment cores were sampled during four sampling-campaigns. Sediment sampling was
conducted with a boat with an electric derrick. The big advantage with that is that the core
sampler reaches the bottom with a constant speed. After the first sampling campaign, it was
observed that in order to penetrate deeper in the sediment, the sampler needed modification to
allow for larger added weight. In total, 29 cores were collected using a gravitational piston core
sampler, HTH Gravity Corer 90 mm, from Pylonex AB in Sweden. The sampling locations can
be seen in Fig 9.4. The sample locations were selected to cover the whole Tvéren area to gain
the spatial distribution of the dischaged radionuclides. In order to get the chronology and to be
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able to reconstruct the discharge history, several cores was sampled in the centeral deep part of
Tvéren where the sedimentation rate is highest.

Sampling stations

5875 58.76 58.77 58.78 5879 58.80

58.74

5873

17.35 17.40 17.45 17.50
FIG. 9.4. Sediment stations around Tviren area.

‘- j

FIG. 9.5. A laminated sediment core taken in the central part of Tviren.

The sediment core, C3, that was measured in detail was taken in the part of Tviren at a depth
of 76m. The sediment core was undisturbed with several visible layers, indicating a very low
rate of bioturbation, see Fig 9.5.
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9.2.2. Sample preparation

The cores were immediately transported to the port and sliced in 1 cm slices using an extruding
device. The device is threaded so when turning the handles 360° a piston raises the core 5.0
mm. That is, 720° raises the core 1.0 cm. It is better to only take one or maximum two cores at
a time. Decompression of gas was noted in one core that was left for about 15 minutes.
Decompression of gas is an unwanted phenomenon due to the drastic change of pressure
(compare with divers’ disease), and to some extent the change of temperature, and can cause
the sediment layers to mix. Therefore, it is important to process the cores as quickly as possible.
If the ship is steady, immediate slicing onboard, is ideal. The slices were weighed the same day
then put in a deep freezer. A vacuum freeze-dryer was used for the samples in order to get the
dry weight of each slice. The samples were homogenized and placed in the calibrated sample
containers. The sample containers were filled and made semi-tight for radon, using radon tight
plastic bags and a conventional vacuum sealing system [9.32]. The samples were left for 3
weeks before measurement in the gamma spectrometer in order to gain secular equilibrium
between ??°Ra and its short-lived daughters. Determination of ?2°Ra concentration was
evaluated as the weighted mean activity concentration of the daughters (*!*Pb and *'“Bi)
assuming no loss of radon from the sample containers. For the dating of the sediment cores
210pb was determined by its daughter 2!°Po.

9.2.3. Measurements

For gamma spectrometry, a 43% HPGe-detector placed at the Department of Health, Medicine
and Caring Sciences (HMV), Linkoping University was used. The detector efficiency
calibration was done with a mixed gamma (°°Co, '**Cs, *’Cs, '*°Eu, >*! Am) certified reference
standard. The samples were measured for about 48 h each. HMV uses a gas tight detector
chamber that is flushed with nitrogen for each measurement in order to minimize **’Rn-
daughter background counts. Minimum detectable activity (MDA) for '*’Cs with the set up is
2.2 Bq'kg! using the Currie formulation for MDA.

Alpha emitting isotopes, 23%Pu, 239"24py, 24! Am, 24*2*Cm and ?*’Cm were analysed at SSM
using well-established methods [9.33]. Known amount of 2*?Pu and ?**Am tracers were added
to about 5 g sample. As Am and Cm have very similar chemical behaviour, they are following
each other in the radiochemical separation method and deposition and are measured on the
same disc using the >**Am spike for both Am- and Cm-isotopes determination. The samples
are incinerated over night at 450°C and leachedusing an aqua regia Next, Fe (OH)3 co-
precipitation was performed at pH=9, and Pu oxidation state was adjusted to (+4) followed by
separation from U, Th, and Am, using anion exchange resin or TEVA resin (Triskem France).
Before TRU resin (Triskem France) Am/Cm separation, CaC204 co-precipitation at pH around
4 was performed to remove Fe**. Finally, Am separation from U, Po, Pu, and Th residues, using
TRU resin cartridges. In the last step, Am/Cm fraction was purified from rare earth elements
using NH4SCN with the aid of TEVA resinPrior to electrodeposition of the Pu and Am aliquots,
the residues of NH4SCN were decomposed using evaporation with mineral acids. Separated
actinides fractions were electrodeposited on stainless steel discs from Na2(SO4)-H2SO4 solution
(pH 2.1-2.5) [34]. Pu, Am, and Cm activities were measured using an Alpha Analyst (Canberra)
alpha spectrometer. MDA values were evaluated as 0.09 mBq g™!. according to Hurtgen et al.
(2000) [35]. Pu activities were measured after two weeks allowing the ingrowth of 2?’Ra from
228Th what enabled corrections for 2*®Pu count rates from ??®Th and ?**Ra spectral interferences.
Obtained recoveries were between 70 to 95% for all analyzed radionuclides. To perform 2!°Pb
dating on sediments, *'°Po in secular equilibrium with 2!°Pb was analyzed. For the
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determination of 2!°Po in sediments a well-established deposition method was used where Po
is self-deposited from weak HCI solution on noble metal disc i.e. Ag or Cu [36-38]

>Fe, %Ni and *°Sr were measured at DTU, Denmark, using radiochemical methods to separate
each nuclide. *Fe and %*Ni were measured using liquid scintillation counting. The separated
%Sr was measured through its decay daughter *°Y after 3 weeks ingrowth followed by
separation of *°Y using radiochemical method. The separated *°Y was measured using ultra-
low level beta counter (gas flow anti-coincidence GM counter).

During the first sampling cruise one test sediment core was taken, sliced into 5 cm section and
analyzed in the laboratory to assess the levels of expected activities in the area. During further
sampling cruises multiple sediment cores were collected from Tviren and based on the test
core data sliced accordingly in-situ (1, 2 cm sections) and transported to the laboratory. All
sediment slices were weighed, deep frozen and subsequently freeze dried. As a part of another
project each slice was analyzed by HPGe gamma spectrometry to evaluate gamma emitting
radionuclides. For dating and analysis of actinides 5 cores were selected that cover the area of
Tvéren and fulfil the intersect (Fig. 9.1). Selected cores were obtained from depths between 15
to 76 meters using HTH Gravity Corer (90 mm) from Pylonex AB in Sweden.

For stable elements X-ray fluorescence (XRF) analysis was conducted with a SPECTOR X-
LAB PRO 2000 system at the IAEA environmental laboratories in Monaco. The calibration
was made using sample cups with4 g samples and pre-mounted 4 um thick Prolene thin-film.
Measurement of IAEA Reference materials (IAEA-356, IAEA-405, IAEA-433) were used to
validate the measurements. The sampling cups were filled with sediments that were
homogenised and freeze-dried. Analysis was performed using a combination of measurements

with three different targets, enabling the determination of elements from atomic number 13
(Al) to 92 (U).

9.3. RESULTS AND DISCUSSION

A comprehensive review of the Studsvik discharge history and past operations has been done
and are presented in section 9.1.1. and 9.1.2. The review is based on published articles, internal
and external Studsvik reports and interviews of former staff.

9.3.1. Dating of the sediment

Applying 2!°Pb as a dating method is based on the disequilibrium between 2!°Pb (ti2 =22.3 y)
and its longer-lived parent isotope, 2?°Ra (ti2 = 1602 y), by diffusion of a short-lived gaseous
intermediate isotope 2*’Rn (t12 = 3.82 d). **Ra being a part of **U decay series is a natural
radioisotope found in most rocks, soils, and sediments. When ??°Ra decays, 2**Rn is produced
that diffuses into the atmosphere and further decays through a series of short-lived daughters
to 2!°Pb that is removed from the atmosphere with wet and dry precipitation. When reaching
water bodies 2!°Pb is attached to particulate matter and removed from the water column either
by direct adhesion on the interface or by adsorption on inorganic particles or organic matter.
210pp is rather immobile so when adsorbed on sediment is a powerful marine tracer that enables
dating up to 100 years [9.39, 9.40]. 2!°Pb in sediments is measured as the sum of supported
210pp that is in secular equilibrium with °Ra and unsupported (excess) >!°Pb added to the
sediment from water column. To quantify unsupported !°Pb, the supported 2!°Pb activity needs
to be subtracted from total >!°Pb [9.40].
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In literature there are many models developed to interpret unsupported 2!°Pb profiles in the
sediment core. If accumulation rate is steady and no sediment mixing is present, an ideal
downcore 2!°Pb activity profile has an exponential decrease. The most widely used 2!°Pb
models are: constant flux-constant sedimentation rate (CF:CS) model, constant rate of supply
(CRS) model and constant initial concentration (CIC) model. All these models assume that
210pb when adsorbed on sediments, is immobile and that there are no interruptions in
sedimentation. Otherwise different assumptions regarding specific activity, accumulation rates
and flux of excess 2!°Pb are applied [9.40]. It should be mentioned that it is difficult to assess
both the total 2!Pb and supported ?'°Pb (through *?Ra daughters). Usually the activity
concentrations typically have an uncertainty up to 10%. This is particularly true when the
support level is determined by gamma-spectrometry due to possible 2*’Rn leakage from the
measured geometry in addition to the coincidence summing problem when determining 2!?Bi
and 21?Pb. Another challenge is application of self-attenuation corrections in the sample to
correct the gamma spectra. All this will result in rather large uncertainties in the dating and the
calculated sedimentation rates of the sediment core. In two interlaboratory sediment dating
exercise performed by the IAEA this is clearly demonstrated and shows that even with the same
set of data a wide range of results was obtained [9.41, 9.42].

Another widely used dating method, often employed as a validation process for 2!°Pb dating,
is establishing a '*’Cs concentration in time and relating the initial appearance or maximum
137Cs activity to a particular year. In some cases, the use of 2*%23%240Py is more advantageous
as it is less prone to mobilization [9.43]. In the Northern Hemisphere the most significant '*’Cs
fallouts from nuclear weapons testing occurred in 1953 and 1963. In some areas of the Northern
Hemisphere 1986 fallout of *’Cs from Chernobyl accident is also detectable. In the Southern
Hemisphere this technique is practically not useful due to reduced activities although the same
pattern is noticeable [9.40, 9.44, 9.45]. In the case of 2*****Py, significant activities are related
to the 1963 nuclear test, whereas >**Pu is related to the Chernobyl accident [9.17]. In order to
perform '*’Cs and 2*%23%240py dating correctly some assumptions have to be applied: a
radionuclide, after entering the water column, is quickly adsorbed to suspended particle; once
deposited the radionuclide is firmly adsorbed on the sediment particle; once deposited in
sediment column, the radionuclide is immobile; physically or biologically mixed sediment
surface layer needs to be included in calculations [9.40].
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FIG. 9.6. Depth profiles of *’’Pb and the results of the CF:CS dating of selected sediment cores.

In the study area, >!°Pb dating is difficult to validate with the above-mentioned radionuclides,
as all of these have been released into Tvéren in relatively high quantities resulting in masking
the expected fallout peaks in the sediment profiles. For that reason, stable Pb in the sediment
was also analysed. It is well known that during the industrial age the emission of stable Pb to
the atmosphere increased and in Sweden it reached its maximum in 1970 [9.46]. The emissions
have since then decreased, due to better industrial filtering system and the ban of leaded petrol
and are today almost back to historical levels before the industrialisation occurred. This stable
Pb peak in the sediment profiles was used to calculate the sedimentation rates in 5 selected
cores (Fig. 9.7.). The lead concentrations were measured by XRF. Maximum concentration of
these sediments range between 60-70 pg/g of Pb with little variation between the stations.
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FIG. 9.7. Sediment depth profiles of stable Pb measured by XRF.

A comparison between the independent sedimentation rates can be seen in Table 9.2. The
results agree rather well for most of the sediment cores with one exception, namely the
sediment core from station 3, C3. This might relate to the determination of the 2*Ra
concentration, i.e. the supported level of 2!°Pb in the core. It seems that the level is rather high,
but when the uncertainty is considered, the results can be seen as agreeing. However, this also
affects the dating of the sediment slices and as the sediment core is rather long a larger bias
occurs further down in the core and a misinterpretation of the release history can made. One
has to always take such data with care and take this into account when using a dating model.
Furthermore, the C3 core, taken in the central deep part of Tvidren, has the highest
sedimentation rate, more than double compared to the other stations from more shallow areas.
This indicates some sediment focusing but also, as the sediment in the deepest station indicate
anoxic condition (judged from the distinct H2S smell from the sediment when slicing), that
organic material does not decompose in the sediment. Station 6, core C6, indicates an erosion
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zone in Tvéren and it is clear that the mass accumulation rates are not only dependent on the
water depth but also other environmental conditions.

