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FOREWORD

To provide guidance on the protection of nuclear installations against the effects of volcanoes,
the IAEA published in 2012 IAEA Safety Standards Series No. SSG-21, Volcanic Hazards in
Site Evaluation for Nuclear Installations. SSG-21 addresses hazards relating to volcanic
phenomena, and provides recommendations and general guidance for evaluation of these
hazards. Unlike seismic hazard assessments, models for volcanic hazard assessment have not
undergone decades of review, evaluation and testing for suitability in evaluating hazards at
proposed nuclear installations. Currently in volcanology, scientific developments and detailed
methodologies to model volcanic phenomena are evolving rapidly.

This publication provides information on detailed methodologies and examples in the
application of volcanic hazard assessment to site evaluation for nuclear installations, thereby
addressing the recommendations in SSG-21. Although SSG-21 develops a logical framework
for conducting a volcanic hazard assessment, this publication demonstrates the practicability
of evaluating the recommendations in SSG-21 through a systematic volcanic hazard
assessment and examples from Member States. The results of this hazard assessment can be
used to derive the appropriate design bases and operational considerations for specific nuclear
installations.

The contributions of all those who were involved in the drafting and review of this report are
greatly appreciated. The IAEA officer responsible for this publication was K. Watanabe of the
Division of Nuclear Installation Safety.
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1. INTRODUCTION
1.1.  BACKGROUND

Approximately 25% of Member States have active volcanoes within their borders and
many types of volcanic phenomena have regional effects, extending beyond national borders.
Volcanic phenomena include lava flows and pyroclastic density currents that generally
constitute site exclusion criteria and widespread phenomena such as tephra falls (i.e. volcanic
ash) for which facility design or operational planning might practically mitigate potential
hazards.

To provide guidance on protection of nuclear installations against such effects of
volcanoes, the IAEA issued Specific Safety Guide No. SSG-21 entitled Volcanic Hazards in
Site Evaluation for Nuclear Installations [1] in 2012, pertaining to the safety assessment of
nuclear installations in respect of effects of volcanoes.

The SSG-21 addressed hazards relating to volcanic phenomena, and provided
recommendations and general guidance for evaluation of these hazards. Unlike seismic hazards
assessments, models for volcanic hazards assessment have not undergone decades of review,
evaluation, and testing for suitability in evaluating hazards at proposed nuclear installations.
Currently in volcanology, scientific developments and detailed methodologies to model
volcanic phenomena are evolving rapidly. In addition, any single volcanic eruption can
produce a variety of potentially hazardous phenomena, each of which represent complex
thermo fluid dynamical processes that are challenging to model. Thus, an IAEA TECDOC is
needed to support the practicable application of the requirements in SSG-21.

1.2.  OBJECTIVE

The objective of this TECDOC is to provide information on detailed methodologies and
examples in the application of volcanic hazard assessment to site evaluation for nuclear
installations, thereby addressing the recomendations in SSG-21. Although SSG-21 develops a
logical framework for conducting a volcanic hazards assessment, this TECDOC demonstrates
the practicability of evaluating the requirements in SSG-21 through a systematic volcanic
hazards assessment. The results of this hazard assessment can be used to derive the appropriate
design bases and operational considerations for specific nuclear installations. Although
detailed design bases for specific installations are not presented in this TECDOC, perspectives
are provided on typical installation design capacities.

1.3.  SCOPE

The scope of this TECDOC follows the framework for volcanic hazards assessment
established in SSG-21. In addition to developing approaches for collecting needed data and
assessing volcanic hazards, the TECDOC outlines specific considerations for the siting, design,
and operation of nuclear installations. A comprehensive range of volcanic hazards is presented
in the TECDOC, which represent phenomena ranging from small volume tephra falls and gas
emissions, to large volume pyroclastic eruptions and lava flows. Potential volcanic hazards that
can be associated directly or indirectly with a volcanic eruption, such as sector collapse or
hydrothermal activity, also are included in this TECDOC.

In addition to the assessment of potentially hazardous phenomena, a section is devoted
to a discussion of volcano monitoring. This section is needed because volcano monitoring (as
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recommended in SSG-21) is a relatively new concept for assuring the safety of nuclear
installations. There are many practical aspects that need to be considered in developing an
appropriate monitoring network, if warranted by the conclusions of the hazards assessment.

1.4.  STRUCTURE

Section 2 explains the details of a staged approach to the volcanic hazards assessment,
such as initial scoping, characterizing volcanic sources and hazard screening. This section uses
examples from the Armenian nuclear power plant (ANPP) and other areas, which take into
consideration cyclical volcanic activity in different time frames. In addition to the collection of
data needed to develop hazards models, Section 3 also discusses the development of a tectono
magmatic model to explain the occurrence of volcanic activity, based on local and regional
scale geologic and tectonic data. Section 4 presents different approaches to evaluate recurrence
rates, including data requirements, calculation methods, and statistical models. Specific
examples from volcanic systems in Member States also are provided in this section.

The bulk of the TECDOC is contained in Section 5, which provides evaluation
methodologies for the potentially hazardous volcanic phenomena identified in the SSG-21.
For each phenomenon, individual sections present an overview of currently available
approaches for the evaluation of future hazards, along with examples of hazard assessments
that use these approaches. These approaches generally represent a range of model
complexities, from simplified physics based conceptual models to highly coupled thermo fluid
dynamical approaches. Each of these models depends on input derived from detailed
volcanological investigations, such as mapping and stratigraphic correlations discussed in
Section 3. In addition, important considerations are identified for the siting, design, and
operation of a potential nuclear installation with regards to decisions involving these
phenomena. Section 6 presents important considerations for volcano monitoring, such as
monitoring types and examples of monitoring used for volcanic hazards forecasting.
Concluding remarks are presented in Section 7.

2. STAGED APPROACH
2.1. GENERAL

The SSG-21 [1] recommend a staged approach be taken to the volcanic hazard
assessment of any nuclear power plant (NPP) site, with increasing amounts of data and
modelling required with increased potential for volcanic hazards. This staged approach is
represented schematically in FIG. 1, the volcanic hazard assessment for a site is composed of
four stages, with each stage providing more detailed geological information. The information
collected over the four stages is accumulated in a database. This data set is used to identify
capable volcanoes within the geographic area of interest around the proposed site [1]. A
capable volcano or volcano group is one for which both: (i) there is a credible likelihood of a
future eruption or other volcano related event (e.g. slope failure on a volcano) (See FIG. 1), and
(i) has the potential to produce volcanic phenomena that may affect the site. A credible
likelihood of future volcanic events is one where there is: (i) evidence of current activity; (ii)
activity in the Holocene; or (iii) an assessment that indicates recurrence >10"/year or
determines that volcanic activity in the past 10 million year is consistent with the current
geologic setting of the site. The concept of volcano credibility is discussed further in Section 3.

2



A comprehensive volcanic hazard assessment is required for capable volcanoes for those
phenomena that may impact the site. The purpose of this section is describing the general steps
required to identify capable volcanoes in the site geographic region. The methodology for
comprehensive volcanic hazard assessment is presented in subsequent sections.

2.2. STAGE I: INITIAL SCOPING

Stage 1 of the assessment is primarily concerned with defining the geographic region of
interest within which sources of volcanic hazards will be assessed, and the collection of
evidence for the occurrence of volcanism in the region within the last 10 million year [1]. The
geographic region of interest is defined to include all volcanic features that may potentially
produce phenomena that may impact the NPP site, including distal volcanic phenomena such
as tephra fallout. Stage 1 analyses are completed using scientific literature and field
investigations of volcanoes in the region as needed, and are documented using regional scale
maps.
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FIG. 1. Staged approach to volcanic hazard assessment recommended by SSG-21 [1]. Also see
McBirney and Godoy [2]. This hazard assessment follows the staged approach in defining
volcano capability.



Selection of the geographic region of interest depends on the potential areal extent of
volcanic phenomena that may affect the site. The geographic region of interest is usually a
circular area extending at least 300 km from the site boundary. A distance of 300 km is used
because there are documented cases of hazardous volcanic phenomena extending 300 km from
source volcanoes. These phenomena include tephra fallout, pyroclastic density currents and
associated lahars, and very long lava flows. It is noted, however, that the geographic region of
interest need not be symmetric or of predetermined size, but should reflect the tectonic setting
and volcanic history of the region. For example, the Sumatra and Java volcanic arcs are
characterized by infrequent, extremely violent volcanic eruptions [3]. Such eruptions result in
substantial tephra fallout, even 1000 km from the volcano [4]. The geographic region of
interest for sites in Southeast Asia might need to extend one thousand kilometres from the site
to account for the capability of such volcanic systems. Similarly, eruptions in Japan and
southern Europe, such as those associated with Aso caldera [5], the Campi Flegrei volcanic
field [6], [7], and Santorini volcano [8], [9] have resulted in substantial tephra fallout at great
distances from the caldera. Conversely, in some volcanic regions, a 300 km radius for the
geographic region of interest might be adequate.
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FIG. 2. Distribution and tectonic setting of Quaternary volcanoes within a 300 km zone around
the ANPP. Map key: Aragats (AG), Aladag (AL), Arailer (ALR), Ararat (AR), Bingol (BN),
Elbrus (EL), Etrusk (ET), Gegham volcanic highland (GM), Kabargin Oth group (KBO),
Kars-Erzerum volcanic plateau (KEP), Kechut-Javakhk volcanic plateau (KJ), Kazbek (KZ),
Meydan Dag (MD), Nemrut (NM), Sabalan (SB), Sahand (SH), Samsari volcanic field (SM),
Syunik volcanic highland (SN), Siiphan caldera (SP), Tondrak/Tendurek (TN), Vardenis
volcanic highland (VD), Van caldera (VC). Such maps are used in Stage 1 analyses to
determine if potential volcanic centres represent sources of credible hazards to facilities
located at the site. Reproduced courtesy of the Ministry of Energy and Natural Resources of the
Republic of Armenia [10].



An example of a geographic region, FIG. 2 shows the distribution and tectonic setting
of all Quaternary volcanoes within a 300 km zone around the ANPP site of a proposed nuclear
installation in Armenia. This example is developed to illustrate the initial scoping methodology
for the remainder of Section 2.2, based on the hazard study of Connor et al. [10]. The
geographic region includes volcanoes and volcanic fields in Armenia, Turkey, Iran, Georgia
and Russia/Georgia border (Holocene volcanoes of Great Caucasus ridge). The geographic
region includes areas east of the city of Yerevan (the Gegham ridge) and some volcanic centres
in Turkey (e.g. Kars plateau, Tendiirek, Ararat). That is, the area of geographical interest
transcends political boundaries. In the case illustrated, much of the entire region includes
volcanoes active in the Quaternary, with some evidence of Holocene volcanic activity at some
centres. Thus, this map is a critical document used to assess whether potential volcanic events
represent credible hazards to safe operation of the NPP site.

If no volcanoes or volcanic fields younger than 10 Ma are located within the
geographic region of interest, then no further investigations are required. That is, potential
volcanic events do not represent credible hazards to safe operation of the NPP site. In such
cases it is simply necessary to document the data used to make this assessment.

Conversely, if volcanoes or volcanic fields are identified within the region of interest,
then Stage 1 efforts require a simple volcanological description of these features. For example,
the following description summarizes a Stage 1 analysis conducted for the recognized volcanic
centres in Armenia (See FIG. 2).

The closest volcanoes to the ANPP site are volcanoes of the Shamiram plateau, which
is located at the southern base of Aragats volcano (See FIG. 2). Geological mapping [11]
include at least eight Quaternary monogenetic volcanic centres and 18 vents. All of these
volcanoes are located within 10 km of the ANPP site. The occurrence of Quaternary
monogenetic volcanoes within the geographic region of interest indicates that further
assessment of volcanic hazards is necessary.

