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FOREWORD

A coordinated research project (CRP) was conducted by the International Atomic Energy
Agency (IAEA) with the purpose to explore the use of new isotope techniques together with
conventional ones to better assess the hydrogeological conditions in the geological settings of nuclear
power plant (NPP) sites and to provide basic information that may be used for predicting the fate of
radioactive contaminants, such as tritium, released into groundwater in case of a radiological accident
and/or during normal operations. Defining groundwater flow patterns, flow rates (velocity) and
direction of groundwater movement near the NPP can be used to help in the NPP site selection
procedure. Though, the common isotope techniques are already used in such investigations but the
newly developed isotope tools like noble gases isotopes can provide better information on the
dynamics of very fast and/or very slow-moving groundwater. Testing of such techniques will help
produce the guidelines on application of suitable methodologies for better hydrogeological
characterization near NPPs. This will also help promote confidence in the continued safety of the site
during the operational and post operation periods and assist in controlling contamination of water
resources in case of unforeseen incidents.

It should be noted here that serving the purpose of an integrated safety assessment of NPPs
requires different types of studies, e.g., behavior of NPP-produced radionuclides in soil, assessment of
probabilistic doses etc., but these do not fall within the scope of the proposed CRP.

To this end, research projects were conducted in ten countries to characterize the groundwater
system in the vicinity of NPPs which are at different stages of development. In Lithuania and ltaly, the
studied NPPs are in a decommission phase; Brazil, there are two in operation and one under
construction; in Pakistan, there are 7 sites (3 in operation and 4 under construction); in Morocco,
China and Vietnam, there is one planned; Argentina, one under construction; Japan and Ukraine after
the accidents in the stage of decommissioning.

This monograph contains the reports of these ten research projects and a summary of the
achievements of the individual projects. The final report of this CRP reviews the usefulness and
current status of the combined application of isotope hydrology and other hydrogeochemical tools to
develop guidelines for better hydrogeological characterization of groundwater systems in the vicinity
of NPPs.

The IAEA officers in charge of designing and coordinating all of the related works in this CRP
were Mr. UMAYADOSS Saravana Kumar, Mr. CHOUDHRY Manzoor Ahmad and Mr MATIATOS
loannis of the Isotope Hydrology Section, Division of Physical and Chemical Sciences/ Department of
Nuclear Sciences and Applications/IAEA.
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ABSTRACT

The monograph is an outcome of the Coordinated Research Project (CRP) F33022 conducted by
the IAEA to investigate the use of the latest isotope technologies in conjunction with traditional ones
to better assess the hydrogeological conditions in the geological settings of nuclear power plant (NPP)
sites and also provide critical information that could be used to estimate the fate of radioactive
materials discharged into groundwater in the event of a radiological accident or during normal
operations. The study was conducted from 2016 to 2020, in 10 countries Argentina, Brazil, China,
Italy, Japan, Lithuania, Morocco, Pakistan, Ukraine and Vietnam. The studied countries are
represented by different stages of NPP, namely planning, under construction, decommission phase and
decommissioning after accidents.

Monograph reports the study's key findings under different geological conditions, aquifer
properties, climatic conditions, and relative geographical positions of the NPPs to adjacent surface
water bodies. The meteorological variables like temperature, humidity, rainfall; hydrological variables
like water level and hydraulic conductivity were studied. Samples were collected from groundwater,
surface water and rainwater. Environmental samples like air, tree leaf, aquatic plants etc., were also
collected in a few studies. The collected samples were analyzed for major and minor ions, stable and
radioactive isotopes, noble gases to determine the background values of these parameters and to
understand the level of contamination in the aquatic environment. A part from these observations,
groundwater age, geochemical process, rate of movement, and groundwater source were also
addressed in these findings. The standard geochemical plots, statistical analysis and few bivariate plots
were adopted to achieve the objectives of the study. The monograph has also attempted to understand
the fate of contaminant migration by adopting groundwater modelling techniques.