TABLE 9.2. MASS ACCUMULATION RATE) BY TWO INDEPENDENT
PARAMETERS. I) USING STABLE LEAD PEAK AS A TIME MARKER IN THE
SEDIMENT CORER, II) USING THE CF:CS *'°PB DATING MODEL

Sedimentation rate  Sedimentation rate

S;;;l it core D[flll’]th Stable-Pb (XRF) 210py,
[kg m?y'] [kg m?y']
3 76 >1.21 1.1040.07
Cs 45 0.56£0.10 0.62+0.03
C6 28 0.26+£0.04
c7 15 0.5120.10 0.64£0.06
Cc12 33 0.24+0.02
C17 21 0.61£0.08
22 30 0.37£0.05

9.3.2. Vertical distribution of radionuclides in Tviren sediment

The vertical distribution of selected gamma emitting radionuclides and selected sediment cores
can be seen in Fig. 9.8. The highest concentrations are found in core C7 situated about 300 m
to the west of the Bergdsundet discharge point (marked “A” in Fig. 9.1.). It can be noticed that
the activity concentrations in the cores, C6 and C8, are rather low, even though these sites are
close to the discharge point “A”. The reason for this is probably that it is a more dynamic
environment where water is flowing in and out of Tvéren. It was observed that the sediments
at these sites consisted of more coarse-grained sediment compared to the other stations and
several attempts were made before an appropriate a sediment core in this area of Tvéren could
be obtained. In the deepest part of Tvéren, core C2 and C3, the longest core obtained consisting
of laminated, very soft and fine-grained sediment (see Fig. 2.). The highest sedimentation rate
and thereby also the highest time resolution was obtained in this part. For all these
radionuclides, '¥’Cs has the highest concentration in all cores, about ten times higher than the
other measured radionuclides. While the differences between these radionuclides is that
Studsvik’s contribution of '*’Cs is rather small, compared to *°Co and '*°Eu, where Studsvik is
the only source to the sediments in the studied area. In Fig. 9.9. the reported annual discharges
of these radionuclides can be seen. In cores C2 and C3 a rather good correlation between the
vertical distribution of '3?Eu and ®®Co with the reported discharge pattern can be observed while
for *7Cs it is not agreeing. For '¥’Cs there are mainly three different sources, i.e. global fallout
from nuclear weapon tests, fallout from the Chernobyl accident and discharge from Studsvik.
Even though the deposition from Chernobyl was not very high in the studied area (1-2k Bq'm"
2), about 300 km north of Studsvik the deposition was much higher (> 100 k Bgq'm™).
Considerable deposition also occurred over the Baltic Sea area, in Bothnia Sea. As the net
Baltic Sea current flows anti clockwise from the north to the south relatively high contaminated
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sea water pass Studsvik with 1*’Cs from the Chernobyl years after the accident. Relatively high
levels that could be observed in the Baltic proper decays after the accident resulting in a rather
steady input of Chernobyl *’Cs by sea current to the Tviiren, where some of the Cs is removed
from the water by sedimentation. The sudden increase, followed with a flatter area in more
recent sediments, of 1*’Cs visible in the depth profiles is probably a result from this effect, and
only limited activity originates from the Studsvik facility combined with Studsvik discharge.
The sediment depth where the sudden increase of 1*’Cs is dated to around 1986 in most cores.
Activity concentrations of all analysed actinides (Pu, Cm, Am) were rather high compared to
expected fallout levels in the area. Corresponding activity ratios are also unusually high which
make it easy to separate actinides from fallout in the sediment. In Fig. 9.10 the vertical
distribution of actinides and their activity ratios can be seen for four selected sediment cores.
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Sediment core, C3, was sampled in the deepest part of Tvdren, where the highest mass
accumulation rate was obtained (Table. 9.2), i.e. where the highest time resolution could be
obtained in the sediments. In Fig. 9.10 the actinides vertical distribution can be seen. In core
C3 clear visible actinides peaks correspond to aquatic discharges from the Studsvik facility.
These peaks occur in three different time periods, i.e. around 1966 for 2***24°Py and 2! Am,
around 1977 for **Pu, 2*!Am, 2**"Am(**>Cm) and around 1993 for ***?**Cm. This probably
reflects the material handling at the Studsvik facility. These discharges occurred before the
nuclide specific information was mandatory and reported. Activity concentrations for all
actinides gradually decrease in the top sediment layers from a maximum of 15.7+0.4 Bq-kg™
for %8Py, 18.1+0.4 Bq-kg™! for 2! Am and 0.20+0.03 Bq-kg™! for 2*™"Am(***Cm) in layers dated
to around 1977 to less than 5 Bqkg' in the youngest layers suggesting that the impact of
Studsvik releases diminish with time. At the same time the activity ratios remain rather constant
with high averages for all three computed ratios (maximum of 1.62+0.09 for >*!' Am/>**240py
and 1.4340.03 for 2*¥Pu/?°*24Py around 1977). This suggests that Studsvik is still the major
contributor of actinides in this area. The maximum 2#*2*Cm/?*****Pu activity ratio of
0.76%0.05 is seen around 1990 and is accompanied by an increased values of two other ratios
suggesting that some works with high burn-up nuclear fuel in Studsvik were performed at that
time. As mentioned in the historical overview (section 1.1.), in 1975 Studsvik Inter Ramp
Project started and multiple unpressurized BWR fuel rods were tested. These experiments can
maybe partially explain the increase of all activity ratios around 1980 indicating that a new
type of material is handled in the Studsvik facilities.

In the deep sediment layers dated to around 1970 a maxima of 2***24°Py activity concentration
are visible in all cores (Fig. 9.10). The activity ratios are lower than in the top layers,
0.074+0.04 for 238Pu/2°*240Py and 0.65+0.03 for 2! Am/>***?4%Py. This indicates that in the late
1960s and beginning of the 1970s Studsvik handled quite different material than in later years.
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To get a better understanding of this discharge the 2*°Pu/**°Pu isotopic ratios need to be studied.
The ratios decrease even more in the deepest part of the cores where the activity concentrations
are lower, 0.03320.03 for 2**Pu/?**"240Py and between 0.41+0.01 for 2! Am/>°*?*°Pu. The latter
ratios agree rather well with the global fallout from nuclear tests where the activity ratios should
be around 0.03 and 0.54 in 2016. In core C3, the maximum 2*°*24Py activity concentration
peak could also be a result of that dissolved Pu™¢ in sea water might be reduced to Pu™**, in
the anoxic environment in Tvéren and get trapped, i.e. the sediments of Tvéren will work like
a sink for global fallout Pu. The uncertainty of this assumption is connected with the unknown
Studsvik operations in 1960s. To verify whether 22°*24Py increase in deeper layers of sediment
is of Studsvik origin, additional >**Pu/***Pu atomic ratios measurements have to be performed.
This ratio is considerably different for nuclear discharges and nuclear bombs tests.

Core C7, that was collected close to the pipeline 2 (Bergosundet, discharge point “A” in Fig.
9.1.), has the highest 2*8Pu and 23*24°Pu activity concentrations measured among all analysed
samples (83+2 and 53+1 Bq-kg'!, respectively). A similar range of activity concentrations was
expected in core C6 that was sampled near core C7. However, measured activity concentrations
in core C6 were twice as low (31£1 and 26+1 Bq-kg !, respectively). One possible explanation
might be that sedimentation conditions in core C6 (mass accumulation rate is twice as low for
core C6 than for core C7, Table 9.2) do not favour radionuclide sorption that leads to much
lower actinides activity concentrations comparable to areas more distant from pipeline 2 exit.

In general, Pu radioisotopes in stations C6 and C7 show similar patterns with significantly
higher than unity ratio of 2*8Pu/?3*"24°Py activity ratios (Fig. 9.10). On the other hand, station
C5 has similar 2*Pu/??*240Py isotopic signature as station C3 with ratios close to unity in top
layers. The reason may be related to the location of the sampling points. Stations C3 and C5
are the most distant locations from pipeline 2 (discharge point “A” in Fig. 9.1). Cooling water
released through pipeline 1 (discharge point “B” in Fig. 9.1.) historically contained not more
than 1/10 of aquatic releases discharged through pipeline 2. It is also unknown how much
2397240py was released with cooling water to Tviren through pipeline 1. Only by looking at
238py/239+249py activity ratios conclusions can be drawn that the closer to pipeline 1, the lower
plutonium activity ratios in sediments are detected with maximum of 0.91+0.04 for station C5
and 1.4340.03 for station C3. At the same time for stations C5 and C6, these ratios reach
maximum of 1.95+0.05 and 2.12+0.04, respectively proving that aquatic releases from
Studsvik are responsible for most of the 2**Pu activities in the sediments of Tviren. Moreover,
this noticeable trend of decreasing Pu ratio with distance from the pipeline 2 can be related to
dilution with global fallout Pu collected by the Tvéren from the basin. Although, when
comparing C3 and C6 there is no obvious decreasing trend for 24! Am/>**24°Pu (from 1.45+0.04
to 1.82+0.05 in core C6 and from 1.15+0.07 to 1.64+0.06 for core C3) and *"*Cm/****24Py
(from 0.37£0.01 to 0.57+0.02 for core C6 and from 0.38+0.01 to 0.76+0.05 for core C3)
activity ratios in top sediment layers. Until now, Am and Cm radionuclides have not yet been
measured for station C5 and C7 to confirm this pattern. Surely Am and Cm measurements for
other cores will give additional insight into this problem.

An interesting phenomenon was noticed in the deeper sections of the sediment cores C5, C6
and C7 (Fig. 9.10). While activity concentrations of actinide decrease, the activity ratios
increase reaching similar levels to those in top sediment layers. This pattern is not that obvious
in core C3. The pattern indicates that Studsvik has worked with rather different nuclear material
during the operation history and also released the actinides in different chemical forms, one
possible explanation that the pattern was not that obvious in core C3 could be that the early
releases contained more particles or particle reactive forms of the actinides. Another
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explanation could be slow actinide diffusion with pore water in anoxic conditions, especially
as humate complexes after actinides adsorbed onto sedimentary Fe and Mn oxides and
oxyhydroxides are released due to microbially-induced reductive dissolution [9.47-9.50]. This
question cannot be answered without further analysis of 2*°Pu/?*°Pu atomic ratios that together
with activity ratios will provide information of the origin of actinides in the deeper parts of the
sediments.

Alpha spectrometry as a radiometric measurement technique enables detection of short-lived
radionuclides at very low detections limits. In case of Studsvik sediments, when measuring
Am/Cm fraction, it was possible to detect >**Cm activities in almost all sediment layers of core
C3 and C6 with maximum activity concentrations of 0.20+0.03 and 0.22+0.03 Bqkg”,
respectively. >*Cm is an alpha emitter with relatively short half-life (ti2=163 d). Possible
22Cm production paths are from >*?Am B-decay and >**Cm (n,2n) reaction [9.51]. In fact, **Cm
should be undetectable in environmental samples after a lapse of a few years, unless there is
ingrowth from precursor 2*"Am (ti2=141 y) via its short-lived daughter **?Am. One of the
known sources of 2*Cm to the Baltic Sea environment was Chernobyl accident. Theoretical
decay corrected activity ratios of supported *’Cm to 2***?**Cm and 2*°*?*°Pu that originated
from Chernoby]l fallout were around 0.03-0.07 and 0.001-0.004, respectively [9.52]. In Tvéren
maximum values of these ratios were detected in top sediments layers and are summarized in
Table 9.3. Clearly these values differ from any other global sources of artificial radionuclides.

As seen from the vertical profile of actinides in core C3 and C6 (Fig. 9.10), higher activity
concentrations of 2**Cm were rather associated with increased releases of 2*! Am. This means
that nowadays most 2**Cm is in equilibrium with **™Am.

TABLE 9.3. OBTAINED ACTIVITY RATIOS AT THE MAXIMUM 2*CM ACTIVITY
CONCENTRATION IN THE DEPTH PROFILE.

Site/ 22Cm/A 24 Cm M2Cm/?2%Py rate Sediment layer
sediment core Activity ratio Activity ratio dating
C3 0.22+0.03 0.018+0.003 1977+5
Co 0.11+0.03 0.014+0.002 1993+4

In addition, uranium isotopes have been studied in one sediment core close to the discharge
point at Bergdsundet. As expected, no evidence of discharged U-isotopes (***U, 23U and #**U)
could be seen in the sediment profile. The concentration of 2**U was rather constant 83+6
Bgkg! (P*U/P8U=1.06+0.04, 2¥U/8U=0.042+0.009). These activity ratios are close to
natural values suggesting limited impact from uranium in the aquatic releases on the Tviren
sediments. This is possible due to two main reasons. Firstly, according to Studsvik releases
reports, aquatic discharges containing uranium were not regular and average yearly released
activities were rather low between 3 to 30 kBq for 2*#U and 2**U with high 2**U/**3U activity
ratios, between 2.5 to 8 which are typical for enriched uranium. Obviously considering quite
high natural background of uranium in this area released uranium radioisotopes will be diluted
enough to disappear in natural uranium content. Secondly, U(VI) in natural waters mainly
exists as soluble carbonate complexes [UO2(CO3)3]* and [UO2(COs)2]* that are not particle
reactive and can be transported with currents to more distant locations, in this case, to the open
Baltic Sea. Considering these results, this study will focus on 233U and 2*°U, as they do not exist
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in natural uranium but are rather a nuclear fingerprint of processed uranium, to evaluate the
uranium discharge history.