The 4090 m summit of Aragats volcano is =37 km from the ANPP site (See FIG. 2).
Aragats volcano is the source of voluminous Quaternary volcanic products including numerous
adventive cones that occur on its flanks, long lava flows, and Quaternary ignimbrites. Although
the Smithsonian Institution Global Volcanism Program database lists Aragats as a Holocene
volcano, there is no evidence of post glacial volcanic activity on Aragats, and all of the deposits
above approximately 3000 m on the volcano have been glaciated. Nevertheless, this
Quaternary volcanic system is long lived and the potential for future eruptions cannot be ruled
out.

Several volcanoes, volcano alignments, and potential volcanic features are located
south and west of the ANPP site within the Yerevan basin. One of these centres is of unknown
origin but is potentially a volcanic explosion crater, although pyroclastic deposits have not
been identified around the crater margins. Nevertheless, this unconfirmed centre is considered
as representative of a potential source of volcanic activity in the site area for the purposes of the
volcanic hazard analysis.

All of these volcanic systems represent potential sources of distal and proximal
volcanic phenomena. Distal volcanic phenomena include tephra fallout and long run out
pyroclastic density currents and related phenomena such as lahars. Proximal phenomena
include lava flows, pyroclastic density currents and a range of associated phenomena [1].
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In addition to these potential sources of activity there are several additional, more
distant volcanoes in the region that warrant consideration for Stage 1 analyses (See FIG. 2).
Ararat volcano is a Holocene volcano complex located approximately 55 km southeast of the
ANPP site. Ararat is a very large composite volcano, reaching 5100 m in height, and located at
the north eastern end of a chain of older composite volcanoes and adventive cinder cones and
domes, extending from Nemrut volcano on the north shore of Lake Van (Turkey). Although
Ararat volcano is too distant from the ANPP site to present proximal hazards, potential impacts
could occur from tephra fallout and from very long run out volcanic debris avalanches from
this volcano. Little Ararat volcano is an only slightly smaller composite volcano located on the
flanks of Ararat, which has also erupted in the Quaternary and is a potential source of tephra
fallout at the site.

The Kars plateau of Eastern Turkey is another potential source of distal volcanic
phenomena at the ANPP site. The Kars plateau is a complex of voluminous ignimbrite
deposits, cinder cones and domes that lie approximately 70 km west of the ANPP site. As with
Ararat volcano, the volcanic centres of the Kars plateau are too far from the site to produce
proximal volcanic phenomena with potential to impact the site. Nevertheless, the potential
exists for impacts from distal volcanic phenomena, particularly tephra fallout, associated with
eruptions of the Kars plateau.

The Gegham ridge is located east of Yerevan and is approximately 70 km from the
ANPP site (See FIG. 2). This volcano complex includes numerous Quaternary monogenetic
volcanoes. Although some of the volcanic eruptions of the Gegham ridge were energetic, these
volcanoes are located too far from the ANPP site to be a significant source of hazard, given the
lack of evidence of past voluminous eruptions in this area. Nevertheless, there is potential for
tephra fallout from eruptions on the Gegham ridge.

Therefore, it is clear from initial scoping that there are moderately recently active
volcanoes in the ANPP region. The geographic region of interest is defined based on the nature
of Quaternary volcanism in the region, summarized as follows:

e Volcanoes of the Shamiram plateau are Quaternary in age and the potential for future
volcanic activity within this cluster cannot be ruled out. Such volcanic activity might
potentially produce proximal volcanic hazards at the ANPP site, including phenomena
associated with the opening of new vents, such as volcanic ballistic projectiles and lava
flows.

e Aragats volcano also might potentially produce proximal volcanic phenomena that may
impact the ANPP site, largely because the site is located near the topographic base of
this large volcano complex.

e Monogenetic volcanism is prevalent elsewhere in the Yerevan basin, such as in the
areas of Sardarapat and Taqavoranist. Although these volcanoes do not themselves
produce volcanic phenomena that may impact the site, they do provide further evidence
of the potential for the opening of new vents in the ANPP site vicinity.

e Other volcanic centres might produce some distal volcanic phenomena, especially
tephra fallout, which potentially could impact the site. These volcanic centres are the
Ararat volcano complex (including Little Ararat), Tendiirek volcano, Gegham Ridge,
and the Kars plateau.



Therefore, it is clear from initial scoping (Stage 1) that potential sources of volcanic
activity exist in the region of the ANPP site.

For the Armenian example, the information presented is sufficient to indicate that the
volcanic hazard assessment should proceed to Stage 2. Note that the level of description in this
examples based on maps and data that were available in the scientific literature. Site specific
data are generally not required for Stage 1 assessments, although these data might be needed
for some locations with sparse information on the age and character of Quaternary or older
volcanic activity. Additionally, a basic understanding of volcanology is sufficient to recognize
that scoria cones on the Shamiram Plateau are located sufficiently close to the site, such that
future lava flows and tephra fall might create hazards. In contrast, similar scoria cone
volcanoes on the Kars Plateau are located too far from the site to create potential lava flow or
tephra fall hazards.

2.3. STAGE 2: VOLCANIC HAZARDS SOURCES - CHARACTERIZATION

Stage 2 of IAEA guidelines [1] is concerned with characterization of potentially active
volcanoes. The primary issue is whether volcanoes within the geographic region of interest
discussed in Stage 1 are potentially volcanically active in the future, and on what time scales,
or with what probability. Stage 2 focuses on understanding the age of past events, because this
information often can be derived from existing studies or focused short term investigations.
Based on the past patterns of activity, a reasonable projection can be made about the potential
for future activity from the volcanic systems of interest.

Evidence of a credible potential for future activity within the geographic region of
interest includes evidence of Holocene volcanic eruptions or current manifestations of
volcanic activity (i.e. FIG. 1). Returning to the Armenian example, Ararat (See FIG. 3) is one
of the most recently active volcanic systems in the geographic region around the ANPP site.
Radiometric age determinations of the products of eruptions of Ararat show a range of
eruption ages across the entire Quaternary, with dates reported to be as young as 20 ka [12],
with much of late stage activity resulting in formation of adventive cones and domes.
Karakhanian et al. [13] and Karakhanian et al. [ 14] recognize even younger volcanic events on
Ararat. Ararat appears to have been active during 4500—4400 BP, as pyroclastic flow deposits
overlie early Bronze Age artefacts and human remains. Karakhanian et al. [14] describe
eyewitness accounts of incandescent clouds accompanying the destruction of Akory Village
following the July 1840 tectonic earthquake. Although there is apparently some disagreement
about details of these events [15], available data suggest that Ararat experienced Holocene
activity and, thus, should be considered a potential source of future volcanic activity within the
geographic region of interest about the Armenian nuclear facility.



FIG. 3. Photo of Ararat volcano (background) and monogenetic volcanoes of the Sardarapat
area (foreground). View looking SE from vicinity of ANPP. Reproduced courtesy of the
Ministry of Energy and Natural Resources of the Republic of Armenia [10].

In addition to recent or Holocene activity, a volcanic system with evidence of
Quaternary activity (i.e. in the last 2.6 million year) should be considered at this stage of the
hazards assessment as a potential source of future activity [1]. Complex volcanic systems can
have gaps in eruptive activity that commonly exceed 10 000 year, thus, an absence of activity
during the last 10 000 year (i.e. during the Holocene) is not a robust indicator of a negligible
potential for future activity. During the Stage 2 analysis, complete or accurate information
typically is not available for the physical and temporal characteristics of complex Quaternary
volcanic systems. Although additional, detailed investigations might demonstrate that a
Quaternary system is unlikely to create future hazards for the proposed site, these
investigations typically are conducted at Stage 4 of the analysis. Thus, evidence of Quaternary
volcanic activity should be considered sufficient in Stage 2 analyses to move the hazards
analysis forward to the evaluation of potential for hazards to reach the site (i.e. Stage 3).

Using the ANPP site as an example of the types of evaluations used for characterizing
Quaternary volcanic activity in Stage 2 analyses, the Shamiram plateau volcanoes form a
cluster of monogenetic centres immediately north of the ANPP site (See FIG. 4 and FIG. 5).
Three different samples from this group have been previously dated by the University of Bern
with a range 0f 0.76—0.96 Ma [16], [17], although samples analysed by Chernyshev et al. [18]
yielded ages of 0.35-0.56 Ma [16]. Recent Ar/Ar age determinations in Connor et al. [10]
confirm that most of the Shamiram eruptions occurred before the eruption of the overlying
Yerevan Tuff at approximately 0.65 Ma. Lavas of the Dashtakar scoria cones overlie the
Yerevan Tuff, but have radiometric ages that are indistinguishable from the age of the Yerevan
Tuff [10]. Based on the apparent young geologic age and the proximity of the Shamiram
Plateau volcanoes to the ANPP site, it has been previously concluded that these volcanoes are
potential sources of future volcanic activity [16], [17], [19].



Additional monogenetic volcanoes also are located in the Yerevan basin south and
west of the ANPP site. Radiometric age determinations have confirmed that these volcanoes
are Quaternary in age [10]. Greako cinder cone is part of this group and new Ar/Ar age
determinations indicate it erupted at 1.32+0.07 Ma. Sardarapat ridge lava in the same area has
been dated (Ar/Ar) as 0.902+0.021 Ma. The Quaternary ages of these volcanoes suggest that
future volcanic activity related to the opening of new vents should be considered in the
detailed hazard assessments (Stages 3 and 4).

FIG. 4. Atomakhumb cinder cone, with cooling towers for the ANPP site located
approximately 1 km in the background. Towers are founded on lava flows from Shamiram
Plateau scoria cones. Reproduced courtesy of the Ministry of Energy and Natural Resources of
the Republic of Armenia [10].
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FIG. 5. Satellite image (Corona mission) of volcanic centers on the Shamiram plateau and
their relationship to the ANPP site. The image is originally from open source of National
Aeronautics and Space Administration.

Aragats volcano was constructed by a tremendous volume of volcanic activity during
the late Pliocene and Quaternary [20]. The Ashtarak lava flow, a geomorphologically young
lava on the southeast flank of Aragats volcano, was dated as 0.53+0.07 Ma [18]. The Tirinkatar
lava flow on the south flank of Aragats was dated radiometrically at the University of Bern,
Switzerland [17] at 0.87+0.09 Ma to 0.91+£0.03 Ma [21], although other dates have yielded
younger ages, comparable to the Ashtarak flow [18]. More recent Ar/Ar age determinations
essentially confirm these earlier age determinations. An Ar/Ar age determination on the
Tirinkatar lava flow yields an age estimate of 0.614+0.019 Ma [10]. The areally extensive
Yerevan tuff is stratigraphically immediately beneath the Tirinkatar lava flow. Two Ar/Ar age
determinations on the Yerevan Tuff yield ages 0of 0.66+0.04 Ma and 0.65+0.04 Ma [10]. Ar/Ar
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age determinations on Irind volcano yield an age of 0.49+0.03 Ma and on the Pokr Bogutlu
lava of 0.75+0.03 Ma [10]. Although there is an absence of historical or activity younger than
10 ka at Aragats volcano, the extensive record of Quaternary volcanism indicates that Aragats
volcano also should be assessed in detail for specific volcanic hazards at the ANPP site (i.e.
See FIG. 1).

Within the geographic region of interest for the ANPP site, the Kars plateau includes
numerous domes and cones, and regionally extensive ignimbrites thought to have formed 2.5—
5 Ma [22]. These deposits include the 3.5 Ma Aladag formation, which is a voluminous
ignimbrite sheet extending to the Turkey-Armenia border [22]. Many of the volcanic features
of the Kars plateau are not dated directly and have poor geomorphic and stratigraphic age
constraints. Nevertheless, some of these volcanic features post date the eruption of the
regionally extensive ignimbrites. Thus, the Kars plateau should be included as a source of
potential eruptions that might reach the ANPP site.