The results and findings of these studies compiled in the monograph would serve as a basic
understanding of the aquatic environment around the NPPs on a global scale. The coordinated research
project has also provided a platform to share the experience of experts from different countries,
fellowships, and training for young staff members. Furthermore, since the investigations have been
attempted in regions with different stages of NPPs, it would provide an idea for deriving the
administrative policies. These would define site selection criteria, parameters to be monitored, the time
interval of monitoring, and to revisit the precaution to be adhered to in case of failure due to
unforeseen events. Finally, 1 would like to record my appreciation to the team and the agency for
having conceived a novel and a basic requisite concerning the aquatic environments adjacent to the
NPPs.

Finally, this monograph is conceived as a novel and a basic requisite concerning the aquatic
environments adjacent to the NPPs.

1. INTRODUCTION

Every country in the world dealing with sitting, constructing, operating and decommissioning
nuclear power plants has developed and/or adapted a framework of norms and regulations to assure
that the power plant will achieve the designed degree of operation in safe and economic conditions,
causing as low impact as possible to the public and to the environment.

Such norms and regulations are based upon national laws and criteria and are expected to be
frequently updated, taking into account new technological improvements and new environmental
demands from the public in general. Less developed countries usually follow the legislations of the
developed countries. Much of these regulations are also elaborated by the International Atomic Energy
Agency (IAEA) and issued as recommendations/guidelines for the authorities of the countries under
consideration (Member States).

One of the most detailed and widespread set of norms, regulations and criteria concerning the
power reactors siting is that prescribed by the Code of Federal Regulations (CFR) of the United States,
available on the following website: https://www.ecfr.gov/cgi-bin/text-idx?S1D=5e72713084a99117-
835b0439039ab3c6&c=ecfr&tpl=/ecfrbrowse/Title10/10cfrv2_02.tpl).

As a matter of fact, in its Chapter I, Title 10, Section 100.10, Factors to be considered before
January 1997, the Appendix A, “Seismic and Geologic Siting Criteria for Nuclear Power Plants”, in
its item (1) describes “the nature of investigations required to obtain the geologic and seismic data



https://www.ecfr.gov/cgi-bin/text-idx?SID=5e72713084a99117%1f835b0439039ab3c6&c=ecfr&tpl=/ecfrbrowse/Title10/10cfrv2_02.tpl
https://www.ecfr.gov/cgi-bin/text-idx?SID=5e72713084a99117%1f835b0439039ab3c6&c=ecfr&tpl=/ecfrbrowse/Title10/10cfrv2_02.tpl

necessary to determine site suitability and to provide reasonable assurance that a nuclear power plant
can be constructed and operated at a proposed site without undue risk to the health and safety of the
public. It describes procedures for determining the quantitative vibratory ground motion design basis
at a site due to earthquakes and describes information needed to determine whether and to what extent
a nuclear power plant need be designed to withstand the effects of surface faulting”. Item (2) mentions
what meteorological conditions should be considered and investigated at the site and in the
surrounding area. Item (3) mentions that “geological and hydrological characteristics of the proposed
site may have a bearing on the consequences of an escape of radioactive material from the facility.
Special precautions should be planned if a reactor is to be located at a site where a significant quantity
of radioactive effluent might accidentally flow into nearby streams or rivers or might find ready access
to underground water tables”.

A review was made considering the scenario for factors introduced after January 1997, but
taking into account the same physical characteristics of the site, including seismology, meteorology,
geology and hydrology. The revised section, now named Section 100.23, “Geologic and seismic siting
factors” describes (1) “the criteria and nature of investigations required to obtain the geologic and
seismic data necessary to determine the suitability of the proposed site and the plant design bases”.
Item (2) prescribes what meteorological characteristics of the site that are necessary for safety analysis
or that may have an impact upon plant design (such as maximum probable wind speed and
precipitation) must be identified and characterized. Item (3) mentions that factors important to
hydrological radionuclide transport, such as soil, sediment, and rock characteristics, adsorption and
retention coefficients, groundwater velocity, and distances to the nearest surface body of water, must
be obtained from on-site measurements. The maximum probable flood along with the potential for
seismically induced floods discussed in §100.23 (d) (3) must be estimated using historical data.