9.3.3. Inventories and spatial distribution

Computed inventories for all analyzed radionuclides are presented in Table. 9.4. The highest
inventories were computed for core C7 located close to the discharge point “A”. In the deepest
part of Tviiren (core C3) the inventories of '*?Eu and ?*®Pu are almost 5 times lower than in C7.
The difference between 2***2*°Pu and ®°Co inventories are much lower for these two sites,
where core C3 has about half the inventories of core C7. Both cores C6 and C7 are characterize
by higher inventory of 2**Pu compared to 2***2*°Pu, while opposite proportion exists in cores
C3 and C5 that can be associated with global fallout Pu impact or different releases
characteristics from both discharge pipelines “A” and “B”. On the other hand, inventories of
Am and Cm are higher in core C3 compared to C6. One possible explanation was mentioned
before, i.e. a low mass accumulation rate for core C6 that lead to much lower actinides activity
concentrations. This trend needs to be confirmed with further analyses of Am and Cm in core
C7 that is the closest to discharge point “A”. In Fig. 11 and Fig. 12 the impact on the sediment
inventory from discharge point “A” is seen. The highest inventories are seen around discharge
point “A”. For '32Eu, °Co and to some extent 23Pu, Studsvik is the exclusive source, while for
137Cs, 239%240py and ' Am a contribution to the inventory of fallout from Chernobyl and
atmospheric nuclear tests cannot be excluded. It can be seen that ®°Co has higher inventories
in the central part of Tviren compared to !>’Eu and 2**Pu. It might be due to Co having a lower
kd than Eu and Pu enabling longer transport from the discharge point “A”. It can also be an
effect of a greater amount of ®°Co released from discharge point “B” compared to '>>Eu and
238py. This will be studied more in detail in future studies.

TABLE 9.4. COMPUTED INVENTORIES FOR SELECTED SEDIMENT CORES IN
TVAREN. NOTE THAT CORE C1 DOES NOT GIVE THE FULL INVENTORY DUE TO
INSUFFICIENT CORE DEPTH. ALL VALUES ARE IN Bq-m?

Radio-isotope C1* C2 C3 Cs Co6 Cc7 C8
8Co 381+40 720+120 1040£120  500+140  740+80 1830150  280+20
37Cs 6800+£180 13950+180 16460+200 7800+160 7880150 22010+£200 2600+210
152y 380480 680+60 548465 383+82  1270+130 3110+£105 271422
238py - - 38446 17146 293+12 190424 -
239+240py - - 808+9 433+9 25949 1343+15 -
241Am - - 739£12 - 325412 2100+180 -
2434244y . - 114+6 - 78+5 - -
22Cm (*2mAm) - - 4.0+0.3 - 2.0+£0.6 - -

*Not full inv.
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FIG. 9.11. Spatial distribution of inventories in Tviren sediments for *’Co, '’Eu and *’Cs. The highest
inventories are found close to discharge point “A” situated in the lower right of the map, see Fig 9.1
for the exact position. Highest inventories found were: '*’Cs about 20kBq-m?, "*Eu about 3kBq-m™ and
%Co about 2kBq-m™. Lower row shows the activity ratio distribution and indicate that *’Cs and *’Co
migrate longer from the discharge point "A" into Tviren. E.g. the ’Eu/*’Co ratio is above 1.5 in core
C7 and decreases to below 0.5 in the central part of Tviren.
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FIG. 9.12. Spatial distribution of inventories in Tviren sediments for ******Pu, **Pu and **'Am. The
highest inventories is found close to discharge point “A”, see Fig 9.1 to see the exact position of the
discharge points. The highest inventories are found for ***Pu and **' Am, about 2 kBq-m™ and for
2392290py about 1.2 kBq-m™. Lower row shows the activity ratios. The ***Pu/***** Pu and **' Am /*****’Pu
activity ratios are highest close to the discharge point “A”, over 1.2. The ***Pu /**' Am ratio is also
highest in this area, indicating that ***Pu is strongly associated to discharge from this pipeline.

In general, calculated inventories are very high when compared to reported levels in the Baltic
Sea. The maximum inventories for 2**"2*Py, 2Py and ?*'Am reported to the Helsinki
Commission in this area of the Baltic Sea are 150, 5 and 75 Bq'm?, respectively [9.16]. The
inventories in Tvdren show that additional sources of actinides to the Baltic Sea environment,
like Studsvik facility, are important to control and investigate. This as some of the most ‘exotic’
artificial radionuclides can be used as environmental tracers and pose an important role in
environmental radiological assessments.

9.3.4. Reconstruction of past unknown aquatic releases from Studsvik

Studsvik has regularly discharged effluents with different radionuclides. In the first discharge
reports nuclide specific gamma emitters and total a and total 3 activity where reported. Since
2002 some reports are available containing released activities of 23Pu. 22**24Py, 2! Am, **Cm
and ??Cm. Summary of yearly aquatic releases for those radionuclides from both discharge
points (“A” and “B”) are given in Table 9.5 and Fig. 9.2.

For the reconstruction of Studsvik’s releases using sediment cores, C3, C6 and C7 were chosen
to study if reconstructed values are affected by the localization of the sediment core.

Reconstruction of the past Studsvik releases demands knowledge of the actinide inventories in
the sediment as well as well documented release history. The uncertainty of the documented
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releases has not been stated nor how these values has been derived. By comparing, a specific
radionuclide transfer factor, f, in the sediment cores can be derived and expressed for Pu as:

I
f=1 ©.1)

Where:

I — inventory in the sediment layers dated between 2002 and 2016 in Bq'm™%;

A — aquatic release between 2002 and 2016 in Bq.

The specific Pu transfer factor, f, calculated for C3 sediment layers dated between year 2002
and 2016 are:

for 2*%Pu: 1.76 £ 0.02 [1'm™- 107]
for 23924%Py: 4.07 £ 0.05 [1'm™2- 10°]

Based on those values, the “missing” releases were calculated based on the integrated **Pu
and 2**"2%0Py inventories for the sediment layers below 2002 where the aquatic release are
unknown. Computed missing releases between years 1959 to 2002 are:

for 28Pu: 216 + 2 MBq
for 227*240py: 145 £ 2 MBq

From the reported aquatic discharge, shown in Table 9.5, the calculated missing release
between years 1959 and 2002, the total aquatic release of the Pu radioisotopes to Tviren are:

for 28Pu: 272 + 4 MBq
for 227*240py: 160 + 4 MBq

TABLE 9.5. AQUATIC ANNUAL RELEASE OF ACTINIDES FROM STUDSVIK TO
TVAREN BASED ON REPORTED VALUES TO THE SWEDISH RADIATION SAFETY
AUTHORITY (SSM)

Release 238Pu 239+240Pu 24‘Am 244Cm 242Cm
year [MBq] [MBq] [MBq] [MBq] [MBq]
2017 0.025 0.02 0.6 - -
2016 0.042 0.03 0.27 - -
2015 0.18 0.2 0.085 0.042 -
2014 0.033 0.08 0.02 - -
2013 0.01 0.04 0.03 0.022 -
2012 0.015 0.009 0.02 - -
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2011 0.24 0.08 0.6 1.04 -

2010 1.6 1 0.94 - -

2009 1.6 1.15 1.9 0.5 -

2008 0.64 1 2.2 1.8 0.3
2007 0.96 0.15 2.5 12.5 1.8
2006 1.5 0.3 5.1 4.5 4.5
2005 11 2.6 87 30 9.5
2004 6.6 1.3 10 39.1 2.8
2003 9.5 1.8 7.8 36.2 5.1
2002 21.5 5.6 8.3 45.4 15.3

The same calculations were performed for other cores and all computed results are presented
in Table 9.6. Recalculation of the Studsvik releases for 2**Pu and 2***2*°Py and was based on
the assumption that the environmental conditions governing mobility and plutonium residence
time was similar between 2002 to 2016 and 2002 to 1959.

In theory radionuclide specific transfer factor, f, in the sediment needs to be site specific and
dependent on the particular radioisotope activity in the sediment and the mass accumulation
rates. In the case of this study, the mass accumulation rates are constant, and the only variable
is site specific Pu inventory. Differences in the calculated factors, f, are noticeable for each site
but similar results were obtained for C3, C5 (collected from the center of Tvéren) and C6, C7
(collected from the southern part of Tvidren) pairs. Disagreements are probably due to
uncertainties in sediment dating, especially in cores that have low resolution. In case of
239+249py, it can be also attributed with an impact of the global fallout Pu that is difficult to assess
for each sediment station. Even though, for the total releases reconstruction global fallout Pu
was subtracted with the values of 150 Bq-m™ for 2***2*°Py and 5 Bq-m™ for ***Pu that are based
on previous studies [9.33]. It is possible that they are under or overestimated for different
locations of Tvéren. Additionally, that the level of Pu retained in the sediment depends on site-
specific environmental conditions including the amount of inorganic and organic colloids and
water chemistry that govern Pu oxidation states and therefore its mobility. In general, total
release reconstructions based on data from both locations are in good agreement and the total
releases of both were around 200 to 300 MBq.

TABLE. 9.6. CALCULATED RADIONUCLIDE TRANSFER FACTOR (F) AND
RECONSTRUCTION OF PAST UNKNOWN AQUATIC RELEASES FROM STUDSVIK
CALCULATED FROM FOUR DIFFERENT SEDIMENT CORES.
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f[1'm?- 10] Missing release [MBq] Total release [MBq]
Core
2394240p,, 238py 2394240p, 238py, 239+240p,, 238py
C3 4.07+0.92 1.76+0.25 145+26 217£25 160+26 273+25
C5 1.00£0.07 1.22+0.08 229+16 106+12 162+26 244+22
Co6 0.40+0.02 1.64+0.05 216£15 155+16 231+£15 210+16
C7 5.03+0.28 0.10+0.03 181+14 164+17 196+14 219+17

Releases for other radionuclides cannot be reconstructed with present knowledge. Due to in-
situ *' Am activity in-growth from >*!Pu it is impossible to relate **' Am release history to
inventories in the sediment without the knowledge of 2*'Pu activity concentrations in the
sediment. And for ?*Cm and ?**Cm have relatively short half-lives of 29.1 and 18.1 years,
respectively. In alpha spectrometry both radioisotopes are measured as the sum of both
isotopes, due to similar a particles energies, and their deconvolution with acceptable precision
is not always possible in low activity concentration samples. In this case decay correction for
both Cm radioisotopes is not possible. As mentioned before, 2**Cm reported by Studsvik
already decayed and is now in equilibrium with 2**™Am. In this case it is also impossible to
relate the ***Cm release history with inventories in sediment cores.

9.4. CONCLUSIONS

In general, the study revealed high level of environmental radioactivity in sediments. The levels
are mostly related to the distance from the Studsvik aquatic discharge points and of the mass
accumulation rates, especially in the deep center part of Tvéren. Activity levels for analyzed
radionuclides translated into high inventories in Tvéren that are up to 300 times higher for
238py, 9 times higher for 24Py and 10 times higher for **! Am than reported values for this
area of the Baltic Sea. Other anthropogenic radionuclides were also characterized with high
inventories. In general, the levels of radioactivity decreased in recent aquatic releases from
Studsvik. Reported annual discharge was compared with the radioactivity in the dated sediment
profiles. For most radionuclides and cores, there is fairly good agreement. The only exception
is 137Cs with high activities in top sediment layers and the distribution did not follow that
expected from the reported discharges. The activity of '*’Cs in Tviren probably originates from
Chernobyl fallout arriving to Tviren by the Baltic Sea water circulation currents. Therefore, it
has rather steady input into bay’s waters where a fraction is precipitated to the sediments. The
profiles revealed increased activity ratios of actinides in the deepest layers of the analyzed
sediments that can be due to slow actinide migration processes in the pore water of the
sediments.

Activity ratios showed that the origin of the artificial radioactivity in Tvéren is mainly due to
Studsvik operations and, to some extent in the deeper sediment layers, due to global fallout.
Additional *°Pu/?*Pu and **'Pu/?*°Pu isotopic ratio measurements would also answer how
much the global fallout impact on Tviren compared to activity from Studsvik releases.

Well established Pu profiles and known history of the discharges allow reconstruction of the
total releases for both 2*Pu and 2***?*°Pu based on three Pu profiles from different locations.
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The obtained results are in rather good agreement and indicating that Studsvik has discharged
about 190MBq of 2?*24CPu and 240MBq of >**Pu during its whole operation. These calculations
assumed that activity of Studsvik aquatic releases are correct. Although according to the results
presented here, the discharge of **Pu reported by Studsvik may be overestimated, especially
the values reported between years 2002-2007.