There is additional evidence that future volcanism is possible in the region around the
ANPP site. Karakhanian et al. [13] note numerous examples of Late Pleistocene—Holocene
volcanoes in eastern Armenia and the Gegham Ridge region, 50—-150 km from the ANPP site.
Yilmaz et al. [12] describe historical eruptions of Nemrut, and possible Holocene activity at
other volcanoes (Siiphan caldera, Tendiirek volcano) north of Lake Van, 100-250 km from the
ANPP site. Although these volcanoes are too far from the ANPP site to be a source of proximal
or significant distal hazardous phenomena, they do indicate that active volcanism continues in
the region today, albeit at a very low rate of activity compared with active arcs. This
information is relevant to the development of the geologic model for volcanism, which is
discussed in Section 3 of this report.

For the ANPP example, the Stage 2 analyses show that volcanoes in the geographic
region of interest have the potential for future volcanic activity. These potential sources of
future activity include:

e Opening of new vents on the Shamiram plateau or elsewhere in the Yerevan basin,
potentially producing proximal volcanic hazards at the ANPP site;

e Reactivation of Aragats volcano, possibly resulting in proximal volcanic hazards at the
ANPP site;

e Reactivation of Ararat and/or Little Ararat volcanoes, resulting in potential distal
volcanic hazards at the site;

e Reactivation of Tendiirek volcano, resulting in potential distal hazards at the site;

e Reactivation of the Kars plateau, resulting in potential distal hazards at the site.
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Note that the ANPP example concludes there is some unquantified potential for future activity
to occur at each of the volcanic systems identified in Stage 1 analyses. In essence, there is no
technical basis available to preclude consideration of future eruptions from these volcanoes.
Nevertheless, at this stage of the hazards analysis, there typically is insufficient information to
accurately quantify this potential for future hazards. Detailed field, laboratory, and other
investigations are necessary before this potential can be accurately quantified. It is sufficient to
conclude in the Stage 2 analyses that the potential for future activity from these volcanoes
exists, and that the hazards analysis should proceed to Stage 3 for those volcanoes with this
potential.

2.4. STAGE 3: HAZARD SCREENING

In the event that future volcanic events within the geographic region about the site are
found in Stage 2 to be possible, the analysis proceeds to Stage 3. The goal of Stage 3 is to
determine if volcanic hazards associated with possible eruptions from sources identified in
Stage 2 represent a potential threat to site suitability or design. As a result of Stage 3 analyses,
specific types of phenomena, such as pyroclastic density currents or lava flows, might be
screened from further consideration due to the distance of the volcanic source from the site, the
topography of the site region, and similar considerations.

The screening distance is an extremely useful concept for determining in Stage 3 if
there is a potential for specific volcanic phenomena to reach the site. The screening distance
refers to the distance from a volcano beyond which a specific phenomenon will have
negligible impact. In general screening distance values are set according to the maximum
known run out distances of specific phenomenon, either in general or considering the types of
phenomena that occur from a volcanic system. Specific values for screening distances are
quite variable, and depend on the phenomena under consideration. For example, for volcanic
ballistic projectiles, screening distances on order 10 km are typical. Screening distance values
for tephra fallout might be 500-1000 km.

Estimation of screening distance values does not need to include detailed numerical
modelling or consideration of site specific topography, wind field, or related site features. If
such considerations are warranted, the analysis should proceed to a site specific hazard
assessment in Stage 4. Nevertheless, with appropriate documentation, screening distance
analyses can provide a technical basis that is sufficient to demonstrate a proposed site is
unacceptably close to a potentially active volcano, or that some potentially hazardous
phenomena are not capable of reaching the proposed site. In many regulatory frameworks, the
level of information needed to support detailed analyses (i.e. Stage 4) is significantly less than
the level of information needed to screen a potential hazard from further consideration. Some
phenomena clearly can be excluded with basic volcanological information (e.g. ignimbrite
eruptions from scoria cones). In contrast, a screening distance value that precludes further
consideration of a phenomenon but does not account for uncertainties in the geologic record or
available information appears difficult to support.

Returning to the ANPP example, Stage 2 analyses showed future volcanic activity
appears to be possible within the geographic region about the ANPP site, and the potential for
hazardous phenomena to impact the site should be assessed. In the case of the ANPP site, the
most straightforward approach is to characterize the products of Quaternary volcanic eruptions
that are found at the site itself. The occurrence of these products indicates that the site is within
the screening distance for most volcanic phenomena, and a detailed hazard assessment is
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warranted. In the ANPP site case, geological investigations indicate these products are from
volcanic eruptions on the Shamiram plateau and from Aragats volcano.

Opening of new vents is generally considered probabilistically. A screening distance
value, however, is useful for determining if there is a credible potential for new vents to form
at relatively great distances from the existing distribution of vents. In many areas, vents
cluster, either near composite volcano or caldera, or within volcanic fields. Often the spacing
of vents in such environments is < 10 km, but in rare cases can be much more. Care should be
taken to ensure tectonic features that might localize magmatism are accounted for
appropriately in the screening analysis for new vents.

In the case of the ANPP site, the site is located close to Quaternary monogenetic
volcanoes of the Shamiram plateau and the Yerevan basin. Volcanoes of the Shamiram plateau
are distributed over an area ~100 km” and the ANPP site is at the southern edge of this dense
cluster of volcanoes. Therefore it appears possible that future eruptions of the Shamiram
plateau will directly disrupt the site, and the probability of such events must be evaluated.
Monogenetic volcanoes are also widely distributed over an area: 1000 km® throughout the
Yerevan basin (See FIG. 6). These volcanoes are largely of Early to Middle Pleistocene age.
Thus, the distribution and ages of these volcanoes also make it possible that new vents may
open in the ANPP site area, or potentially at the site itself. Using a screening distance value of
30 km, both activities associated with the Shamiram Plateau and the Yerevan Basin has a
potential for impacting the site.

420.60°
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FIG. 6. Quaternary volcanic vents located in the ANPP region (open red circles). Reproduced
courtesy of the Ministry of Energy and Natural Resources of the Republic of Armenia [10].
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TABLE 1.

POTENTIAL SOURCE AREAS AND SCREENING DISTANCES FOR

HAZARDOUS VOLCANIC PHENOMENA AT THE ANPP SITE. Reproduced with
courtesy of the Ministry of Energy and Natural Resources of the Republic of Armenia [10]

Volcanic . Screening Evidence
phenomensa Potential source(s) dist. (km)
Close proximity of the ANPP site to

. Shamiram plateau, Quaternary volcanoes of the Shamiram
Opening of new Yerevan basin 30 plateau (1.5-8 km) and the Yerevan basin
vents

(5-30 km)
Occurrence of Yerevan tuff (source Aragats)
Aragats volcano, at the ANPP site; occurrence of other
Pyros:lastic Shamiram plateau, 50 mod.erjcltlely large ignimbri.tes on Aragats;.
density currents Yerevan basin possibility of surges associated with opening
of new vents
Tephra fallout deposit found in borehole at
Shamiram plateau, site and in nearby outcrops stratigraphically
Aragats volcano, beneath Yerevan tuff; tephra fallout facies
Tephra fallout Ararat volcano, Kars 300 associated with monogenetic centres; thick
plateau (>10 m) tephra fallout at east margin of Kars
plateau.
Pyroclastic cones on the Shamiram plateau
Volcano Shamiram plateau, and in the Yerevan basin; potential for
generated Yerevan basin 10 violent strombolian, vulcanian, and
missiles phreatomagmatic eruptions.
Occurrence of lava flows from Dashtakar
) and Atomakhumb volcanoes in the site
Lava flows and Shamiram plateau, 30 vicinity; occurrence of lavas in borehole at
domes Aragats volcano the ANPP site; Occurrence of long lava
flows on the flanks of Aragats volcano.

. High relief of Ararat edifice; historical
Debris fslope i 1 .
avalanches and Ararat volcano 60 accounts of slope instabi ity and magmatism

(?) following 1840 tectonic earthquake.
sector collapse
. Potential for eruption column to ground
Atmospheric Shamiram plateau 80 lightning strikes during opening of new
phenomena and Yerevan basin vents.
Volcanic gases, Potential for development of hydrothermal
hydrothermal Shamiram plateau systems, gas emissions, and ground
systems, and and Yerevan basin 5 deformation associated with the opening of
ground new vents.
deformation
Potential for development of debris flows
owing a large explosive eruption of Aragats
Laharic flows Aragats volcano 30 or Ararat, which would produce voluminous
tephra fallout or pyroclastic flows.
Volcanic Shamiram plateau, Volcgnic earthquakes may accompany for
Yerevan basin, 30 opening of new vents or reactivation of

earthquakes and
seismic events

Aragats volcano

Aragats volcano.

Note: the screening distance is variable and different screening distance values should be formulated

for different sites.

15



Pyroclastic density currents (sometimes referred to as pyroclastic flows) and surges
may move considerable distances down topographic slopes and inundate the region
surrounding volcanoes. A screening distance value of 30-50 km is typical (i.e. TABLE 1). In
the case of the ANPP, pyroclastic flows (ignimbrites) are mapped on the Shamiram plateau
adjacent to the site and these units are found at shallow depths (< 50 m) in borehole core taken
at the site. Pyroclastic units include the Yerevan tuff, a low aspect ratio ignimbrite, which
erupted from a source near the present summit of Aragats volcano and inundated an area of
650 km®, including the ANPP site. This pyroclastic flow is mapped near the tops of several
monogenetic volcanoes on the Shamiram plateau, indicating that the flow maintained
considerable kinetic energy when it reached the site vicinity. Thus, the ANPP site is within the
screening distance from pyroclastic flows associated with the reactivation of Aragats volcano.
In addition, pyroclastic flows have erupted from flank vents on Aragats volcano. The most
spectacular example is Irind volcano, where near vent Plinian tephra fallout deposits are
capped directly by welded pyroclastic flow deposits. In addition, the low lying areas south of
the ANPP site are swampy, and thus there is a potential for pyroclastic surges in these areas
associated with phreatomagmatic eruptions. Although the area around Echmiadzin Crater is
highly disturbed by human activity, it is possible that this crater formed as a result of
phreatomagmatic eruptions [10], [17]. Therefore the ANPP site lies within the screening
distance for pyroclastic flows and surges associated with eruptions of Aragats volcano and the
opening of new vents on the Shamiram plateau and the Yerevan basin.

Tephra fallout may reach 100s to 1000s of kilometres downwind from an erupting
volcano, depending on the energy of the eruption, its volume, and the nature of the wind field
in the region. There are numerous potential sources for tephra fallout in the geographic region
about the ANPP site (See FIG. 2). Thick accumulation of tephra at the site is possible if
paroxysmal eruptions occur at Aragats volcano. A thick tephra deposit is found in the ANPP
site borehole immediately beneath the Yerevan tuff, attesting to the possibility of Plinian
tephra fallout from Aragats volcano. Monogenetic volcanoes on the flanks of Aragats and on
the Shamiram plateau may have also produced substantial tephra fallout during violent
strombolian or sub plinian style activity. Tephra fallout from future eruptions of Ararat
volcano, Tendiirek volcano and the Kars plateau are also possible. More distant volcanoes,
such as Nemrut and Siiphan (Turkey) also have the potential to experience explosive eruptions
during the lifetime of the ANPP, and would need to be considered in the detailed hazards
assessment (i.e. Stage 4).