For the purpose of this Code, groundwater means water below the land surface in a zone of
saturation. More specifically, for purposes of this appendix, groundwater is the water contained within
an aquifer as defined above. [61 FR 65176, Dec. 11, 1996, as amended at 78 FR 34250, June 7, 2013].

But, unfortunately, although the NPP’s site selection and operation follow very strict safety
guidelines, there is always the chance of unforeseen accidents, with very low probability, given that
the nuclear industry is considered one of the safest human high technology activities.

Some examples can be cited, in a very brief resume: Windscale, United Kingdom, October,
1957; Three Mile Island, US, March, 1979; Chornobyl, Ukraine, April, 1986; Goiania, Brazil,
September, 1987 and Fukushima, Japan, March, 2011.

For more information, please visit the following website: (List of nuclear power accidents by
country): https://en.wikipedia.org/wiki/List_of nuclear_power_accidents_by_country

Nuclear energy remains the largest source of low-carbon electricity and the second largest
source of energy in the world. Both developed and developing countries continue to express interest in
nuclear energy and many have announced plans to acquire it. Several existing nuclear energy states,
notably in Asia, are already building new NPPs, while others are studying the possibilities.

1.1. Background situation analysis

The demand for energy is continually growing both in the developed and the developing
countries. There are over 435 commercial NPPs operating in 31 countries, with over 375,000 MW(e)
of total capacity. They provide over 11% of the world's electricity as continuous, reliable base-load
power, without carbon dioxide emissions. About 70 more power reactors are under construction. Fifty-
six countries operate a total of about 240 research reactors and a further total of 180 nuclear reactors
power some 140 ships and submarines (WNA, 2015). One of the key messages that emerged from the
IAEA Ministerial Conference on Nuclear Power in the 21st Century, which took place in St.
Petersburg in June 2013, was that for many States, nuclear power would play an important role in
achieving energy security and sustainable development goals, (https://www.iaea.org/newscenter/news/iaea-
releases-2019-data-on-nuclear-power-plants-operating-experience).

NPPs are usually built either in the coastal areas near sea or near big rivers and lakes. Although
multiple safety measures are used to handle radioactive materials in an NPP, yet they are subject to
leakages due to any abnormal incident which often results in the direct contamination of groundwater.
The Fukushima NPP accident occurred in 2011 in Japan has been proved to be an eye opener in this
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direction. Groundwater can also be contaminated indirectly by accidental release of radioactive
material into the atmosphere or into the surface water, from either of which it can enter the
groundwater. In such cases the radioactive contamination may reach points where water is extracted
for use, and so results in exposure for the public. Although in most of the cases, these contamination
incidents have an insignificant radiation dose consequence, it is important to determine in detail the
groundwater circulation in the vicinity of the NPPs, in order to assure local stakeholders that the
public health and safety are being taken care of.

Groundwater is the critical dissolving, mobilizing and transport medium of radionuclides. It is
therefore important that mechanisms leading to the inflow of water into the NPPs as well as the
outflow of contaminated water from the facility are well understood. A good knowledge of the
behavior of water in and out of the NPPs is a prerequisite for facility design and an essential input for
performance and safety assessment. In order to understand the groundwater (flow)
processes/behaviour in the vicinity of an NPP and to evaluate potential pathways for radionuclide
migration, hydrogeological aspects, such as recharge and discharge areas and rates, interactions
between surface and/or groundwater bodies, infiltration or leakages of water, either from reservoirs
constructed for the needs of the NPP, or due to natural recharge by precipitation, groundwater flow
paths and residence time, must be evaluated (Mazeika et al., 2013; Singh et al., 2013; Stadler et al.,
2010). A fully understood conceptual model is highly important in the implementation of a
mathematical simulation model, where the fate of radioactive contaminants can be predicted. A
general requirement for the evaluation of a hydrogeological setting is that all the relevant parameters
shall be studied in detail to help predicting the consequences of a contamination release at the points
of water use.