The obtained results clearly show the impact of Studsvik discharges on the radionuclide
inventories in Tvéren area and for the ecosystem of the Baltic Sea.
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Abstract

Alternatives to the use of '*’Cs as a ?!°Pb sediment dating validation tool are proposed. In
highly industrialized bays, such as Guanabara Bay in the Rio de Janeiro metropolitan region,
several chemical/compounds from the surrounding industry releases may be applied as
validation tools. Chromium and copper profiles in a sediment core adequately fit the expected
pattern due to the implementation of a chemical plant in 1958, reaching their maximum
discharge in 1982 and subsequently decreasing due to the operation of a new wastewater
treatment plant. A diffuse source such, as the PCB-based mixture Askarel, was also applied as
an alternative validation tool, and the observed concentration profile reproduced the expected
behavior, with increasing concentration after the Second World War and a decrease after the
ban of this product in 1981. The observed Aroclor 1254 and 1260 mixture chlorination rates fit
the most widely distributed PCB-based products in the country.

10.1. INTRODUCTION

Guanabara Bay (22°24-22° 57° S and 43°33-43°19° W) is a 346 km? estuarine system located
in the most industrialized and urbanized Brazilian coastal region, in the state of Rio de Janeiro
[10.1]. Its drainage basin is formed by 91 rivers and canals which contribute to a mean water
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flow of 100 m® 5!, ranging from 33 m* s™! in July (dry season) to 186 m® s™! in January (rainy
season), and with 25 m® s™! of domestic wastewater delivered by the State Company for Water
and Seawater (CEDAE), the total freshwater flow to the bay is approximately 125 m*s™! [10.2].

The hydrology of Guanabara Bay is described in 10.2 and 10.3. Briefly, the bay extends 30 km
N-S and 28 km E-W, with a maximum width of 29 km and greatest continuous extent of 36
km. The total drainage basin volume is approximately 2.2:10° m?, about 10% of which is
exchanged each tidal cycle, resulting in a residence time of 20%5 days.

The sediments in the region range from sandy and silty-clay at Guanabara Bay to silt-sand on
the coast of Caxias, and clay-silt-sand on the coast of Sdo Gongalo and the Cataldo inlet
(Fundao Island) Sands are dispersed at the bay’s entrance and central channel and continue to
Governor Island [10.3]. Particulate matter and flocculated clays in the northern part of the bay
result in mud and sand deposits. Mangroves also heavily influence sedimentation in the
northeastern region [10.3]. Unlike many regions where the sea is the main sediment source,
the rivers, which contribute to around 4,000,000 tons year™' to the siltation of the Bay, are
considered the main supply of sediment owing to heavy summer rains [10.3].

There is a substantial input of sediment into both the northwestern and western areas of the
study region, reflecting the heavy influence of anthropogenic activities including sewage
discharge, river channel modification, agriculture, and deforestation [10.3]. These historical
changes have drastically increased the sedimentation rate, especially in the region between the
mainland and Governor Island, which experienced an increase of 0.73 cm year™ between the
1850s and 1990s. Even higher rates were observed close to the mainland. Sedimentation rates
in Northwestern Guanabara Bay, calculated using >!°Pb [10.4], were reported as to base 2.0 cm
year'Wilken et al. [10.4] determined. Previous studies [10.5, 10.6] indicate that the
sedimentation rates of different Guanabara Bay regions are similar, with values ranging
between 1 and 2 cm year!. Therefore, Guanabara Bay sedimentation rates have increased 10-
fold compared to the original rate. Higher sedimentation rates have resulted from either 1)
factors that led to wide-scale spatial increase (e.g., industrialization and urbanization), or ii)
factors that increased rates locally (e.g., embankment construction, enlargement of the
international airport, and the rapid growth of transportation routes).

Guanabara Bay sediments are highly enriched in the trace metals Pb, Zn, Cu and Cr compared
to the average shale concentration and other regions worldwide [10.1, 10.7]. Several studies
have suggested that the predominant heavy metal burden come from rivers in the northwest
region, especially the Sarapui, Meriti, Iguagu, Estrela and Iraja rivers [10.8-10.11]. The high
metal concentrations in the northwest bay result from discharge of the most polluted rivers and
a large oil refinery in the region [10.1]. However, studies show that the rivers that cross the
cities of Niteroi and Sao Gongalo are also heavy metal sources for Guanabara Bay, especially
to the east. The metal load in these rivers to the result of urban development and the large
amounts of untreated domestic sewage inputs [10.12]. Two other areas exhibiting high heavy
metal concentrations are the Rio de Janeiro port and Jurujuba Bay, which is heavily polluted
by domestic sewage [10.13]. The lowest heavy metal concentrations occur in the southern
region of the Bay, near the inlet. The northeastern and northwestern regions have similar
sediments, although lower heavy metal concentrations are found in this region owing to the
existence of an environmental protected area in the northeastern portion of the bay
(Guapimirim Environmental Protected Area) [10.1].
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Any ?!°Pb sediment dating needs to be validated based on an independent time marker [10.14].
In the Northern Hemisphere, this is carried out based on the '*’Cs profile, the peak of which
corresponds to the maximum of the atmospheric nuclear tests fallout in 1963 [10.15]. However,
the nuclear test fallout in the Southern Hemisphere was 1/3 of that in the Northern Hemisphere
and the actual activity is about 25% of the original values [10.15]. Nonetheless, '3’Cs
application in the Southern Hemisphere is quite critical and alternatives need to be identified
[10.16]. Considering that one of the main applications of 2!'°Pb dating comprises retrospective
pollution studies, the depth profile of pollutants with known sources at each specific site can
be used as an alternative to '¥’Cs.

The present study presents the application of Cr and Cu as examples of alternative independent
time markers for 2!°Pb sediment dating, whose inputs to Guanabara Bay are related to one
specific industrial plant with well-established operation data, and PCBs, a diffuse source with
available information concerning their introduction and consumption in Brazil.

10.2. MATERIAL AND METHODS

The core assessed was collected from the location exhibited in Fig. 10.1, using a UWITEC
gravity corer, with 6 cm internal diameter tubes, sliced at two centimeters. This region is one
of the most environmentally impacted Guanabara Bay areas, receiving inputs from the Duque
de Caxias oil refinery (REDUC), a waste dump site (Jardim Gramacho), and industries located
along the Iguagu and Sarapui river drainage basins.

Rio de Janeiro

-22°42'0.00°

Duque de
Caxias

-22°48'0.00°

Rio de Janeiro

-22°54'0.007

J— A Legend

* Sampling Site

-43°12'0.00" -43°6'0.00"

FIG. 10.1. Guanabara Bay map exhibiting the sediment core sampling site.
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210pp concentrations were determined according to Godoy et al. [10.17]. To summarize, 5 g
dry sediment aliquots were leached at 80 °C with 50 mL 0.5 mol L™! HBr for 2 h. The resulting
solution was isolated and the residue leached with 50 mL 0.5 mol L' HBr and 1.0 g
hydroxylamine hydrochloride at 80 °C for 2 h. After addition of a lead carrier, the resulting
solution was transferred to an ion-exchange column containing a Dowex 1X8 50-100 mesh.
Subsequently, a cleaning step with 0.5 mol L™! HBr and 1.0 g hydroxylamine hydrochloride
was applied, followed by further elution with 1 mol L' HNOs. Lead was precipitated as
chromate, and the chemical yield was gravimetrically obtained. ?'°Pb concentrations were
determined as a function of the daughter decay product, 2!°Bi, after a two-week ingrowth period
by beta counting on a ten-channel low-level proportional counter (Perkin-Elmer Prof. Berthold
LB-750). The detection limit of this technique for a 1,000-min counting time is 1 Bq kg™
Twenty-seven slices were analyzed for 2!°Pb, one at each two slices, and one aliquot of each
slice. The certified reference material IAEA-412 (Pacific Ocean Sediment) was applied for
quality control.

A pseudo-total concentration method, similar to the EPA 3050-B method, was applied for the
elemental analysis, in which 250 mg sediment aliquots were digested with aqua regia at 95 °C,
[10.18] for ICP-AES but without the use of H202 to reduce blank values. Metal concentration
was determined by applying the EPA 6020b method [10.19] using an Agilent 7500CX
inductively coupled plasma-mass spectrometer (ICP-MS). The isotopes determined were *Cr
and %Cu. Blank and reference samples (IAEA-405 sediment sample) were included in every
sample batch. Based on the reference sample analysis, the mean uncertainty is lower than 5%
for the determined elements. The limits of detection were several orders of magnitude lower
than the elemental concentrations found in the sediment samples.

Samples were extracted (2 g) by the EPA 3550C ultrasound technique [10.20] after the addition
of the surrogate standards in a dichloromethane/methanol solution (9:1 v/v) for 15 min,
repeated three times. Sample extracts were eluted in a glass column (0.3 cm i.d. and 8 cm
height) packed with anhydrous Na>SO4, alumina and silica before adding the internal standard.

The EPA 8270D method [10.21] in the scan ion mode (SIM) was adopted for PCB
quantification. The method was developed based on the standard Quebec Ministry of
Environment Congener Mix (C-QME-01 certified by the ISO Guide 34), from Accustandard®.
2,2',4,5',6- Pentachlorobiphenyl (PCB 103; CAS number 60145-21-3) and 2,2',3,3',4,5,5',6-
octachlorobiphenyl (PCB 198; CAS number 68194-17-2) were used as the surrogate standards.
50 uL of a 100 ng mL " internal standard (IS) made from 4,4’-Dibromobiphenyl (CAS number
92-86-4/MRC from SPEX CertiPrep) prepared in methanol at a concentration of 2 pug mL™!
were added to nine 1 mL standard solutions (500, 200,100, 50, 20, 10, 5, 2, and 1 ng mL™).
The optimized chromatographic and mass spectrometry conditions are displayed in Table 10.1.

TABLE 10.1. OPTIMIZED CHROMATOGRAPHIC AND MASS SPECTROMETRY
CONDITIONS FOR PCB DETERMINATIONS.

Chromatography Conditions

i 250°C
Injector ) S
Splitless injection
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Gas He, constant pressure (180 kPa)

1.0 mL min!

90°C, 4 min

Temperature 15°C min’!, 160 °C

4°C min', 225 °C

7°C min’', 305 °C

Transferline 290 °C
TriPlus AutoSampler
Injection 1.5 uL

Mass Spectrometer Conditions

Source temperature 250°C
Tonization EL 40 eV
Emission Current 100 pA

10.3. RESULTS AND DISCUSSION
10.3.1. 21%Pb dating

The total 2!°Pb profile according to mass depth is presented in Fig. 10.2. No mixing zone was
observed, and the activity decreases with depth to the supported 2!'°Pb concentration (14.5+1.0
Bq kg!). The constant flux model (CF) [10.22] was chosen, based on previous publications
[10.5, 10.23]. The plot calculated ages vs. cumulative mass depth shows two different mass
accumulation rates (MAR), one up to 1982 and a lower one for the deeper layers (Fig. 10.3).
Figure 10.4 presents the sediment accumulation rates (SAR), where three different rates were
observed. One additional SAR in relation to MAR can be an effect of compaction. Godoy et al
[10.23] observed the same time trend for a core taken from the same region, albeit with actual
higher SARs, which can be explained by the fact that the sampling location in that study was
closer to the shoreline than the one assessed herein, calculated by using [10.3]
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FIG. 10.2. Total *'°Pb activity profile according to mass depth. The red oval indicates the *'°Pb

supported activity for a sediment core from Guanabara Bay.
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FIG. 10.3. Temporal variation of the mass accumulation rate (MAR) trends for a sediment core from
Guanabara Bay.
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FIG. 10.4. Temporal variation of the sediment accumulation rate (SAR) for a sediment core from
Guanabara Bay.
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10.3.2. Chromium and copper profiles

In the past, the main Cr and Cu source to Guanabara Bay region was a chromium chemical
facility belonging to the Bayer industrial complex, located at the Sarapui River, which began
operating in 1958 and released metal-rich effluents until 1982, when a new treatment plant was
implemented [10.16]. Fig. 10.5 presents the Cr and Cu temporal profiles, where a clear increase
of the concentration of these metals after the start of the operation of the Bayer chemical plant
is noted, followed by a reduction with the introduction of the effluent treatment plant,

validating the 2!°Pb age-model.
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FIG. 10.5. Temporal profile of chromium and copper concentrations applied to validate the *’’Pb dating
for a sediment core from Guanabara Bay.

The correlation between both metals during the period corresponding to the Bayer releases is
displayed in Fig. 10.6. It can be observed that the natural relationship between Cr and Cu is

interrupted after the Bayer plant has come into operation.
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FIG. 10.6. Correlation of chromium and copper concentrations in a sediment core from Guanabara
Bay. The black dots correspond to the period before to the metal concentration peak, and the blue dots
to the data after the peak.