Screening distance values for volcano generated missiles (sometimes referred to as
ballistic projectiles) are typically 5—10 km. Volcano generated missiles would accompany the
opening of new vents on the Shamiram plateau or the Yerevan basin. Thus, the ANPP site is
located within the screening distance for missile impacts from these volcanic sources. Other
volcanoes, such as Aragats and Ararat are too distant to be potential sources of volcano
generated missiles.

Lava flows are quite variable in volume and length. Often, an appropriate screening
distance for lava flows can be estimated by considering the dimensions and rheology of past
lavas that have erupted in the region of interest. Lava flows were mapped in the ANPP site area
and found in substantial thickness in a borehole at the site. Therefore, it is clear that the ANPP
site is within the screening distance for lava flows associated with the formation of a new vent
on the Shamiram plateau. Long lava flows are also found on Aragats volcano that issued from
flank vents. These lava flows include the Tirinkatar, Ashtarak and Cakhkasar lavas. Thus it is
possible that future flank eruptions of Aragats volcano may produce lava flows that could
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reach the site area. On the other hand, lava flows cannot reach the site from other sources in the
region, such as Ararat volcano because the distance from the volcano to the site (= 60 km)
exceeds lava flow lengths from Ararat or analogous volcanoes. In this example, the site is
located outside the screening distance for lava flows associated with Ararat volcano.

Volcanic debris avalanche associated with sector collapse and related phenomena
might have long run out distances from the volcano. Depending on edifice volume and
geometry, screening distance values of 50-100 km might be appropriate. The edifice of Ararat
volcano is high and steep sided, making this volcano a potential source for volcanic debris
avalanche and other types of slope failure, such as landslide. Hummocky topography has been
mapped on the north flank of Ararat volcano [12], indicating past avalanche events likely
occurred and, thus, there is potential for similar large volume collapse events in the future. As
volcano debris avalanches can be highly mobile, with very long run out potential, there is a
possibility of such flows reaching the ANPP site. Such a hazard was considered physically
unrealistic for Aragats volcano because of its low slope [10]. Also note there is an absence of
extensive hydrothermal activity or alteration on Aragats, and a low potential for pore water
pressure effects that have been recognized to cause large debris avalanches at some other
volcanoes (e.g. Elsworth and Voight). Thus, Ararat is the only potential source of such activity
in the region.

Like other types of geophysical flows, laharic flows (sometimes referred to as debris
flows or lahars) can have very long run out and, therefore, screening distance values on order
of 100 km might be appropriate. In the ANPP case, debris flows, lahars and related phenomena
appear unlikely to originate on the nearby Shamiram Plateau due to the low topographic relief
and lack of soil development on the Shamiram plateau. Furthermore, debris flows are not
mapped on Aragats volcano, which has a shallow slope. The Shamiram Plateau also forms a
significant topographic obstacle for potential debris flows that might originate on the southern
flank of Aragats volcano and travel towards the ANPP site. Debris flows have been mapped on
Ararat volcano, but it is not possible for the site to be inundated by such flows from Ararat,
given the several hundred meter high site elevation above the Yerevan basin and ~40 km
distance from Ararat. Therefore the only potential for lahars and debris flows affecting the site
would result from remobilization of some other deposit, such as a large tephra fallout deposit
or pyroclastic flow on Aragats volcano, which would need to have sufficient momentum to
overtop the Shamiram Plateau (approximately 125 m relief) and reach the ANPP site. Debris
flows are considered in the context of such coupled volcanic events in the Stage 4 analyses.

Atmospheric phenomena are associated with some energetic volcanic eruptions.
Unusually high concentrations of eruption column to ground lightning strikes occur during
some explosive volcanic eruptions, especially within 5 km of the vent. The ANPP site,
therefore, is located within the screening distance value for such phenomena that may occur
during the opening of new vents. The site is located beyond the screening distance value for
this type of phenomena for other potential sources of activity in the region.

In addition to the direct disruption caused by the formation of the vent itself, the
opening of new vents may produce additional phenomena that may impact site suitability or
design bases. These phenomena include release of volcanic gases, development of
hydrothermal systems, and occurrence of ground or subsurface deformation (either as a result
of magma intrusion into the shallow subsurface or change in pore pressure associated with the
development of a hydrothermal system). Screening distance for these phenomena, therefore,
may be comparable to those associated with the opening of new vents, although some
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subsurface phenomena such as dike intrusion could extend farther. In the ANPP example, as
such phenomena have the potential to occur during the formation of any new vent, the site lies
within the screening distance value of these phenomena. More distant sources would not be a
significant source of hazard associated with these phenomena.

Like tephra fallout, tsunami generated by volcanic eruption might have significant
impact far from the volcano source. Consequently, screening distance values might be
1000 km or more, for sites located near large bodies of water. However, no significant bodies
of water exist in the geographic region of interest about the ANPP site. Therefore there is no
potential for tsunami or seiche and these hazards need not be considered further.

Volcanic earthquakes and seismic events may accompany the opening of new vents.
Therefore, the ANPP site is located within the screening distance for volcanic seismicity.
However, earthquakes associated with volcanic events will be encompassed by the seismic
hazard assessment, which has relatively large magnitude seismic sources located within tens of
kilometres from the ANPP site [10]. Consequently seismic hazard associated with volcanism
is not considered explicitly in the volcanic hazard analysis for the ANPP.

TABLE 2. CAPABILITY OF SPECIFIC VOLCANOES OR VOLCANO GROUPS AND
THE HAZARDS OF POTENTIAL CONCERN FOR THE ANPP SITE. Reproduced courtesy
of the Ministry of Energy and Natural Resources of the Republic of Armenia [10]

Volcano or Group Capable Potential volcano phenomena

Opening of new vents and associated phenomena including
pyroclastic flows and surges, tephra fallout, ballistic

Shamiram plateau Yes projectiles, lava flows, near vent phenomena (atmospheric,
gases, hydrothermal anomalies, ground deformation).
Opening of new vents and associated phenomena including

Yerevan basin Yes pyrf)clqstlc flows and surges, tephra fallout, balhs‘gc
projectiles, lava flows, near vent phenomena (atmospheric,
gases, hydrothermal anomalies, ground deformation).

Aragats volcano Yes Pyroclastic flows and surges, tephra fallout, lava flows.

Ararat volcano Yes Tephra fallout, volcano debris avalanche

Tendiirek Yes Tephra fallout

Kars plateau Yes Tephra fallout

Gegham Ridge Yes Centrgs too distant for significant hazard; tephra fallout
potential accounted for by nearer sources.

Nemrut volcano and Centres too distant for significant hazard; tephra fallout

N No .
Siiphan caldera potential accounted for by nearer sources.
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This screening distance information is used initially to assess the capability of
volcanoes in the site region, which indicates that potentially hazardous volcanic phenomena
have a credible potential for reaching the site. The Armenian example concludes that capable
volcanoes exist in the region of the ANPP site because there are potential sources of future
volcanic activity and these sources of volcanic activity may produce eruptive phenomena that
affect the site, given initial assumptions about the nature of past volcanism (i.e. screening
distance analyses). Thus, a comprehensive volcanic hazard assessment (i.e. Stage 4) is
required for such capable volcanoes or volcanic groups for those phenomena that might reach
the site (See TABLE 2).

2.5. SUMMING UP THE ANPP CASE

The ANPP example illustrates the utility of a screening distance approach for the initial
hazards assessment in Stage 3. Volcanic systems in this area were relatively well characterized
by previous studies, and screening distances for individual phenomena could be developed
with defensible technical bases. There also was confidence that the record of past events was
representative of the range of future events, and that there were no significant gaps in the
geologic record that would fundamentally affect the screening distance determinations. Not all
volcanic terrains will be characterized in sufficient detail to support a robust screening distance
approach to Stage 3 analyses. For locations where there are potentially significant
uncertainties in the completeness or representativeness of the volcanological record, a
deterministic approach to hazards screening (i.e. Stage 3 analyses) may not be justified at this
stage of the hazards analysis except for physically unsupportable phenomena (e.g. pyroclastic
flows from scoria cones, tsunamis at inland locations). For locations where data uncertainties
preclude a robust screening distance analysis, the hazards assessment should proceed to a site
specific hazards analysis (i.e. Stage 4), which includes an assessment of relevant uncertainties.
Details of the methods used to conduct the site specific hazards analyses in Stage 4 are
presented in Section 5 of this report.

3. TECTONO MAGMATIC MODEL OF VOLCANISM
3.1. INTRODUCTION

A critical part of any volcanic hazard assessment is determining if past patterns of
activity are consistent with the current and expected future patterns of activity in the volcanic
system. In other words, are the geologic conditions that led to the formation of past volcanic
events expected to occur in the future, or has the geologic setting changed such that some, or
all, past events are not expected to occur in the new geologic setting? The need for this
consideration is driven by the uncertainty in extrapolation of recurrence rates based on patterns
of past activity. For systems with historical or Holocene activity, this uncertainty might be
relatively small, because the likelihood of future events is relatively high. Conversely, for older
or longer lived systems, low rates of activity might lead to relatively large uncertainties in
extrapolation of past patterns of activity into the future.

To evaluate such uncertainties in the extrapolation of past patterns of activity, a key
component of the volcanic hazards assessment is to formulate a robust conceptual model for
volcanism in the area of interest (See FIG. 1). Generally, this is a tectono magmatic model that
integrates the geologic history of the volcanic system with a regional tectonic framework, to
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develop an understanding of the geologic processes that resulted in the occurrence of past
events. This model is used to determine if these geologic processes are expected to occur in the
future. The conceptual model also can be used to condition the hazards analyses to consider
changes in recurrence rates (e.g. a waning volcanic system) or in the characteristics of
phenomenon (e.g. increase in frequency of'silicic pyroclastic flows, cyclicity in eruptive style).

A tectono magmatic model is needed to determine if future hazards are credible,
especially in areas that have experienced low rates of activity in the past. The tectono magmatic
model is developed from regional geologic information related to:

1. Spatio temporal patterns of volcanism, including time volume relationships.
2. Geophysical and tectonic setting, including patterns of faulting.
3. Geochemical evolution of magmatic systems.

Several tectono magmatic models are reviewed in this section illustrating their use in
hazard assessments on a variety of scales, starting from the most regional, plate tectonic scale
and moving toward the scale of individual volcanic systems.

3.2.  SPATIO TEMPORAL PATTERNS

Volcanism is a manifestation of heat transfer from the interior to exterior of the Earth
by the advection of magmas. These magmas are generally formed within 200 km of the surface
by partial melting of mantle in response to plate tectonic processes. Therefore, worldwide, a
correlation exists between the distribution of active volcanism and distribution of earthquakes,
mostly at plate boundaries (See FIG. 7). Roughly 80 % of the area of Earth’s continents is
geologically stable, where rates of volcanism and faulting are relatively low. Volcanoes and
earthquakes are instead concentrated near plate boundaries, and in diffuse deformation zones,
sometimes hundreds of kilometres wide, which extend into continental areas from plate
boundaries (See FIG. 8). Numerous authors have commented on the correlation between
population growth, and hence the development of nuclear facilities, and plate margins,
especially when continental diffuse deformation zones are taken into account (See [23-25],
and references therein).

20



[

sCape Verde o :

< :
o+ Cameroon /

Sr:‘__He.fena ' . e {
) * 7 uRé_i:._:{._"H'_(_)n
Tristan S i} 3
Y *Kerguelen JE
-60 ; . __.---"'I'(:'-uisx;f'r:f'fé 1
| | . . ey
OM9+ > M 8.5-8.9 «+ M8.0-84 = volcano Named "hot spots’ “... plate boundaries

FIG. 7. Map showing the locations of Holocene volcanoes and all large (M = 8) earthquakes
since 1900 A.D. Seismic and volcanic hazards are broadly correlated with the margins of
tectonic plates. Most of the volcanic activity and large earthquakes occur around the margins
of the Pacific Ocean basin. This concentration of activity is commonly referred to as the “Ring
of Fire”. This Figure reflects the latest information (version 4.3.0, updated on 3 July 2014)

from  the  Smithsonian  Institution’s  Global  Volcanism  Program  database
(http://www.volcano.si.edu/) and supersedes FIG. II-1 in SSG-21 [1].
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FIG. 8. Map showing the distribution of major and minor plates and diffuse deformation zones
(shaded) that occur on the margins of many continents. Volcanism occurs at plate boundaries
and is also generally correlated with diffuse deformation zones. Reproduced courtesy of ©
Cambridge University Press 2009 [24].
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Volcanism occurs predominantly in volcanic arcs associated with subduction zones, at
divergent plate margins (See FIG. 9), and associated with hot spots. All of these plate tectonic
features are reasonably identified and mapped worldwide, on the scale of individual plates, sub
plates, and microplates. For the purposes of hazard assessment for nuclear facilities, this global
setting provides context and a starting point for volcanic hazard assessments (e.g. Initial
scoping, FIG. 1). Volcanism, however, is not limited to the generic tectonic environments of
subduction, divergence and hot spots. In western North America, for example, volcanism is
widely distributed throughout a diffuse deformation zone known as the Basin and Range. This
region is characterized by low volume, infrequent eruptions of basaltic magmas within
volcanic fields. Volcanism throughout much of the region is attributed to decompression
melting, resulting from extension of the lithosphere of western North America. This partial
melting is thought to be enhanced in the region because the area was the location of ancient
subduction over a period of tens of millions of years, which chemically modified the mantle
and made it more susceptible to partial melting [26]. Nuclear facilities throughout much of the
western US, such as the proposed repository at Yucca Mountain, Nevada [27], [28] must take
this type of volcanism into account in hazard assessments. Similarly, subduction ceased
millions of years ago in the Anatolian region of Turkey, Armenia, and Iran, yet active
volcanism persists today in this region [29]. Furthermore, widespread but diffuse volcanism in
continental Asia, particularly in China, is not directly related to an active convergent or
divergent plate boundary [30].
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FIG. 9. Schematic illustration of the types of plate margin where volcanism commonly occurs.
Divergent plate margins occur where seafloor spreading generates new ocean crust resulting
in decompression melting. Incipient divergent plate motion on continents results in rift zones,
also the site of volcanism. Subduction zones develop at convergent plate margins where
volatiles are introduced into the mantle wedge, resulting in partial melting and the generation
of magmas. Ocean trenches and arcs of explosive volcanoes are generated in the process.
Transform margins occur without significant divergence or convergence of plates. Mafic
volcanic fields can occur associated with transform margins, perhaps because of shear melting
of lithospheric mantle. Reproduced courtesy of © Cambridge University Press 2009 [24].

A critical issue is that on the scale of the geographic region of interest, within any one
of these plate tectonic settings, the distribution of volcanoes can be quite complex and non
uniform. Rates of magmatism, eruption rates, and even the types of eruptions may vary
substantially with profound impact on hazard assessments for nuclear facilities.
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3.2.1. Tohoku tectono magmatic model

As an example of a regional tectono magmatic model, decades of work by numerous
research groups has shown that the Tohoku volcanic arc, northern Honshu, Japan, evolved as a
volcanic arc since approximately 14 Ma as a result of subduction of the Pacific plate beneath
Japan and opening of the Sea of Japan. Relative to many other volcanic arcs, the Tohoku arc
has persisted as a volcanic arc in a stable position with stable rates of eruption since 14 Ma. In
assessing volcanic hazards for this region, one might confidently use a tectono magmatic
model based on this persistent subduction (e.g. [31]). The classic model of the Tohoku
subduction zone related volcanism includes a description of the volcanic front, along which
volcanism is maximum, a fore arc that lacks volcanic activity, and a back arc that experiences
much lower rates of activity than those associated with the arc. This model emphasizes
variation in the rate of volcanism and potential volcanic hazards across the arc. In contrast,
relatively little variation in rates occurs along the arc. FIG. 10 illustrates these general
geodynamic relationships. A smoothed probability model for the long term potential of
volcanism in the arc can be constructed from the distribution of Quaternary volcanoes. Briefly,
this probability model is constructed using a kernel density function (See Section 5.2) to
estimate the probability of a new volcano forming, given the distribution of existing, mapped
Quaternary volcanoes. The kernel density function is estimated using a bandwidth that
smoothes volcano distribution. It is assumed in this particular model that a smooth asymptotic
mean squared error optimisation algorithm is appropriate. The probability is estimated for a
time period of 100 000 year for a new volcano centre forming within a given 25 km” area. The
potential magnitude of eruptions from newly formed volcanoes is not considered. This smooth
model is consistent with a classic model of stable subduction. That is, the probability model has
a steep increase in rate of volcanism at the volcanic front, and a gradual decrease in the rate of
volcanism in the back arc. Thus, this probability model is consistent with a tectono magmatic
model of simple, uniform subduction rate.
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FIG. 10. Left: a classic subduction zone model in which rates of volcanism vary dramatically
across the arc but are assumed to be relatively uniform in an along arc direction. Triangles
indicate the postions of volcanoes, large arrow indicates the direction of subduction and the
direction of flow in the uppermost asthenospheric wedge. Hot zones of partial melting develop
beneath volcanoes in the lithosphere with equal probability all along the volcanic arc,
providing the potential for future eruptions. Right: A spatial density model illustrating the
probability of volcanism along the Tohoku arc. The model is consistent with the classic model
of subduction, with little variation in rates of activity along the arc. See Section 5 for discussion
of how these types of spatial density probability models are made [32]. Reproduced courtesy of
Nuclear Waste Management Organization of Japan [32].
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FIG. 11. Left: A schematic illustration of the hot finger model of Tamura et al. [33]
emphasizing the clustered nature of volcanism along the arc and its relationship to counter
flow in the asthenosphere. Volcano postions are indicated by triabngles, large arrows indicate
counterflow in the asthenosphere. Right: Alternative probability models for the future
distribution of volcanoes may be constructed that emphasize these alternative geophysical
models. The left panel shows regional probability models for Tohoku arc emphasize volcano
clustering within the arc and behind the arc. These probability models are most consistent with
hot finger model [32]. The right panel shows a regional probability model that emphasizes the
classical subduction zone model, with relatively uniform probability all along the arc. See
Section 5 for discussion of how these types of spatial density probability models are made [32].
Reproduced courtesy of Nuclear Waste Management Organization of Japan [32].

Alternative models of the Tohoku subduction zone have been developed (e.g. [33]) that
emphasize along arc variations in rates of volcanic activity. This model emphasizes the
clustering of Q
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uaternary volcanoes along the arc, distinct areas within which Quaternary volcanism is
much more prevalent, and gaps in activity along the arc, in areas that rates of volcanic activity
are very low. Geochemical and geophysical data have also been used to support this clustered
model. These data include the presence of regional scale seismic tomographic anomalies and
isostatic compensation of the crust resulting in basement uplift within Quaternary clusters and
eruption of more highly differentiated magmas. Tamura et al. [33] linked these different
observations and developed the ‘hot finger’ model of volcanism for Tohoku, in which counter
flow in the asthenosphere results in zones, or ‘fingers’, of enhanced partial melting and,
therefore, higher rates of volcanism. The hot finger model is not only supported by volcano
distribution in Tohoku, but by seismic tomographic anomalies, bedrock uplift and isostatic
compensation associated with volcano clusters, and geochemical modelling [34-36]. An
alternative probabilistic hazard model can be developed that reflects this tectono magmatic
model of the Tohoku arc (See FIG. 11). This alternative probability model make the same
assumptions as used in FIG. 10, but uses a different optimisation algorithm, the least squares
cross validation method, to estimate the kernel bandwidth. In this model an algorithm is used to
estimate the spatial density of volcanism that emphasizes compact clusters of Quaternary
volcanism and gaps in activity along the arc.

Comparison of probability maps (See FIG. 11 right) illustrates that the hazard
assessment should be sensitive to underlying assumptions about the tectono magmatic setting
of' volcanism. Using the classic subduction zone model probabilities of volcanism are relatively
uniform along the arc. Using the hot finger model, clusters of volcanoes are emphasized and
probability of future volcanism is not uniform along the arc. On this scale, alternative models
of the tectonic setting of volcanism should be considered and the effects of these alternative
models on probabilistic hazards at any particular site should be assessed.

3.2.2. Building a conceptual tectono magmatic model

The Tohoku example illustrates that differences in tectono magmatic models may result
in significant differences in probabilistic hazard models developed in site evaluations. On a
regional scale, tectono magmatic models are constructed based on geodynamic information,
which includes geological, geophysical and geochemical data. It is necessary to gather these
data, usually from existing literature, with the purpose of developing one or more tectono
magmatic models for the site region. For the Tohoku arc example, these data include:

e Regional distribution of volcanoes, erupted volumes, and ages of their products to
understand rates of magmatic processes;

e Use of geophysical data (e.g. seismic tomography, hypocenter distributions, gravity,
magnetotelluric soundings) to characterize the regional tectonic setting, especially the
nature of the mantle wedge and underplating of the crust;

e Geochemistry and petrography of volcanic products to characterize magma production
rates and source region, assimilation, storage, and fractionation processes (e.g. major
and trace elements, rare earth elements, isotopic analyses);

e Data showing the relationship between regional and local scale tectonic features and

volcanoes, such as distribution of contemporaneous faults or expressions of crustal
stress and strain.
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Some discussion of specific data gathered in support of these tectono magmatic models
is provided in Annex. These data represent the regional geology of the site. They are used
specifically in hazard assessment to assure that the hazard models are consistent with
observations, and to understand the general geodynamic framework. It is noted that despite
years of effort, alternative models for the tectonic setting of volcanism may persist, as
illustrated by the Tohoku example. As investigations continue, the collection of additional data
can result in the creation of additional alternative models, and rejection of models that are
inconsistent with the newer data. Although investigations should attempt to assess the validity
of alternative models, it may be necessary to consider these alternative models individually in
later steps of the hazard assessment.

For example, there are numerous alternative models of recurrence rate, volume,
magnitude, and magnitude frequency relationships that apply well to different types of
volcanic systems (e.g. distributed volcanism, open versus closed conduits at composite
volcanoes and calderas). The main point is that alternative models be identified and tested
using available data (e.g. [37-42]).

Tectono magmatic models also are important to consider on the scale of specific
volcanic systems. In the case of individual volcanoes or volcanic systems, it is important to
understand how the volcano works in order to make forecasts of future activity. Persistently
active volcanoes usually reveal a range of eruptive products and eruption styles through
investigation of the recent geological record. For less frequently active, or long dormant
volcanic systems, it is more important to develop a tectono magmatic model that informs the
hazard assessment. Not only might data about past eruptions be missing from the geologic
record, but the eruption products preserved in the record may reflect conditions that no longer
exist in the volcanic system. For example, it may be important to investigate whether the
tectono magmatic conditions that gave rise to past patterns of activity persist in the present, or
whether the tectonic setting of the volcano has changed.

On a more local scale, tectono magmatic models are used to address specific concerns
about potentially active volcanic systems, such as:

e How often and how much magma is supplied from depth?
e Where is the magma stored within the volcanic system?

e Is the shallow conduit plugged between eruptions or does it remain open, which affects
the degassing and explosive potential? How do volatiles behave in volcanic system?

e Does the eruptive history of the volcano show any progressive changes in the nature of
eruptions, eruption rate or cyclicity?

e Is there evidence of abrupt transitions from one style to another, for example from
stratovolcano to caldera?