10.3.3. Polychlorinated biphenyl (PCBs) concentration profile

Polychlorinated biphenyls are synthetic organochlorine compounds, derived from the catalytic
reaction of the biphenyl group with anhydrous chlorine. Although 130 PCBs congeners have
been marketed, it is theoretically possible to synthesize up to 209 compounds, since PCB
molecules can display different arrangements, according to the number of chlorine atoms
(ranging from 1 to 10) present in their composition.

PCB-based synthetic products have many applications. Their use in fluid mixes is the most
recurrent, although they can also be used in gas transmission turbines, hydraulic fluids,
plasticizing resins, adhesives, heat transfer systems, and as additive flame retardant, cutting
oils and lubricants. The production of PCB began in 1929 in the United States and subsequently
extended worldwide, sold in several countries under different names, such as “Phenoclor®”,
in France; “Kanechlor®” in Japan “Clophen®”’; in Germany and “Fenclor®, in Italy. In the
United States it was produced by Monsanto, the main world producer, and the brand
“Aroclor®” was marketed in Brazil under the name “Askarel®” 6,7,8. [10.27]. The peak of
PCB production took place in 1970, in the electronics industry sector, totaling 50,000 tons
[10.27]. In Brazil, the most applied PCB-based compound was Askarel, which led to the use
of the term Askarel as a synonym for PCB in the country. The askarel were commercialized in
Brazil as mixtures of tetra-, penta- and hexa-chloride isomers, corresponding to the Aroclor
1254 and 1260 mixtures sold in the USA, although heptaclorides PCBs were also found [10.24-
10.26].

With the verification of their bioaccumulation potential and high toxicity to humans, PCB
production and commercialization became limited or even prohibited in several countries, first
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in Japan and Sweden in 1972, followed by the USA in 1978, Norway in 1980, Finland in 1985
and Denmark in 1986 [10.28]. In Brazil, Ordinance 019 (MIC, MI, MME) was enacted in 1981.
This legislation prohibited the commercialization and use of PCBs throughout the national
territory, although existing equipment containing these compounds were permitted until the
end of their useful lives. Recently, Stoll et al [10.29] reported PCB concentration above
Brazilian regulations in river waters flowing to Guanabara Bay.

The PCB concentration temporal profile in the Guanabara Bay core is presented in Fig. 10.7,
alongside their chlorination degree. Before the Second World War (1945), the observed
concentrations were close to the limit of detection (<0.2ng g''). However, with the increasing
industrialization in the country, during the 1970s, the so-called Brazilian miracle period, PCB
concentrations and the presence of PCBs related to Askarel increased. After their restriction in
1981, PCB concentrations steadily decreased up to 1992, with a slight concentration increase
observed after this period. This new increase is consistent with the recent findings of PCBs in
the river waters of some Guanabara Bay tributaries [10.29]. The sources of this recent PCB
input to the bay’s sediment may be ascribed to diffuse inputs by leakages from illegal Askarel
deposits or from the inappropriate disposal of electric equipment at the end of their useful life
after decades of use. The relative concentration of PCBs by the degree of chlorination through
sediment core (Fig. 10.7B) shows the prevalence of the tetra, hexa and hepta substituents,
typical of the most marketed product in Brazil (Fig. 10.7C).
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FIG. 10.7. Temporal profile of PCB concentrations (A) and the corresponding compound distribution
(B) in in a sediment core from Guanabara Bay. Relative Aroclor distribution of the most marketed
product in Brazil (C). The data were adapted from Ref. [10.27].
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10.4. CONCLUSIONS

The present study has demonstrated that particle sinking pollutant originated from point or
diffuse sources with well-known application dates may be used as a validation tool for 2!°Pb
sediment dating as an alternative to '*’Cs in the Southern Hemisphere. As an example, data
from release records from a chromium chemical facility belonging to Bayer Chemical near
Guanabara Bay were applied to explain the observed temporal concentration changes, with
increasing values after facility operations began in 1958, reaching a maximum in 1982 and
subsequently decreasing due to a new wastewater treatment plant, showing the coherency of
the calculated ages. In addition, the PCB core-depth profile found for Askarel, the most
common PCB product marketed and used in Brazil, is consistent with the increased use of this
compound accompanying the 1970s Brazilian economic boom, the ban in the 1980s and
residual inputs in recent years caused by illegal practices and inappropriate disposal of PCB-
based electric products.
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Abstract

210ph sediment dating is useful to reconstruct historical contamination trends in aquatic
environments. It is especially valuable to solve the lack of pre-anthropogenic baselines and
long-term records, and allows assessment of both the impacts of industrial development and
effectiveness of management measures for environmental protection. Temporal variations,
within the past ~100 years, of potentially toxic trace element (As, Ba, Co, Cr, Cu, Hg, Ni, Pb,
V and Zn) concentrations, enrichment and fluxes were assessed in *!°Pb-dated sediment cores
from offshore and intertidal locations in the southern Gulf of Mexico, with the purpose to
estimate the potential oil industry impacts in the region. In offshore cores, the concentrations
of As, Ba, Cu, Pb, V, and Zn were usually higher, and of Co, Cr, Hg, and Ni were usually
lower, than in intertidal cores. Based on cluster analysis results, trace element concentrations
were mostly influenced by sediment grain size and terrigenous contribution through fluvial
discharges. Cr, Cu and Ni concentrations are naturally elevated in the region, reaching levels
of potential ecological concern. Enrichment factors indicated the absence of contamination for
most elements in most offshore cores; whereas contamination was observed in cores collected
from areas influenced by major river discharges and flushing from Terminos Lagoon. There
was a recent decrease in trace element fluxes in most cores, which could be caused by
environmental controls established since the 1980s. However, around the Campeche Sound
area, trace metal inputs were mostly attributed to wastewater discharges and land erosion in the
adjacent coastal areas, associated with population growth and land use changes, promoted by
the Campeche Sound oil production activities. Results highlight that environmental controls
are needed for the offshore oil industry, and for the control of watershed erosion and untreated
wastewater discharges to reduce contaminant loads to the marine environment.

11.1. INTRODUCTION

The Gulf of Mexico (GoM) is a marginal sea, between the tropics and subtropics of the north-
western Atlantic Ocean, bounded by the shorelines of southern United States of America and
eastern Mexico. It encompasses ~1.5 million km? and a large coastal population (40,522,728
inhabitants in 2010; [11.1]). The major economic activities in the GoM include tourism,
recreational and commercial fisheries, and petroleum exploitation. The coastal and marine
resources in the southern GoM (sGoM) are under pressure from numerous anthropogenic
stressors, including shoreline development and contamination from land-based (e.g. industrial
and agricultural) and offshore (e.g. oil drilling and ship traffic) activities.

Naturally occurring petroleum seeps are widely distributed throughout the region [11.2], which
is one of the most relevant regions for global offshore oil and gas production [11.3]. In Mexico,
the oil industry is, by value, the fourth largest export commodity [11.4] and contributes 8% of
the gross domestic product (GDP; [11.5]); the country produced 1,833 thousand barrels per day
of crude oil and 4,847 million cubic feet per day of natural gas in 2018 [11.6].

Contamination resulting from the oil industry is a worldwide concern, as the discharge of
industrial wastes and oil spills can have deleterious effects on aquatic environments. Metals
and metalloids may naturally occur in crude oils (e.g. Al, As, Ba, Cd, Co, Cr, Cu, Fe, Ga, Hg,
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Mg, Mn, Mo, Na, Ni, Pb, Si, Sn, Sb, Zn, Ti, U, V and Zn), and may also be enriched during
the production, transport and storage phases [11.7, 11.8].

Sediments are the final repository for a numerous various contaminants, scavenged by sinking
matter. Assuming negligible post-depositional mixing, sediment cores may be used to
reconstruct long-term trends of oil-related contamination in the aquatic environment. 2!°Pb-
dated sediment cores, in particular, have been successfully employed to provide contamination
trends of organic compounds and trace elements attributed to oil industry activities in coastal
areas, such as Prince William Sound [11.9], Yangtze River Estuary [11.10], Gulf of
Tehuantepec [11.11, 11.12] and Coatzacoalcos River [11.13—-11.15].

The purpose of this study was to assess the recent temporal trends (<100 yr) of the transport
and deposition of trace elements (As, Ba, Co, Cr, Cu, Hg, Ni, Pb, V and Zn) regularly
associated with oil industry activities, based on the analysis of 2!°Pb-dated sediment cores
collected in offshore and intertidal areas at the sGoM. Most data have been already discussed
[11.16, 11.17], although new data on concentrations and fluxes of Co in offshore cores, and
As, Ba, Co, Cr, Cu, Pb, Ni, V and Zn in intertidal areas are included.

11.2. STUDY AREA

The sGoM ecoregion is surrounded by five coastal states of Mexico, between Tamaulipas and
the northeastern end of the Yucatan Peninsula. It extends along the west and south, from a
terrigenous and progressively narrow continental shelf (composed of reworked fluvial
sediment, interspersed with coastal rocky outcrops) to a broad carbonate platform and
carbonate sand beaches to the east (Fig. 11.1; [11.18]). The western and southern sGoM coasts
receive abundant freshwater discharges from numerous rivers, including the four most
important rivers in Mexico by surface runoff (Grijalva-Usumacinta, Papaloapan,
Coatzacoalcos and Panuco) [11.19], in contrast with the scarce fluvial discharges in the
easternmost part (eastern shoreline of Yucatan Peninsula) where river discharges are practically
non-existent [11.20].

Most of the oil production in Mexico takes place in the coastal plain and the continental shelf
of the sGoM (~83% oil and 61% gas extraction of the country). By the end of 2018, the region
accounted for 252 marine platforms, mostly located in the Campeche Sound, the main gas and
oil offshore production area of Mexico since late 1970s, where the Ixtoc-1 blowout occurred
in 1979. The sGoM fishing resources (271,971 ton in 2017) represent a minor share (~14%) of
the total country production (most important fisheries: octopus, oysters, mojarra, shrimp, sea
bass, horse mackerel, blue crab). However, almost all fisheries production in the sGoM is for
direct human consumption [11.21], thus representing an important food resource for the region.

Términos Lagoon (TL), in the sGoM, is the largest coastal lagoon of Mexico (7,050 km? surface
and 3.5 m average depth [11.22]) and it is considered a Wetland of International Importance
(Ramsar Site 1356). It receives riverine discharges from the Candelaria, Chumpan and Palizada
(a branch of the Usumacinta River, which accounts for half of the freshwater input to the
lagoon) Rivers. It is separated from the GoM by a barrier island, although the openings at both
extremes allow a permanent sea exchange [11.22]. Ciudad del Carmen (~248,300 inhabitants;
[11.23]), located on the barrier island, is the main operation center of the Campeche Sound,
which has had a three-fold population growth since 1970, when Campeche Sound offshore oil
extraction activities started.
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Chronic contamination of trace elements and hydrocarbons has been documented in sGoM
coastal areas related to offshore and land-based sources [11.24-11.27]. TL is affected by
urbanization, land and coastal erosion, waste water discharges, and especially by the petroleum
industry. Oil pipes traversing the region coupled with exploration have promoted heavy marine
traffic, resulting in oil spills that have reached TL [11.28-11.30].
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FIG. 11.1. Sampling sites in the southern Gulf of Mexico. Offshore cores are noted by black circles, and
intertidal cores by brown circles. Numbers in grey squares indicate the rivers Panuco (1), Papaloapan
(2), Coatzacoalcos (3) and Grijalva-Usumacinta (4). The color bar indicates topographic elevation
(white to orange) and bathymetric depth (white to purple).

11.3. METHODS

Most data included in this study have been previously used to discuss trace element
contamination trends in offshore and intertidal areas of the sGoM [11.16, 11.17], where the
methods are described in detail.

11.3.1. Sampling and sample preparation

Polyethylene liners (9.5 cm internal diameter) were used to collect sediment cores (multicorer
system) in offshore areas on board of the R/V Justo Sierra of Universidad Nacional Auténoma
de México in 2015, and push-cores in mangrove-surrounded intertidal areas between 2016 and
2018 (Table 11.1). Extrusion techniques were used to sub-samples all cores. For offshore cores,
which were predicted to have lower sediment accumulation rates, the sectioning resolution (2
mm sections for the upper 100 mm, and 5 mm sections below) was lower [11.31] than for the
intertidal cores (1 cm sections). After freeze-drying, samples that were not to be analysed for
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grain size were ground to powder with agate mortars and kept in polyethylene bags until
analysis.