Specific data are required to answer these questions. Description of these data types are
provided in SSG-21 [1] and discussed in Annex. Briefly, tectono magmatic models depend on
reconstruction of the eruptive history of the volcano. This process begins with detailed
stratigraphic analyses, correlation, and geologic mapping to characterize eruptive sequences.
Often this process involves characterization of individual eruptions using maps of tephra
layers, their temporal relation with pyroclastic flows and similar studies of other phenomena,
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such as lava flows and lahars. Standard geologic mapping of the units found at the surface is the
first step in developing the eruptive history. Subsequently, stratigraphic columns and
correlation are used to constrain recurrence times of various phenomena, geochemical trends
within individual eruptions or from one eruption to the next, and the time volume relations of
eruptions.

3.2.3. Nejapa-Apoyequetectono magmatic model

The need for a tectono magmatic model on the scale of a volcanic system, and requiring
detailed stratigraphic analysis, is illustrated by the Nejapa-Apoyeque volcano alignment
located on the west side of the city of Managua, Nicaragua (See FIG. 12). This alignment of
Holocene volcanic vents includes craters formed by magmatic, phreatic and phreatomagmatic
eruptions. Detailed stratigraphy has revealed that eruptions vary from relatively small volume
and low intensity to phreato plinian events of large volume [43], [44]. Detailed stratigraphic
studies were required in order to characterize this eruptive sequence.
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FIG. 12. The Nejapa-Apoyeque alignment located on the west side of the city of Managua,
Nicaragua. This volcanic system comprises at least 21 vents (green circles) distributed along
an N-S trending alignment. The alignment is located near the western margin of the
Nicaraguan depression, and is associated with numerous active faults (red) and inferred faults
(vellow). Pacific Ocean bathymetry shown in lower left section of inset.

For these types of volcanic systems where vent locations are spatially distributed, it is
often important to identify the relationship between magmatism and tectonic features on the
scale of tens of kilometres. The Nejapa-Apoyeque volcano alignment is located in a basin,
bounded by a prominent fault to the west. Numerous faults and fault segments are located
adjacent to the volcano alignment, and the alignment is oriented perpendicular to the inferred

27



minimum horizontal compressional stress. FIG. 13 illustrates one model of the geodynamic
setting of the Nejapa-Apoyeque alignment and its relationship specifically to the basin
bounding fault. This finite element model consists of a 2D section drawn perpendicular to the
alignment, and consisting of a layered lithosphere, including brittle crust, ductile lower crust,
and mantle. The upper brittle crust is cut by a fault which experiences a dip slip component.
The finite element model suggests that the occurrence of this fault localizes extension when the
model is subject to extensional strain of approximately 1 mm year '. The localized strain, in
turn results in upwelling in the mantle, which may induce partial melting of basalt due of
decompression and/or perturbation of the local geothermal gradient.
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FIG. 13. Finite element model illustrating the tectono magmatic model of the
Nejapa-Apoyeque volcano alignment. Upper panel: Essential features of the model include
brittle, ductile, and mantle layers (separated by dashed red lines) each with different physical
properties. A fault with dip slip component (solid red line) is represented as a dislocation in the
model and the entire model experiences extension at a total rate of 1 mm year™. Left panel:
Extension results in upwelling and divergence, focused in the fault region, which moves mantle
closer to the surface and perturbs the geothermal gradient (right panel), conditions that can
lead to magma generation in some circumstances. Figure courtesy of R. Malservisi.

This tectono magmatic model has implications for the hazard model of the
Nejapa-Apoyeque volcano alignment, and of course, for risk to the city of Managua and for
critical infrastructure located in this zone. First, the model suggests that future volcanic vents
are more likely to form along the N-S trending alignment due to focusing of magmatism along
the basin bounding fault system, than elsewhere in the basin. Nevertheless, the finite element
model and the geologic record of activity shown by the map distribution of volcanoes (See
FIG. 12) suggest formation of new volcanic vents off the alignment is also possible. Second,
the recurrence rate of volcanic activity should be linked to the rate of crustal extension. In this
model, a constant rate of extension should result in a relatively steady recurrence rate of
volcanism. The hazard model (See FIG. 14) reflects these basic features of the tectono
magmatic model, which in turn is developed based on a detailed understanding of Holocene
activity in this system [43]. The spatial density model (See FIG. 14 left) reflects the overall N-S
trend of the alignment, perpendicular to extensional strain, as illustrated in the finite element
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model. In this case, an anisotropic spatial density model (See Section 5) is preferred that
reflects this strong elongation of the alignment, and the repeated return of volcanic activity to
the alignment even over thousands of years. Radiometric age determinations from [43] and
references therein are used to develop a model of recurrence rate (See FIG. 14 right). Although
not every unit is dated, the available dates and stratigraphic sequence are consistent with steady
state volcanism, with a high degree of confidence. In other words, the spatial and temporal
hazard models are built on detailed volcano stratigraphic work and are consistent with the
tectono magmatic model.
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FIG. 14. Hazard model showing, Left: Spatial density map of the Nejapa-Apoyeque alignment,
created using an anisotropic kernel density function to be consistent with the tectono magmatic
model (See FIG. 13). See Section 5 for details about construction of this type of model. Right:
Recurrence rate of volcanism along the Nejapa-Apoyeque alignment based on data from [43].
The observed recurrence rate of events (solid line) matches well with a steady state model of
volcanism, and is stationary within uncertainty bounds (fine dashed lines).

3.2.4. Example of a long term petrogenetic trend: the geochemistry of Aragats volcano
and adjacent volcanic centres

Once the eruptive history of a volcano has been documented, it becomes possible to use
the petrology and geochemistry of eruptive sequences to identify trends or evolution of the
magmatic system. These investigations rely on detailed analyses of individual units and their
components. The units’ petrology and geochemistry may constrain parameters such as the
depth of the magma source region, the temperature, rheology and gas content of magmas, rates
of magma ascent, and the occurrence of eruptive triggers, such as magma mixing events. The
hazard assessment of the ANPP, located low on the flanks of Aragats volcano, provides an
example of the use of this information.

Aragats volcano is situated in the NE part of the Anatolian-Armenian-Iranian plateau,
an intensely deformed segment of the Alpine-Himalayan belt. The complex geological
structure of the region is represented by a mosaic of tectonic blocks comprising fragments of
volcanic arcs, continental crust and exhumed oceanic crust. Collision of the Arabian plate with
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the Eurasian margin in the early Miocene resulted in orogenic uplift associated with
widespread and voluminous volcanism. Aragats (4090 m, 45 km in diameter) is one the largest
volcanoes in the entire region and produced central vent (Plinian eruptions of volcano
explosivity index (VEI) > 4) and monogenetic flank eruptions and periphery plateaus within a
total area >5000 km’, known as Aragats volcanic province (AVP). The AVP comprises the
composite cone of Aragats volcano and dozens of flank vents, scattered monogenetic cinder
cones on the adjacent volcanic plateaus, as well as the neighbouring stratovolcano Arailer.

Petrology, geochemistry and volcano stratigraphy of Aragats and nearby volcanic
plateaus were studied in the framework of volcanic hazard assessment of ANPP site [10]. K-Ar
and “’Ar/*Ar age determinations of groundmass and separated plagioclase samples indicate
that volcanism at AVP began ~2.5 Ma [10], [45]. The most recent known volcanic activity was
0.49 Ma and produced a Plinian eruption of trachydacites from Irind volcano, a flank vent.
Additional activity at approximately that time included basaltic trachyandesite lava flows from
Tirinkatar (0.45-0.61 Ma), Kakavasar, (0.52-0.54 Ma) and Ashtarak (0.58 Ma) monogenetic
flank centres, as well as trachyandesites of Jrbazhan volcano on the summit plateau of Aragats
(0.52 Ma).

The majority of Aragats rocks are of alkaline and subalkaline types. The AVP series of
volcanic products encompasses the entire compositional range from trachybasalts to rhyolites,
although the majority (86 %) are basaltic trachyandesites, trachyandesites, and trachydacites.
The most primitive samples appear to be trachybasalt lavas. The most evolved samples are
rhyolites (and their obsidian variety) from the 1.5 Ma Arteni volcanic complex.

Aside from small within suite differences, chondrite normalized rare-earth element
(REE) abundances in the entire Aragats region are remarkably similar, indicating origins from
a common, long lived magmatic source region. This source region is thought to have
experienced nearly identical degrees of mantle melting and very little or no assimilation of
xenomorphic materials (rocks or crystals) upon magma ascent from the source to the surface.
For all series, significant enrichment of light REE (LREE) and medium REE over high REE
(HREE) can be observed (See FIG. 15).

30



Arailer volcano complex

(a)

1000

Aragats N Slope/Mantash Plateau

(d)

[}
o
0.1 (=]
=
@ =
8 IDDO- O
g e Aragats summit series  (b) c
L - 8 0.1
&
S i
g o a
3 : :
£ 1 WO A — w
] ¥ e (W]
i < 1000 .
E ° Shamiram Plateau (e)
g v (no Eu anomalies)
1001
1000 b
e Aragats slope series  (c)
100+—5~ - 10
. u fa " V"ké |
10 A L FER j%
() ! - N e
) : 1 .
K ok & !.%E‘ =5
1 : = T
0.1
0.1 (s BaU Ta La Pb Sr Nd Zr Eu Gd Dy Ho Er Yb

(s Ba U Ta La Pb St Nd Ir Eu Gd Dy Ho Er Yb

RbTh Nb K Ce Pr P SmHf Ti Th Li ¥ Tm Lu Y Tm Lu

Rb Th Nb K Ce Pr P Sm Hf Ti Th Li

FIG. 15. Normal mid-ocean ridge basalt (N-MORB) normalized trace element spider diagrams
for NPP samples, (a) samples from Arailer volcano complex, (b) samples from Aragats summit
series; (c) samples from Aragats slope series. N-MORB values from [46]. N-MORB
normalized trace element spider diagrams for (d) samples from Aragats north slope/Mantash
plateau; (e) samples from Shamiram plateau (with no Eu anomalies). Note the very strong
enrichments relative to N-MORBs for the large lithophile elements (Cs, Rb, Ba,), K, Pb, Th, U
and the somewhat enriched concentrations relative to N-MORBSs for elements like Li, the LREE
(La, Ce, Pr, Nd) and Sr. Also note that Ti, Y and HREE are N-MORB like or even more
depleted. Reproduced courtesy of the Ministry of Energy and Natural Resources of the
Republic of Armenia [10].

Aragats rocks have geochemical features that are typical for active continental margins
and island arcs (i.e. [47]). For example, large ion lithophile elements (LILE) and LREE are
enriched relative to MORB. Prominent negative anomalies of Nb and Ta occur relative to
neighbouring elements of similar incompatibility. Positive anomalies are evident for Pb and Li.
The depletion of Nb and Ta is typically ascribed to the retention of these elements in the
subducting slab during progressive dehydration, whereas LILE and LREE are transported
upward by slab derived fluids and/or melts [48]. The subduction zone signature of Aragats
rocks is shared by volcanic rocks the adjacent volcanic regions [12], [22], [49], [50]. Most of
the studied volcanic series show homogeneous patterns despite the variety of rock types, and
variations observed (e.g. in the Aragats slope series) can be attributed to the overprinting
effects of fractional crystallization. This is an important observation for the tectono magmatic
model of Aragats volcano and surrounding regions, because it indicates that, although
subduction ceased well before the Quaternary (early Miocene?), Quaternary volcanism is
geochemically linked to the partial melting of a subduction enriched mantle.