TABLE 11.1. SUPPORTING INFORMATION FOR SAMPLING SITES IN THE
SOUTHERN GULF OF MEXICO AND CORRESPONDING 2!°PB DATA (ddapted from

[11.17])

MAR
Water Core
Sample 210ppy, SAR range range
Core Lat. (N)  Long. (W) depth Iength 1 I M2 Vr
date m  (cm) (Bq-kg™h) (cm-yr') (g 5 y
Offshore

cores
SL25 09/08/2015 24°09.597" 96°23.655' 1603 26.0 53.0-61.0 0.01-0.17 0.01-0.03

SL26 31/07/2015  21°22.589" 96°34.473' 1499 40.0 33.0-57.0 0.03-043 0.02-0.20
SL27 08/08/2015 20°07.275' 96°07.811' 1522 37.0 32.0-44.0 0.02-0.14 0.01-0.07
SL28 07/08/2015 19°19.484' 95°35.462' 1564 28.0 28.0-32.0 0.02-0.17 0.01-0.05

SL33 01/08/2015 22°24.614' 91°46.682' 1326 34.0 20.0-38.0 0.005 - 0.003 -
0.06 0.03

IXW750 05/08/2015 19°27.598' 94°35.097" 1440 37.0 31.0-142 0.02-0.80 0.01-0.34
IXW500 06/08/2015 19°26.649" 93°53.323' 1010 25.0 37.0-179 0.02—-1.50 0.01-0.80
IXW250 06/08/2015 19°25.841' 93°05.698' 583 25,5 35.0-134 0.07-0.74 0.02-0.37
IXTOC1 03/08/2015 19°22.205' 92°19.031' 60 31.0  19.3-2538 0.02-0.66 0.01-0.12

Intertidal
cores

IA03 10/08/2016  20°36.940" 90°27.392" 0.5 235 11.3-322 0.01-0.56 0.01-0.11
LTAF 06/04/2016 18°34.297' 92°04.797" 0.5 56.0 153-47.1 0.18—1.17 0.09-1.49
LTBCF  05/04/2016 18°29.530" 91°47.418' 0.5 51.0  22.6-259 0.53-2.24 0.62-2.79
LTME1 09/04/2018 18°47.581' 91°27.827' 0.5 59.0 14.6 —20.5 0.04-3.62 0.01-0.03
LTME2  09/04/2018 18°48.362' 91°27.455' 0.5 64.0 15.6-17.8 021-2.73 0.01-0.37

210pbgy, = supported 2'°Pb. SAR = sediment accumulation rate. MAR = mass accumulation
rate

11.3.2. Sediment core dating

210pp activities (>'°Pbiot) were determined through the analysis of 2!°Po by alpha-particle
spectrometry [11.32]. ?2°Ra activities were used to assess the supported 2!°Pb activities
(*'Pbsup) and '*’Cs activities to attempt 2!°Pb dating corroboration. *°Ra (through 2!*Pb, 352
keV) and *’Cs (661.5 keV) were determined by gamma-ray spectrometry [11.33]. Excess *!°Pb
(>'%Pbys) was estimated through the difference between 2!°Pbiot and supported 21°Pb (2!1°Pbsup;
assumed in equilibrium with 2*Ra activities). 2!°Pb chronologies, mass accumulation rates
(MAR) and sediment accumulation rates (SAR) were calculated with the constant flux (CF)
model [11.34, 11.35], and the dating uncertainties were estimated by Monte Carlo simulation

[11.36].
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11.3.3. Sediment characterization and trace elements concentrations

Sediments were analysed for grain size distribution by laser diffraction using a Malvern
Mastersizer 2000E; The loss on ignition method was used asfor organic matter (LOIss0) and
carbonate (LOI9s0) content, respectively [11.37]. Elemental composition was determined by X-
ray fluorescence spectrometry (XRF, Spectrolab Xepos-3). Hg concentrations were analysed
by cold vapor atomic absorption spectrophotometry (Varian SpectrAA 220) [11.38].

11.3.4. Analytical quality control

The analytical accuracy, determined by evaluating certified reference materials, provided
results within the reported ranges: IAEA-300 for 2!°Pb, 1*’Cs and *?°Ra activities; QAS3002-
Malvern™ for grain size percentages; and I[AEA-158 and PACS-2 for elemental composition.
Replicate analysis of a single sample (n = 6) resulted in variation coefficients <10% for *!°Pb,
226Ra and '¥’Cs activities, <5% for grain size distribution, <3% for elemental composition and
<5% for mercury concentrations.

11.3.5. Data treatment

Analysis of variance (ANOVA) and Tukey post-hoc tests (95% confidence) were used to
evaluate differences in values among the cores, and between offshore and intertidal cores.
Cluster analysis was used to identify the association between geochemical variables and trace
element concentrations in the cores. The screening values are threshold effect level (TEL,
below which adverse biological effects are expected to occur rarely), and probable effect level
(PEL, above which adverse effects are expected to occur frequently) [11.39], were compared
to element concentrations to evaluate the likelihood of adverse effects to the benthic biota.

The degree and trends of trace element contamination were evaluated through a normalized
enrichment factor (EF; [11.40]), i.e. the ratio of the element concentration at each core section
to its pre-industrial concentrations. Each value was normalized by the corresponding
concentrations of Ti, as reference element to compensate for variations of sediment grain size
[11.38]. The pre-industrial values were calculated as the average element concentration in
sections older than 1900s, according to the 2!°Pb chronologies, and these values were confirmed
through a calculated distribution function [11.41]. EF values were graded as follows [11.42]:
EF<2 indicates no enrichment; 2<EF<3 minor enrichment; 3<EF<5 moderate enrichment;
5<EF<10 moderately severe enrichment; 10<EF<25 severe enrichment and 25<EF<50 very
severe enrichment.

Temporal variations of trace element fluxes (the product of MAR and element concentrations,
in ug cm 2 year!) were estimated by using the flux ratio (FR), i.e. the quotient of the element
flux at each core section to its pre-anthropogenic flux [11.43], which is an unitless index useful
to assess the temporal and spatial variability of element deposition, independent from variations
in MAR [11.43].

11.4. RESULTS
11.4.1. Radionuclide activities and 2'°Pb dating

210pp activities decreased steadily with depth in each core (Fig. 11.2), and therefore
postdepositional mixing was considered negligible (Fig. 11.2). >'°Pbiot and 2'°Pbsyp (**°Ra)
activities were significantly (p<0.05) lower in intertidal (*'°Pbiot: 14.8- 317, 21%Pbsup: 11.3-
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47.1 Bq kg!) than in offshore (*!°Pbiot: 31.8- 1350, 2!%Pbgup: 19.4  -143.1 Bq kg™!) cores (Fig.
11.3; Table 11.1).

Most sediment records spanned more than 100 years [11.16, 11.17] except offshore SL26, and
intertidal LTAF, LTBCF, LTMEI and LTME2 cores. In intertidal cores, the MAR range (0.01
- 1.1 gecm™ yr'') and SAR (0.02 - 3.6 cm yr'!) were broader than in the offshore cores (MAR:
0.01- 0.4 gcm?yr! SAR: 0.01-0.8 cm yr'!) (Table 11.1, Fig. 11.3).

137Cs activities in all offshore cores and the intertidal core IA03 were below the minimum
detectable activity; <5 Bq kg ! in cores LTBCF, LTMEI and LTME2, and up to 157 Bq kg !
in LTAF [11.16] (data not shown). None of the cores (where '*’Cs was detectable) showed a
maximum attributable to the '*’Cs maximum fallout shortly before the signature of the Limited
Test Ban Treaty [11.44], which could be used to corroborate the 2!°Pb-derived chronologies
[11.16, 11.17]. Detectable '*’Cs activities in the upper segment of these cores beginning in the
1950s verified that these sediments were deposited after the start of nuclear weapons tests (i.e.
1945, Trinity test, Alamogordo, USA) in agreement with 2!°Pb derived age models.
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FIG. 11.2. Total *!°Pb activity depth profiles in sediment cores from offshore and intertidal areas in
the southern Gulf of Mexico.
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11.4.2. Geochemical characteristics, element composition and provenance

The intertidal sediments generally had significantly lower mean contents of clay, silt, Al and
Mn, and higher mean contents of sand, LOloso, Si and Zr than the offshore sediments, whereas
both environments presented comparable values of LOIsso, Ti and Fe (Fig. 11.3). In general,
intertidal cores showed significantly higher concentrations of Co, Cr, Hg, and Ni, and lower
concentrations of As, Ba, Cu, V, Pb, and Zn, than the offshore cores (Fig. 11.4, Table 11.2).
Trace element concentrations showed a high variability within and among the sampling areas
(Fig. 11.5). For instance, Pb concentrations have steadily increased over time since early 1900s
and reached the highest values at the most recent sections in most cores (except intertidal core
IA03, where the Pb maxima was observed in 1960s). This is in contrast with Cr profiles, which
showed subsurface maxima, but the minima were usually observed at the uppermost section of
most cores (except intertidal cores LTME2 and LTBCF). In the offshore cores SL25, SL27,
IXW750, IXW500 and IXW250, only Pb concentrations steadily rise, whereas in SL28 and
SL.33 the highest concentrations of As, Cu, Hg and Pb were observed in the most recent section.
The cluster analysis showed three main groups (Fig. 11.6), consisting of: (1) clay, LOIsso, Mn,
Br, Cl, Na, As and Cu; (2) silt, Al, Ti, Si, Rb, Zr, Fe, Ba, Co, Cr, Hg, Ni, Pb, Zn and V; and (3)
sand, LOIvso, Sr and Ca.

11.4.3. Assessment of sediment quality and trace element enrichment

A preliminary screening of the ecological significance of trace element concentrations was
made by comparing the values observed with the benchmarks threshold effect level (TEL), and
probable effect level (PEL) ([11.39]; values in Table 11.2), except for Co and V, which are not
available. In most cores Cr, Cu and Ni concentrations exceeded the TEL values (except the
offshore cores IAO3 for the four elements, and SL26 and SL33 for Cr; the pre-industrial
sections of the intertidal cores LTBCF, LTMEI and LTME?2 for Cu, and LTME1 and LTME2
for Ni). PEL values for Ni were also exceeded in cores IXW750, IXW500, IXW250, IXTOCI,
LTAF and LTBCEF; and for Cr in cores LTAF and LTBCF, even at pre-industrial sections.

Enrichment factors were low (EF<2; indicative of no enrichment) for most trace elements in
most cores, including Pb concentrations which were consistently rising during the past 100
years (Fig. 11.7). EF >2 were observed in offshore cores IXW250, IXW500 and IXW750
(minor to moderate enrichment by As) and, for intertidal cores, IAO3 had varying degrees of
enrichment, including As (from minor to severe), Hg (minor), Pb (from severe to very severe),
V (from minor to moderate) and Zn (minor); LTAF had minor to moderate enrichment of Cu
and Hg since the 1970s; LTME]1 from minor to moderate enrichment by Hg; and LTME2 from
minor to moderate enrichment by Hg, Ni and Pb. Some cores had minor to moderate
enrichment (2<EF<3) only in the topmost section: As in SL33 and LTMEZ2; Ba in IXTOCI,;
Ba, Co, Niin IA03; Hg in SL28 and SL33; Ni in LTME1; and As, Cu and Zn in LTME2 (data
not shown). The cores with the highest EF values were (Fig. 11.8): IA03, from the eastern side
of Yucatan Peninsula (for As, Ba, Pb, V and Zn), as well as LTME1 and LTME?2, both from
inside Términos Lagoon (for Hg). Pb enrichment in IA03 was EF=38 in 1960s, and even if this
has decreased towards present, the topmost section of the core still indicates severe Pb
enrichment (EF=19).

11.4.4. Trace element flux ratios

The flux ratios (FR; Fig. 11.9), ranged from <2 (all elements in the intertidal cores LTAF and
LTBCEF) to 84 (for As in intertidal core IA03), meaning that element fluxes were from less than
2 up to 84 times as large as the pre-industrial fluxes. The highest FR for all elements were
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observed in core IA03 (Fig. 11.9). Excluding this core, FR of most elements were significantly
lower in the intertidal than the offshore cores, with IXTOC1 showing among the highest values.
Most offshore cores (except IXTOCI) had lower FR in the last few decades in comparison with
those observed by mid-20™ century (Fig. 11.10).
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FIG. 11.5 (continuation). Trace element concentration profiles in sediment cores from the southern
Gulf of Mexico. Blank plots correspond to element concentrations below the detection limit (As < 0.5 ug g,
Co<3.0ugg?).
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11.5. DISCUSSION

The high 2!°Pbo and 2*Ra (*!°Pbsup) activity ranges in offshore cores are atypical in the region,
belonging to a latitudinal band characterized by low 2!°Pb fluxes [11.45], which can be
attributed to a low continent land mass/ocean area ratio. These high values might be related to
sampling depth, since most offshore cores were retrieved at depths > 1000 m. ?2°Ra activities
in deep sea sediments are commonly higher than in coastal areas, due to >*’Ra ingrowth from
excess 2*°Th, which is constantly scavenged from seawater to sediments [11.46]. In addition to
the atmospheric flux, >!Pbys activities in deep sediments can be enriched by i) water column
scavenging of ??°Ra-derived 2!°Pb [11.47], which is much more efficient by fine particles
[11.48] that are more abundant in offshore than intertidal cores (Fig. 11.3), and ii) redistribution
by horizontal transport [11.49]. Higher values of *2Ra activities in cores IXW250, IXW500
and IXW750 (Fig. 11.3) were related to the occurrence of redox fronts [11.17], as indicated by
the also high concentrations of Mn (Fig. 11.3 continuation), since manganese oxides have a
strong ability to absorb radium [11.50].

The difficulties of using '*’Cs to corroborate 2!°Pb chronologies have already been discussed
[11.16, 11.17]. In summary, low '*’Cs activities result from low fallout in lower latitudes of
the northern hemisphere, the time elapsed since '*’Cs fallout (only ~65% of the *’Cs deposited
in 1963 should still occur in the environment) and the high solubility of *’Cs in seawater,
which implies that a high amount of '*’Cs remains in solution and, owing to ocean stratification,
37Cs is inefficiently transported to the bottom sediments. Furthermore, the riverine input of
137Cs-bearing soils eroded from the catchment could blur the '*’Cs activity profiles [11.51]. In
addition, *’Cs may exhibit post-depositional migration after being desorbed from its carrying
substrates (e.g. clay minerals, carbonates, iron-manganese oxy-hydroxides, and organic matter)
owing to sediment diagenesis [11.52]. Therefore, other stratigraphic markers are needed to
corroborate 2!°Pb-derived chronologies at low latitude coastal and marine environments, and
the 2!°Pb chronologies presented in this study may be adjusted in the future upon additional
available information.
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Trace element concentrations in GoM sediment cores were similar to those reported as slightly
contaminated sediments in the Gulf of Mexico and elsewhere (Table 11.3). The comparison of
TEL and PEL benchmarks with observed concentrations suggested that exposure to these
sediments might be of ecological concern, owing to high concentrations of As, Cr and Cu, and
especially of Ni that is higher than PEL in some cores at both offshore and intertidal areas.
However, elevated concentrations of Cr, Cu and Ni are recorded in the majority of sediment
cores since pre-industrial times (Fig. 11.5). In fact, enrichment factors indicated negligible
contamination by Ni, Cu, and Cr in most cores (except Ni in LTME2). Thus, natural
concentrations of As, Cr, Ni, and Cu in the area might represent a hazard to the health of benthic
biota, which may have been exposed to high metal concentrations over a long period of time.

TABLE 11.2. TRACE METAL CONCENTRATION RANGES (ug ¢') IN SEDIMENT
CORES FROM THE SOUTHERN GULF OF MEXICO (Adapted from [11.17])

Offshore cores Intertidal cores
2 8 B 3 5 o
I @ o~ Q o I

e © =~ ®© n o K 2

I N a IS e = = = = S < M P =

23 3 3 4 % F E  E = 5 5 B B
n 19 23 20 18 16 40 37 40 32 10 20 9 11 11
As
Min 54 47 49 54 <05 26 40 41 40 0.8 07 29 19 038
Max 72 68 7.6 83 33 143 143 8.0 30 101 19 32
Bckg 5.7 53 50 59 06 31 49 41 49 1.9 20 33 NA 1.1
Mean value per zone: 8.0 = 3.6 3.1+29
Ba
Min 350 318 307 295 219 332 312 314 243 <2.0 262 287 117 142
Max 425 396 387 342 259 495 461 410 778 74.7 469 339 166 311
Bckg 393 337 387 324 235 3723 323 365 270 56.0 441 329 140 212
Mean value per zone: 364 + 66 266 + 140
Co
Min 73 56 34 49 36 63 99 50 132 34 10.1 11.1 <DL <DL
Max 10.6 114 95 99 7.6 159 172 148 18.1 6.6 37.7 224 <DL <DL
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Offshore cores

Intertidal cores

. . . . &3 g&®& g . 5 3 g
Bekg 9.7 74 72 6.0 51 13.8 114 105 154 34 359 11.1 <DL <DL
Mean value per zone: 18.1 = 10.0 173+ 8.0
Cr
Min 48.5 41.0 432 43.8 358 478 674 524 123 7.1 263 237 554 70.0
Max 63.6 552 55.1 57.7 452 649 86.7 714 142 15.1 565 308 77.5 151
Bckg 54.7 458 549 514 452 59.4 745 65.1 140 14.3 519 300 63.7 92.7
Mean value per zone: 141 + 64.6 243 +£202
Cu
Min 32.4 328 309 20.8 282 26.0 313 29.1 238 15.4 220 135 140 154
Max 37.6 38.1 353 30.0 325 31.1 383 40.7 275 20.7 80.4 21.7 199 26.5
Bckg 34.3 342 339 24.0 282 284 329 325 262 20.3 23.1 135 146 16.0
Mean value per zone: 32.4 £4.0 24.0+13.7
Hg
Min 20.4 254 17.6 227 112 18.0 155 164 295 13.4 349 322 60 79
Max 55.7 59.1 587 69.2 47.0 56.1 48.1 40.3 503 423 137.7 67.1 229 344
Bckg 23.5 329 29.0 282 219 289 28.8 29.9 48.1 30.8 355 322 84 10.0
Mean value per zone: 69.2 + 32.2 42.6 +30.8
Ni
Min 32.7 30.1 14.1 11.1 13.0 299 484 343 864 6.7 157 529 69 13.1
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Offshore cores Intertidal cores
2 S B 5 - o
I @ o~ Q o I

%) Ne) o~ 0 o o = Q

I N a IS e = = = = S < M P =

Z I B R B B < T < B = o = 3 3 3 =
Max 47.5 445 369 394 30.7 59.8 744 55.6 139 14.2 259 101 229 277
Bckg 36.9 333 325 31.2 30.7 374 52.1 384 939 13.5 240 529 93 139
Mean value per zone: 120 + 46 88.4+89.2
Pb
Min 15.6 123 114 10.6 54 154 144 139 137 0.1 155 139 3.1 4.7
Max 26.1 21.9 214 22.0 112 256 24.8 262 158 6.8 335 183 6.6 9.0
Beckg 16.6 132 149 13.1 85 162 14.6 150 143 0.1 16.3 139 41 57
Mean value per zone: 25.8 + 16.7 125+ 8.5
A%
Min 949 824 763 76.1 293 953 108 89.9 755 10.7 113.0 39.0 55 123
Max 119 106 109 109 49.6 125 134 126.6 87.7 27.5 162.1 72.3 18.7 24.7
Bckg 104 88.5 109 98.7 39.6 116 116 117 84.2 12.9 84.6 41.6 11.2 14.0
Mean value per zone: 134 + 102 64.1 £56.2
Zn
Min 75.0 69.1 753 78.5 37.6 832 928 8l1.1 75.0 5.5 82.7 41.6 80 11.7
Max 89.3 82.0 79.1 914 46.2 838 115 120 76.4 8.9 133 649 213 258
Bckg 80.1 70.6 80.9 82.8 42.8 92.5 97.8 954 79.7 5.6 138 429 113 18.1
Mean value per zone: 51.3 +45.1 120 + 85

n = sample size, Min = minimum concentration, Max = maximum concentration, Bckg =
background concentration. <DL = below detection limit. Threshold effect level (TEL values in
pnggl:Cr=523,As=7.2,Ni=159,Cu=18.7,Pb=30.2,Zn=124 V =n.a.; [39], Ba= 2,218
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n.a., Cu = 108 [39].

271,V

[53]). Probable effect level (PEL values in pg g'!, [39]): Ba = n.a., As = 41.6, Cr= 160,

Ni=428,Pb=112,,Zn
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FIG. 11.7. Box plots of enrichment factors for trace elements in sediments from the southern Gulf of Mexico.
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FIG. 11.8. Temporal profiles of the enrichment factor for trace elements in sediment cores from the southern
Gulf of Mexico.

Trace element concentrations changes are associated with sediment grain size. As and Cu were
mostly related with clay-sized particles with a prevalent marine origin, as suggested by Na and
ClI present in group 1 (Fig. 11.6). Most trace elements grouped with lithophile elements (i.e.
Al, Ti, Si, Rb and Zr) in group 3, indicating a dominant terrigenous source, with silt-sized
particles as the main carrier phase. No trace elements were associated with sand-sized
carbonate particles in group 2. This is because, in comparison to Fe and Mn oxides and clay
minerals, carbonate particles are not significant trace element carriers to the ocean [11.54], and
coarse particles have smaller surface to volume ratios and cation exchange capacities in
comparison with fine particles [11.55]. Thus, results suggest that trace element supply (except
As and Cu) is highly influenced by fluvial transport, either from natural and land-based
contamination sources, or from offshore activities but carried by land-derived sediment
particles.

According to the assessment of water quality in surface waters by the National Monitoring
Network, that uses total suspended solid concentrations (TSS) as a contamination index
(attributed to the input of waste waters and soil erosion [11.56]), some of the most contaminated
sites (400 < SST > 150 mg L) in the sGoM are located in the coastal area adjacent to the
collection sites IXW250, IXW500 and IXW750 (between the discharge areas of Coatzacoalcos
and Grijalva rivers). A previous study [11.57] reported that the average discharge of suspended
solids between Coatzacoalcos River and Términos Lagoon (TL) may vary between 1 and
78,150 t day!, with the highest values observed through Grijalva River and TL mouths. These
sediments also carry large quantities of several metals (Al, Ba, Cd, Co, Cu, Cr, Fe, Hg, Ni, Pb,
V, Zn) accounting, for instance, up to ~1.9 t day™! of Ba and ~3 t day! for Cu through Grijalva
River; and 0.04 t day™! of Hg, >15 t day™' of Ni, 2 t day™' of Pb and 1.7 t day™' of V through TL.
Regarding As contamination, a previous study in the Coatzacoalcos River discharge area
attributed increasing As concentrations to the input of clay minerals of terrestrial origin, most
likely as lattice-bound components, resulting from erosion in the watershed owing to land use
changes [11.14]. Thus, land-derived trace element input is an important factor contributing to
the observed contamination in the study area. Studies elsewhere [11.58] have reported that ~70-
75% of the global marine contamination is produced by human activities on land, and this is

195



because >40% of the world’s population lives within 100 km of the coast [11.59], and ~90%
of the contamination produced in the countries in America Latina and the Caribbean,
dominated by domestic and industrial waste waters, is transported by rivers to the sea.
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FIG. 11.9. Box plots of flux ratios for trace elements in sediment cores from the southern Gulf of Mexico.

197



4 8 2 2 «w o
| 2010 L 2010 - 2010
4 k2000 2000 L 2000
| 1990 1990 F 1990
- + 1980 L 1980 F 1980
L 1970 1970 k1970
| 1960 L 1960 b 1960
| 1950 L 1950 - 1950
| 1940 F 1940 L 1940
F 1930 1930 L 1930
| 1920 2 F 1920 ™ F 1920
B £ &
o Fo10 |2 1910 = L1910
- - sy 1900 bttty 1900 1900
W - -y -l — = L= 0 5 oW T o e O Lal - o
UZ A CIN BH D 100D ‘eg uZ AN BH D 100D vl uZ AN CBH D 13700 ug
F 2010 | 2010
L 2000 - 2000
L 1990 F 1990
L 1980 | 1980
L 1970 L 1970
i k1960 - 1960
' - 1950 F 1950
- 1940 F 1940
F 1930 | 1930
- 1920 F 1920
I; F 1910 F 1910
1900 1900
E-3 W - oy ©1 — = - L - S R = B - -~y - (=2
UZ AN BH D 100D ‘el uZ AN BHND 100D ey UZ A CIN BHND 100D eg
=
- 2010 2010 - 2010
- 2000 I 2000 - 2000
t 1990 L 1990 - 1990
L 1980 1980 - 1980
L 1970 L 1970 1970
- 1960 k1960 - 1960
- 1950 L 1950 - 1950
L 1940 L 1940 - 1940
L 1930 b 1930 k1930
L 1920 L 1920 [ 1920
2 L 1910 L 1910 i 1910
Z ' 1900 + 1900 1900
- = e = o a4 g ® v v oa o 4 8 & g =~ °
uZ ‘A CIN BHND 100D ey oz AN BHND 1000 vy uZ ACIN BH MO 13 e vg
2010 2010
2000 2000
1990 L 1990
19580 1980
y 1970 b 1970
i 1960 L 1960
f 1950 [ 1950
1940 L 1940
1930 [ 1930
1920 1920
v
; 1910 I 1910
—— 1900 ST e e T 1900

= o

uZ "ACIN BH D 1D ‘0D ‘eg

uZ ACIN FH D 1000 g

o - - T R

UZ ACINBH MO 100D ‘eg

——CoFR ----CrfR CuFR
---=- FbFR —\VFR -=-==ZInFR

---- BaFR
iFR

——AsFR
HgFR

]

LTME.