31



Isotopic analyses provide further insights about magmatism at Aragats. Both the
%7S1/*%Sr and the '*Nd/'**Nd isotopes show no significant variation with SiO,, which indicates
a lack of pronounced crustal assimilation. Moreover, all of the studied Sr and Nd isotope ratios
are typical of melts originating from moderately depleted mantle source regions. The average
"Nd/'"Nd in the studied mafic samples is 0.512807 (minimum = 0.512760,
maximum = 0.512863). The average ° St/*°Sr ratio of all studied samples (trachybasalt to
rhyolite lava flows, tuffs, pumice fragments, ash) is 0.704211 (minimum = 0.704035,
maximum = 0.704414). ¥'Sr/*Sr ratios are remarkably similar in all samples collected on
Aragats and surrounding areas. This is additional evidence that one magma source region fed
all of these volcanic eruptions. The observed overall small variations in both the *’Sr/*°Sr and
the '**Nd/'**Nd isotope ratios, together with trace element evidence and mineral chemistry
insights, reveal that all analysed magmas from the region of Aragats originate from the same
mantle source region and that they experienced no significant crustal assimilation processes.
Rather, the isotope ratios of the volcanoes of the ANPP area were controlled by processes of
simple crystal fractionation (See FIG. 16). No isotopic variations are found with time, from
upper Pliocene to Quaternary, within the AVP, which also indicates that parental magmas have
not changed, or changed very little, during the history of activity of the volcanic system.
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FIG. 16. SiO; versus °’Sr /*°Sr isotope ratio diagram for Aragats lava samples. Noteworthy is
alignment of data points along fractional crystallisation trend. Reproduced courtesy of the
Ministry of Energy and Natural Resources of the Republic of Armenia [10].

The limited variation in isotope ratios from rocks that record different crystallinity and
age supports the eruption of volcanic materials from a relatively well mixed, homogeneous
magma source underneath Aragats and adjacent volcanoes. The model of mixed subduction
zone and asthenospheric mantle inputs at Aragats is in agreement with the tectono magmatic
model of slab break off and asthenospheric flooding of the otherwise subduction modified
mantle source region, proposed by Keskin [29]. Based on bulk rock geochemical data (major,
minor and low abundance trace elements, Sr and Nd isotopes) and mineral chemistry, it is
likely that volcanic rocks of AVP are largely recording a complex mixing between deep
asthenospheric mantle and remnants of subduction modified and metasomatically enriched
mantle sources, followed by fractionation in large magma chambers [10]. Mineral melt
equilibria studies reveal atypically dry (< 1% H,O) and hot mantle source. Noteworthy are high
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eruption temperatures compared to global volcanic arcs, explaining the very long (up to 25 km)
and thick (> 200 m) trachydacitic lava flows mapped on Aragats.

The major and trace element geochemical data and Sr and Nd isotopic studies of
Aragats lavas demonstrate that the parental magmas do not change spatially or evolve through
time in this volcanic system. For instance, 0.71 Ma trachyandesites erupted on the periphery of
Shamiram plateau are almost identical to those erupted on the summit plateau at approximately
0.52 Ma. Thus, the magmatic system beneath Aragats is long lived (1.55-0.45 Ma) and
produced a large volume of magmas of mafic, intermediate and silicic compositions without
distinguishable time scale related petrological and geochemical patterns of parental magmas or
their differentiates. It is estimated that Aragats produced about 860 km’ of lavas and pyroclasts
during this period [10].

The major conclusion from this detailed stratigraphic, petrography and geochemical
study is that large volume Aragats system is a product of regional, post collisional and long
lived magmatism. There is no evidence from the geochemistry to support waning activity in the
system. Rather, the volcanism of the Aragats system simply stopped about 0.48-0.45 Ma with
eruptions of basaltic trachyandesites, trachyandesites and trachydacites; volcanism elsewhere
in the region continued throughout the Upper Pleistocene, and Holocene. Furthermore, the
geochemistry indicates that magmas in this system ascended rapidly from depth, erupted at
high temperature, low volatile content, and low viscosity, compared to typical arc magmas. In
other words, it is not possible to rule out the possibility of persistent mafic melt in the system,
especially as large volumes of mafic melt are required to generate the volumes of silicic
magmas erupted 0.9—0.4 Ma. Furthermore, it is conceivable that deep magma reservoirs might
persist in this system, which trap ascending mafic melts.

There is an absence of petrologic or tectonic information to explain why the Aragats
volcanic system hasn’t erupted since 0.45 Ma. Although a lack of activity in 0.45 million years
has been viewed by some researchers as indicating the Aragats system is extinct, there is
significant uncertainty in the current understanding of how long a volcanic system can remain
quiescent but still erupt. As a result of this analysis, a probabilistic study of volcanic hazards
was conducted for the ANPP site, despite the long apparent hiatus since last eruptive activity.
This was done because a credible potential for future eruptions could not be ruled out in light of
available information. This consideration also ensures that the safety assessment will not
underestimate potential hazards at the ANPP site. Nevertheless, several alternative models for
recurrence rate estimates were developed to account for the observed hiatus in activity. These
alternative models reflect the possibility that 0.8-0.4 Ma recurrence rates overestimate rates
that appropriately represent the near term hazard. The development and analysis of these
alternative recurrence rate models is discussed further in Section 4. Additional examples of
volcano tectonic models developed for long term investigation and characterization of volcanic
systems include [51-54].
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3.2.5. Example of a short term petrogenetic trend: the geochemistry and petrology of
the most recent lava flows from Volcan de Colima, Mexico

On short timescales, petrologic changes in volcanic systems occur that are potentially
indicative of potential changes in eruption intensity. Such trends are important to consider for
active volcanoes within the geographic region of interest. In this context, petrological tools are
used to study eruptive sequences [55] and to investigate compositional changes that occur in
historical eruptions. Compositional changes identified in whole rock analyses might reflect a
spectrum of magmatic processes such as modifications of mantle source regions, degrees of
partial melting, interaction with the crust and shallow magmatic processes (e.g. differentiation,
mixing, mingling, host rock assimilation and interaction with new mafic magma), acting over a
range of time periods [56-70].

Such petrologic trends are important to identify, or at least consider, for hazard models
related to frequently active volcanoes within the geographic region of interest. Currently, in
order to identify systematic changes in whole rock composition requires a high resolution
stratigraphic record. Volcan de Colima has had frequent eruptions since 1519-1523 A.D. [71].
The 1913 Plinian eruption has been documented in detail taking into account eyewitness
observations, stratigraphic studies, and geochemistry in such a way that the dynamics of this
particular eruption has a high level of detail [72]. Luhr and Carmichael [73] proposed that the
most recent eruptive history of Volcan de Colima shows two century long cycles of activity:
1818-1913 and 1913 to the present. These eruptive cycles are separated by Plinian eruptions.
The petrology and geochemistry of the products before and after these markers are contrasting,
for instance, the 1913 scoriae are much more mafic than the andesitic rocks erupted between
1869 and the present [62], [73]. Luhr and Carmichael [73] argue that the current eruptive cycle
will end with another Plinian eruption, as occurred in 1818 and 1913. Tephrochronologic data
for the last =® 10 000 years improves the understanding of explosive behaviour of Volcan de
Colima [74]. According to this information the volcano is capable of alternating between
different types of magma that enter into the upper conduit system, affecting the dynamics of the
emplacement of magma and possibly influencing the shape of the conduit system.

In general, identification of petrographic trends requires detailed analyses. For Volcan
de Colima, point counted modes, representative mineral analyses, and whole rock major and
trace element compositions were obtained for samples of the andesitic lava flows erupted in
1991 and 1998-1999. Together with published trace element data for other andesites erupted in
1869-1982, this permitted the evaluation of compositional changes during the 1818-1913 and
1913—present cycles.

The eruptive cycles of Volcan de Colima are dominated by andesitic lavas with ~ 61
wt% SiO,, but end with Plinian eruptions (as occurred in 1818 and 1913), involving relatively
mafic andesites with ~ 58% SiO,. Following eruptions of andesitic lava flows with ~ 61%
SiO; in 1961-1962 and 1975-1976, a trend toward lower SiO, contents began in 1976 and
peaked in 1981, probably as a small volume of deeper, more mafic magma ascended into the
shallower andesitic reservoir beneath the volcano. Since then, andesitic lavas have become
progressively richer in SiO, through the 1991 and 1998-1999 eruptions. Andesites erupted
between 1961 and 1999 show many subtle but important differences compared to those erupted
between 1869 and 1913. Based on rocks of similar SiO, content, the 1961-1999 andesites are
richer in modal plagioclase and in the elements Y, Nb, Tb, Ho, Er, Yb, and Ta, and they are
poorer in modal hornblende and in Ba and Sr.
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These petrologic observations are consistent with the interpretation that the magmas of
1961-1999 had significantly lower water contents compared to those erupted in 1869-1913,
which diminished the role of hornblende crystallization and enhanced the role of plagioclase
crystallization. The relatively lower magmatic water contents for the 1961-1999 andesites
imply that the explosive eruption anticipated to end the current eruptive cycle will be less
powerful than the 1913 eruption. Of equal importance to this question, however, is the role of
magmatic degassing. The relatively higher viscosities of andesitic magmas with ~ 61% SiO,
likely lead to relatively slow ascent rates and more thorough degassing prior to arrival of the
magma at the summit crater and its eruption as block lava. In contrast, the lower viscosities of
more mafic andesitic magmas with ~ 58% SiO, result in faster ascent and greater retention of
volatiles, so that they erupt explosively upon reaching the summit crater.

The 1818 and 1913 eruptions provide good models for the end of the current cycle. The
magmas erupted in 1869—1913 show many subtle but important differences compared with
those erupted in 1961-1999, all of which however, are consistent with the interpretation that
the latter evolved with significantly lower water contents than the former. This fact must be
considered in any model of the culminating eruption of the current cycle. Because expansion of
steam derived from magmatic water is the main propellant of explosive volcanism, it is logical
to conclude that the termination of the current cycle will involve eruptions less violent than the
1913 event.

Recent work by Saucedo et al. [72] indicates that magma mixing triggered the 1913
eruption. The eruption was characterized by a mass eruption rate of ~ 9 X 10" kg s~ for a total
of produced mass of 1.5 X 10'* kg. They also conclude that the events of 1813 and 1913 are
quite similar and petrographic and chemical evidences in eruptive products of both eruptions
indicate this mixing of magma.

Equally important to the original magmatic water content, however, is the extent of
magmatic degassing during ascent toward the surface [70], [75], [76]. For the relatively mafic
andesites that were explosively erupted in 1913 (VEI = 4), little pre-eruptive degassing appears
to have taken place, as evidenced by a lack of reaction rims on hornblendes with green brown
to yellow brown pleochroic colours. In contrast, the lavas erupted in 1961-1999 and especially
the hornblende rich lavas erupted in 1869—1880 must have originally had at least 3% H,O,
necessary to stabilize hornblende phenocrysts, but must have lost virtually all of that water
prior to reaching the surface. The degassing history of these magmas is illustrated by
hornblende phenocrysts with reaction rim from a non-explosively erupted lava sample.