- 2010
- 2000
- 1990
- 1980
- 1970
F 1960
[ 1950
- 1940
L 1930
L 1920
| 1910

1900

=1

2010
[ 2000
| 1990
1980
| 1970

[ 1950
[ 1940
[ 1930
I 1920
1910

UZ ACIN TH MO 10

1900

- =

0D ‘e

FIG. 11.10. Flux ratio temporal profiles for trace elements in sediment cores from offshore and

intertidal areas in the southern Gulf of Mexico.
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TABLE 11.3. TRACE ELEMENT CONCENTRATIONS IN SEDIMENTS FROM MARINE
AREAS ASSOCIATED WITH GLOBAL OIL INDUSTRY ACTIVITIES (Hg IS IN ng g/,

ALL OTHER VALUES AS g g') (Adapted from [11.17])

Study site Co Cr Cu Ba As Zn Pb Hg Ni V  Status*
This study
Gulf of Mexico 3.4- 35.8- 20.8- 219- <DL- 37.6- 5.4- 11.2- 11.1- 293- C
(offshore) 18.1 186.7 40.7 778 14.3 119.7 262 69.2 1393 1338
Gulf of Mexico <DL- 5.4- 154- <DL- <DL- 4.0-89 0.1-7.5 6.0- 6.7- 29- C
(intertidal) 377 279 264 747 13.1 137.7 28.7 40.5
Southern Gulf of
Mexico
Coatzacoalcos 9-29 44- 14-44 na na 47-131 38-49 na 22-50 n.a C
River Estuary [60] 100
Coatzacoalcos na 29-92 15-30 na 5-10  64-109 11-30  87- 18-35 63-128C
River Estuary [14] 280
Tamaulipas  shelf 6-32 8-63 10-18 242- na 37-91  10-27 na 10-25 47-113C
[61] 400
Campeche Sound 0-20.5 11.8- 154- 0-3139 0-13.7 2.09- 0-274 na 6-104.279- C
[27] 204.5 43.3 113.9 131
Northern Gulf of
Mexico
Texas oilfields [62] na 48- na 763- na 57- na 20- na na C
155 17633 5033 150

Galvestone Bay na 68.32 13.94 798 na 107 26.61 80 na na NC
[63]
Tampa Bay [63] na 20 9.1 32 na 30 15.7 60 na na NC
Mississippi ~ River
Delta [63] 71.62 21.31 871 na 144 27.41 139 na na NC
Mississippi - Bight = 0.4~ ¢¢ 125 10040 1-17 2-154 140 6113 143 na NC
[64] 13.1
Other areas in
America
California [65] 117- 752- 7.5-

na 127 15-17 965 91 70-77  14-15 53-99 39-44 40-69 NC
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Study site Co Ct Cu Ba As Zn Pb Hg Ni V  Status*

Brazil [66] 22- 03- 27- 2.28- 03- 22-
nage8 922 18968 M s3g 0340 ma 4y, gy, C
Brazil [67] 36- 357- 126- 135- 9.04- 4L1- 147 199- 526- .
10.6 794 269 4610 481 105 35.5 467 110
Brazil [68] Lo 100- 150- 112- 12- 650- 3.60- o 140- o
117 230 176 2.0 950  4.60 15.7
Guamaré, Brazil 0.9- <0.1- <0.1- <0.1- <0.1- 1.0-
[69] naogg8 0g “283omaocs s M s gsg NC
Continental  Shelf <0.1- <0.1- <0.1-
Brazil [69] na 5 g <2700 na  <01-36 <0.-19 nma g, 0.3-54 NC

Alaskan Arctic [70] 7.3 569 189 394 11.1 70.1 9.7 41 243 926 NC

Europe
North Sea [71] na 38.4- 110- na na <0.25- <0.25- na <0.25- na C
426 374 6699 4785 137
North Sea [72] na 22 46 484 na 927 195 na na na C
Valhall, Norway na na na 68.5- na 7.0- 7.6- na na na  NC
[73] 6670 55.6 55.6
Gyda, Norway [73] na na na 65- na 7.4-14 5.0-6.1 na na na NC
3376.5

Veslefrikk, Norway 357- 9.0-
[73] na na na 6725 na 1182 4.0-98 na na na NC
Asia
Black Sea [74] 0.5- 1.9- 13- 0.5-

7159 1-135 757 1164 na 1-178 458 na 1-144 1-120 C
Kuwait [75] 0.2- 0.7- 1.5-

na na s na na 508 0.2-64 na 2.1-96 951 NC

Azerbaijan, 115- 564- 14.5- 314- 887 5100 1220 s0- L o 0 739-
CaspianSea[76] 181 100 57.6 1080 96 110 286 450 ~ 136
Iran, Caspian Sea 6.9- 59.6- 13.2- 200- 6.97- 5509- 11.3- 20-90 29.4-  76.5- C
[76] 242 128 509 679 20.1 146 24.6 67.8 145
Kazakhstan, 0.7- 19- 12- 75- 2.13- 1.0- 1.43- <DL- 18- 5.6- C

Caspian Sea [76] 12.1 103 495 1250  20.2 59.9 14.6 40 54.8 81.2
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Study site Co Ct Cu Ba As Zn Pb Hg Ni V  Status*

Russia, Caspian 13- 2.1- 2.5- 0.42- 2.8- 0.69- 542-  7.3-
Sea [76] 76 693 219 009 671 59 g0z 1070 345 g5 C
Caspian Sea [77] 10.9- 67.6- 24.2-

15.8 na na na na 979 na na 369 na NC
Qatar, Gulf of 0.1- 11.5- 1.22- 043- 07- 074 2.7-
Oman [78] 22 408 817 M 163 m 388 167 208 247 NC
Gulf of Oman, 034- 17.6- 0.64- 07 069- 06 20- 45 .
UAE [78] 452 303 3.58 9.6 588 22 1010 355
Gulf of Oman, 0.17- 3.36- 2.38- 3.16-  6.12- 2.5-  246- 3.47-
Bahrain [78] 243 418 483 ™ s88 522 0679 5005 935 254 NC
Gulf of Oman, 0.13- 646- 0.60- 074 157- 025~ 19 184 47- .
Oman [78] 692 133 6.76 501 114 1.8 112 778 441
Gulf of Suez [79] w1 S T S .

10.2 23.8 283

Persian Gulf [80] 1-34 4-174 3-41 na na 13-119 na Na 6-198 3-120 C

Persian Gulf [81] na na na na na na 90.479 Na 64.897 52.003 C

Saudi Arabia [82] 3.4- 4.2- 2.9-  20.5-
530 na na na 16 0.6-4.2 36 64.6 na NC

n = sample size. <DL = below detection limit (As < 0.5 ug g!, Ba<2.0 ug g’!; Co <3.0 pg
g’"). na = not available. Status*= as reported in the original reference: C = contaminated,
NC = not contaminated.
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Offshore oil-associated activities may also contribute to the contamination in the marine
environment. Trace elements in drilling muds, drill cuttings and produced waters may contain
As, Ba, Cd, Cr, Cu, Hg, Ni, Pb, V and Zn at concentrations substantially higher than their
concentrations in the natural marine environment [11.83, 11.84]. Drilling muds may be
enriched by Ba, which is assed as barite (BaSO4) as a weighting agent to prevent blowout;
however, drill cuttings and produced waters should typically reflect the composition of the
geological strata excavated and the oil extracted. Thus, it is difficult to distinguish the natural
variability of trace element concentrations from those associated with oil extraction activities
in most sGoM areas, and this is even more difficult considering that natural petroleum seepage
occurs all around in the region. Nonetheless, previous studies demonstrated accumulation and
sublethal effects of oil-related pollutants on sGoM biota (e.g. [11.85]). Considering that
anthropogenic contamination may add to the already naturally high trace element inputs to the
study area, and consequently increase the toxicological risk to biota (and humans, via fish
consumption), further monitoring and site-specific research, including biological and chemical
testing, is advisable.

The FR for most trace elements in offshore cores were usually lower in recent decades, in
comparison with those observed by mid-20" century (Fig. 11.10). This decrease is most likely
the result of the environmental regulations established in Mexico since the 1980s. Similar
findings are reported for the northern GoM [11.86]. The exceptions are IXTOCI1 and the
intertidal cores IA03 and LTMEI, collected in the surroundings of Campeche Sound, the most
important offshore oil production zone in the sGoM. It is noticeable that Ba fluxes in the three
cores significantly increased since the 1970s, upon the onset of offshore oil extraction activities
in the area. However, it is not clear if the still increasing Ba fluxes are related to drilling
activities or to the increased discharges of suspended solids (and associated trace elements)
through fluvial input of Grijalva River and tidal flushing of Términos Lagoon. In any case, the
coastal area adjacent to Campeche has undergone extensive population and economic growth
as a result of oil industry activities in the region. For instance, the population of Ciudad del
Carmen (the main operation center of Campeche Sound) doubled in only a decade (1970-
1980) and land use changes, either directly associated with the oil industry (development of
roads, pipelines, ports and other infrastructure to support offshore activities from land), with
agriculture and cattle raising (to provide food to the growing population), and the generation
of domestic and industrial waste waters, all constitute land-based contamination sources that
are a collateral impact of the offshore oil-industry.

11.6. CONCLUSIONS

210pp-dated sediment cores from offshore and intertidal areas in the southern Gulf of Mexico
were used to evaluate temporal variations of trace element concentrations, enrichment factors
and fluxes, in relation with the oil industry activities in the region. Results show that As, Co,
Cr, Cu, Ni, Pb, V and Zn concentrations were elevated during the past 100 years, even prior to
the extensive development of the oil industry in the entire GoM, and even background
concentrations of Cr, Cu and Ni are elevated enough to be a pose a health hazard to benthic
biota. Enrichment in As, Cu, Hg, Ni, Pb, V and Zn was observed in only a few cores (collected
in the region adjacent to the Coatzacoalcos River, Grijalva River and Términos Lagoon
discharge areas), greatly influenced by the strong fluvial discharges, which carry high loads of
suspended solids and land-derived trace elements from the catchment. The impact of offshore
oil drilling activities are difficult to distinguish from the contribution of trace elements from
fluvial and natural oil seepage in the sGoM; however, except for the cores collected around the
Campeche Sound, trace element fluxes within the last 3 decades are lower than those observed
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by mid-20™ century, most likely as a result of the environmental regulations established since
the 1980s. Nonetheless, the continuously rising trace element fluxes observed in the cores
collected between the Grijalva River and the eastern Yucatan Peninsula since the 1970s were
attributed to trace metal inputs derived from wastewater discharges and land erosion in the
adjacent coastal areas, associated with population growth and land use changes, as a result of
the development of the Campeche Sound offshore oil production industry. These results
highlight the need to manage continental erosion and improve wastewater treatment, in order
to control trace element releases to the marine environment.
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12. CONCLUSIONS

This compilation integrates the experience of specialists from different regions of the world,
on the study of sources, distribution and trends of various types of contaminants in different
marine environments, through the analysis of diverse environmental compartments (biota,
water and sediments), including the reconstruction of long-term environmental changes using
the 2!°Pb method as a dating tool.

The topics covered by the studies included the identification of sources, contamination trends
and inventories of plutonium isotopes by using biota and surface sediments from the southern
Baltic Sea; the assessment of '*’Cs concentrations and inventories in sediments from coastal
areas of Japan in connection with the Fukushima Daiichi Nuclear Power Plant accident
occurred in 2011; the use of 2!°Pb dating for the reconstruction of sediment accumulation rates
and contamination trends in a coastal lagoon in Morocco, coastal areas in the Gulf of Agaba
(Jordan) and the Gulf of Mexico (Mexico), estuarine areas in Penang (Malaysia), the bays of
Ha Long (Vietnam) and of Tvidren (Sweden), and a coastal upwelling system in Namibia; and
the use of contaminant profiles as an alternative for validation of 2!°Pb chronologies in Brazil.

Regardless of the region of the world, most of the studies showed the widespread anthropogenic
impact on seas globally. The knowledge of the concentrations levels, transport and fate of
contaminants is vital for evaluating the effects of human activities on the coastal environments,
as well as the enactment of environmental policies. All studies presented provided evidence-
based information that might serve as the basis to sustain integrated management programs or
to evaluate the success of interventions implemented to address environmental problems.
Despite its limitations, the 2'°Pb dating method is one of the most powerful tools for
interpreting the depositional history of contaminants in the coastal areas. The sedimentary
record is complex and often, not easily interpretable, for which, the knowledge of the study
site’s geologic and anthropogenic history are key for a proper reconstruction of the
contamination trends. The studies in this publication also show alternative methods for looking
at historical trends through time when 2!°Pb dating is not feasible or needs additional validation.

Scientific knowledge is indispensable for informed decision making. The studies in this
publication will hopefully inspire readers to continue and even expand monitoring efforts to
assess the status and trends of pollution in order to protect the oceans, and to continue working
for the sustainability of marine and coastal environments around the world.
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