The petrographic analysis of the recent eruption of Volcan de Colima suggest that
models of future potential eruptions can be refined, in that the next eruption might be less
explosive than the 1913 eruption. In other words, a hazard analysis that used the complete
record of explosive and nonexplosive eruptions from Volcan de Colima might overestimate the
hazard of the next eruption being explosive, if the interpreted petrologic trends are supported
For volcanoes like Volcan de Colima in a geographic region of interest for a nuclear
installation, such petrological approach might be used as an alternative model to condition
input parameter distributions in simulations of tephra fallout and related processes, which are
discussed in Section 5. In many safety assessments, however, models that result in lower
estimates of hazard require significant levels of support to ensure that the hazard to a nuclear
installation has not been underestimated.
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3.3. CONCLUSIONS

Establishing and using alternative tectono magmatic models on a variety of scales is
crucial for hazard assessments for nuclear facilities. This step is particularly important for
characterization of those volcanic systems that have not been active historically or in the
Holocene, because the geologic record in such systems is usually sparse and uncertainty in
hazard estimates is high. These models are needed to understand and refine hazards models for
volcanic systems nearby a nuclear installation and for far field volcanoes whose products may
potentially affect a site. In this section, a range of tectono magmatic models have been
presented with the goal of illustrating how such models are used in hazard assessments.
Nevertheless, it is emphasized that volcanic systems are complex and varied, and a much
broader range of activity is extant worldwide, than is illustrated by these few specific
examples. The volcanological literature is replete with additional examples, see [42], [77-79]
as starting points.

The data needed for construction of the tectono magmatic model is fundamental,
starting from current models of the volcano tectonic setting of the geographic region of interest,
which are extant for most potential sites. Refining these models requires detailed volcano
stratigraphy, geophysical, geochronological and geochemical data, as described in SSG-21 [1],
which can only be acquired through dedicated study.

The phrase “the past is a key to the future” is of particular relevance for diagnostic and
forecasting purposes. It is crucial to determine that past patterns of activity are likely to persist
into the future or not. This can be accomplished on a variety of scales using diverse methods, as
illustrated by the examples used in this section. That said, often alternative models cannot be
discounted, and uncertainty about a particular tectono magmatic framework remains. In such
cases, successful hazard models will clearly reflect these alternative models of volcanic
systems.

4. RECURRENCE RATES
4.1.  GENERAL

A probabilistic volcanic hazard assessment requires estimation of the recurrence rate of
volcanic activity, here defined as the expected number of volcanic events for a given time
interval. Recurrence rate estimates of volcanic events are most often based upon the frequency
with which these events (eruptions or other evidence of volcanic unrest) occurred in the past for
a specific volcanic system. These estimates are then used to forecast future recurrence rate. For
example, shorter term recurrence rates of volcanic activity have been quantified for many
volcanic systems [80—85]. Other studies have inferred recurrence rate for longer time periods
and sometimes overbroad areas (e.g. [19], [35], [86-92]).

In addition to a probabilistic approach, SSG-21 [1] recognizes that deterministic
methods could also be used to assess the potential for future activity from a volcanic system.
Deterministic methods normally involve the assumption that future events will occur in the
time period of performance of the facility and assess the potential consequences of such events.
Empirical methods, sometimes referred to a deterministic, may evaluate the cumulative
volume of magma erupted by a volcanic system through time and assume this rate of activity
will occur in the future. Time volume trends from these data are used to assess the potential for
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future activity from the volcanic system, or to consider the possibility of renewed activity in the
future (e.g. [93]), which is an empirical approach without characterization using a probability
model. Nevertheless, parameter uncertainty should be evaluated as part of any deterministic
assessment.

In all of these cases, a key component of hazard assessment is the estimation of
recurrence rates from past activity with the assumption that future rates of activity will reflect
this past rate, at least throughout some time scale of interest, such as the performance period of
the installation. In other cases, the primary concern is the duration of quiescence, or lack of
activity, over a prolonged period of time. Some volcanic systems can be argued to be ‘extinct’.
That is, there is no credible potential for future eruptions from the volcanic system. Although
specific volcanoes certainly go extinct, it is often quite ambiguous whether the system is truly
extinct, or merely experiencing a prolonged period of inactivity. Data on the timing of past
volcanic events are required and statistical models must be developed in order to assess
recurrence rate of activity on anytime scale. This section is concerned with the development of
recurrence rate models and the assessment of credible potential for future volcanic activity for
volcanoes and volcanic systems within the geographic region of interest.

In the context of site evaluation for nuclear installations, the ‘credibility’ of a future
event often is expressed as the likelihood of occurrence of the event, or the likelihood of an
event exceeding some physical characteristic such as magnitude of ground acceleration or flow
thickness. Although there is no generally accepted metric for an event likelihood being credible
or incredible, many IAEA member states use a likelihood of 107 year" as a threshold for
considering events with the potential to result in unacceptable radiological releases [1], [94].
Accordingly, probability estimates for volcanic hazards will need to evaluate the recurrence
rate of what commonly are referred to as ‘rare’, ‘very infrequent’, or ‘extremely infrequent’
events.

Adopting the nomenclature of [95], consider a sequence of volcanic events (i.e.
eruptive events) associated with a volcanic system. An estimation of the current recurrence
rate, A(S,T), is derived from the history of the volcano, between times S and 7. S might be
defined as the age of the oldest event in the entire volcanic system, or the time of onset of some
recent episode of activity. 7 is the time of the youngest event in the sequence, or perhaps the
present time. The number of events known to have occurred during the interval between S and
T'is denoted N (S, T). Assuming the events are independent and that the size of the event is not
considered, the probability of renewed eruptions during some time period, u (e.g. the
performance period of the nuclear facility) is:

Pr(N(T,t +u) 2 1] = 1—exp|— [; " A(t) dt| (1)

Then the probabilistic analysis becomes a matter of estimating the recurrence rate, A(t)
at time T. A(t) is also referred to as the intensity of volcanism, or the instantaneous recurrence
rate. Most generally, the recurrence rate depends on the history of the volcanic system, H; [95]:

Pr(N(t,t+At))=1|H; )

A(t|H) = lim, AL

where the history H, is deduced from the onset times of a sequence of eruptive events ¢y, ;, ...,
t,. Alternatively, the history of the volcano can be considered in terms of repose intervals,
defined as r; =t;- t;; fori =1, 2, ...n. These events may also be considered in terms of eruption
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volume, v;, eruption magnitude or explosivity, m;, or composition, x;. Consideration of volume
eruption rate is important because some volcanic systems follow a volume time predictable
model [81], [93], [96]. Long term trends or cycles in eruption magnitude are also inferred for
many volcanic systems [97], [98]. Compositional trends and cycles are also observed in
volcanic systems. For example, volcanoes may trend from mafic to silicic compositions
through time [99], or show cyclic variations in a narrower range, likely related to long term
magma injection [100].

Although this general model structure is straightforward, there is nearly always
ambiguity in how events, #;, and the onset of activity, S, are defined. Historically, the timing of
the onset of eruptions is usually reported, but the duration of eruptions is often not reported.
This becomes problematic, for instance, when the repose interval between eruptions is short
compared to the duration of eruptions. To address this problem, and to attempt to clarify the
nature of events, volcanologists use terms such as eruptive phase, to characterize and
differentiate one part of an eruptive sequence from another. Eruptive episodes are sometimes
defined as sequences of eruptions that are relatively closely spaced in time. In the geological
record, it is often difficult to distinguish eruptive phases, eruptions, or eruptive episodes
without very high precision geochronology. Often, eruptions are defined in the geological
record in terms of mappable units [101]. In practice, it is most important to use a consistent
definition of terms such as eruption, eruptive episode, and events when estimating recurrence
rate for a volcanic system. The basis for this definition should be clearly established early in the
hazards analysis and in supporting documentation.

4.2.  DATA REQUIREMENTS FOR ESTIMATING RECURRENCE RATES

Determining the recurrence rate of volcanic activity for a specific volcanic system
requires detailed study. The most fundamental data required are geologic maps and
stratigraphic studies that may be used to delineate the sequence of eruptive events in the
volcanic system. Stratigraphic relationships are often quite complex and ambiguous. Mapping
efforts must focus on the identification of individual eruptive units and their stratigraphic
relationships.

There are numerous factors to consider at the outset of data collection for recurrence
rate estimates:

e For some volcanic systems within the geographic region of interest, particularly those
located comparatively far from the site, it may be sufficient adopt a deterministic
approach to assume that that eruptions will occur within these systems during the
performance period of the facility and to assess the potential magnitude of these
eruptions, based on the geologic record and the potential for products of these eruptions
to impact the site. This assumption is useful because considerable expense and effort is
involved in estimating the recurrence rate of volcanic eruptions. Furthermore, the
recurrence rate estimates, even after detailed study, may have considerable uncertainty.
There is usually less uncertainty involved in constraining the potential magnitudes of
eruptions of a volcanic system and the potential impacts of these hazards. Distant
volcanoes, for example, might be screened from further consideration for specific
eruptive products, such as pyroclastic density currents or lava flows that occur close to
the vent. These volcanoes would be assessed only for tephra fall hazards, which are the
most common hazard at distances beyond several tens of kilometres from the vent.
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Similarly, for volcanic systems within the geographic region of interest that have
erupted historically, in the Holocene, or show signs of unrest (such as an active
hydrothermal system), it may be appropriate to make the assumption that eruptions will
occur from that volcanic system during the performance period of the site.

For many volcanic systems only the most recent volcanic events are known with any
degree of certainty. In some cases the timing of these events is known from historical
accounts of eruptive activity. For many volcanoes, the most recent eruptive events are
the best known, simply because the products of these eruptions mantle the topography
and comprise the most accessible rock outcrops. As a result, in the geological literature
and volcano databases, often only the ages of the most recent activity have been
reported. Conversely, the oldest volcanic units are often not exposed or are
unrecognized, so the onset of activity, S, and the total duration of volcanic activity are
often uncertain and difficult to constrain without subsurface investigations.

Eruptive data tends to be biased toward the largest eruptive events, simply because
these large eruptions leave copious deposits with a greater chance of being preserved
and correlated in the rock stratigraphic record. It is often unclear if the youngest ages
for volcanic systems are associated with the largest recent eruptions or are significantly
younger, as the record of smaller eruptions may go unmapped or may be completely
removed by erosion. In addition, some types of large explosive eruptions (e.g. directed
blasts) can produce thin, poorly preserved deposits (e.g. [102], [103]), and can also
erode underlying deposits. For example, in the characterization of the Bataan NPP site,
original dating of deposits of Mt. Natib volcano identified the most recent activity at
approximately 60 ka [104]. Later detailed study offshore the NPP site identified much
younger primary volcanic units associated with eruptive activity of Mt. Natib at 27—
63 ka based on radiocarbon age determinations, and possibly 11.3—18 ka, based on
stratigraphic relationships [105]. Discovery of much younger deposits long after initial
site characterization led to re-evaluation of volcanic hazards for this facility [106],
[107].

Overall, the number of eruptions identified in the geological record decreases with age.
For example, Kiyosugi et al. [108] compiled a database of 696 explosive volcanic
eruptions in Japan known to have occurred since 2 Ma. The number of known eruptions
of a given magnitude decreases exponentially with age (See FIG. 17). In fact, for this
data set, 50% of the total known eruptions occurred since 65 ka. The trend for VEI 4
eruptions indicates that 97% of these eruptions older than 200 ka are missing from the
geologic record (i.e. eroded or unrecognized). This same trend exists for even the
largest eruptions (i.e. VEI 6 and 7). As the tephra stratigraphy for Japan is among the
best known in the world, these figures are a clear indication that recurrence rate
estimates based on known events appear biased toward lower rates. Such biases must
be accounted for in the hazards analyses, for example by considering a limited time
range over which the record may be more complete for eruptions of a given magnitude
for frequently active volcanoes in the geographic region of interest.

Sequences of volcanic eruptions often are, or appear to be, episodic on widely varying
time scales [40], [109], [110]. Periods of activity in the volcanic system may persist for
tens to thousands of years, with periods of inactivity between episodes of thousands, or
even tens of thousands of years’ duration. Even longer periods of inactivity appear
possible based on the history of some Quaternary central vent systems, however,
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erosion and burial of older units make this hypothesis difficult to test. At this time, 