During the IAEA/UNESCO Technical Meeting on Groundwater Contamination following the
Fukushima Nuclear Accident, IAEA Headquarters, Vienna, September 8-10, 2014, the
characterization of groundwater in the vicinity of NPPs was addressed by the participants a one of the
most serious challenges, because the NPPs are established in specific hydrogeological settings and
because the radionuclides released in surface water and groundwater could reach the water-use points
where they could pose radiological hazards.

IAEA safety standards already exist and are available in form of safety guides/requirements for
hydrogeological investigations (IAEA 1984, 2002, 2003 and 2011). However, guidelines are available
in these documents on techniques for proper characterization of groundwater in the vicinity of NPPs
and generation of reliable information to plan countermeasures for protection of public and the
environment in case of accidental release of radioactive materials.

Environmental isotope techniques can be applied for better characterization of the hydrogeology
in the vicinity of NPPs and for the assessment of groundwater dynamics in order to control the
pollution from spreading into the system in case of accidental release. Stable- and radio-isotopes have
been widely applied in hydrogeological studies for their ability to provide a sharper focus on some of
the underlying processes that control chemical and physical behavior of elements and compounds in
the natural environment (Aggarwal et al., 2000; Blasch and Bryson, 2007; Clark and Fritz, 1997; Gat
and Gonfiantini, 1981; Gat, 1996; Hameed et al., 2015; Solomon et al., 1995).

This was the main motivation for the proposal of a new Coordinated Research Project, (CRP
F33022 — Use of Isotope Hydrology to Characterize Groundwater Systems in the Vicinity of Nuclear
Power Plants) focused in the comprehensive characterization of groundwater systems in the vicinity
of NPP’s in order to better assess the groundwater dynamics and define the pathways by which
radionuclides released, in case of accident, can migrate to open environment and locations where
water may be used by or for the population in the region. By using environmental isotopes in water
(e.g., O, 2H, BC, C, 3H, noble gas isotopes etc.), together with conventional hydrochemical
analyses, this CRP aims to develop guidelines for better hydrogeological characterization of local and
regional groundwater systems in the vicinity of nuclear power plants using environmental isotopes and
conventional techniques.

The CRP also seeks to improve expertise among participating Member States in the
implementation of isotopes for the assessment of groundwater protection near NPP's, providing an
important asset in safety regulations for NPP’s site selection and operation. It should be noted here
that serving the purpose of an integrated safety assessment of NPPs requires different types of studies,



e.g., behavior of NPP-produced radionuclides in soil, assessment of probabilistic doses etc., but these
do not fall within the scope of the proposed CRP.

Ten Member States have joined the Project, namely: Argentina, Brazil, China, Italy, Japan,
Lithuania, Morocco, Pakistan, Ukraine and Vietnam. During the period covered by this project, three
Research Coordination Meetings (RCM's) have been held: 1% RCM from 4-7 October 2016, Vienna
(IAEA- Austria); 2" RCM from 18-22 June 2018, Vienna (IAEA- Austria) and 3" RCM from 11-15
November 2019, Belo Horizonte (CDTN- Brazil). Every country holding a Research Contract or
having stipulated with IAEA a Research Agreement has prepared three Annual Progress Reports,
covering the years 2016 to 2019. The final report of this CRP is submitted to IAEA in November
2020.

1.2. Methodological and technical approaches

The ten projects in this CRP cover a wide range of research approaches based on the available
isotopic and conventional techniques in order to develop guidelines for comprehensive
characterization of local and regional groundwater pathways in the vicinity of NPPs sites.

In particular, it has been recognized that each geological and hydrogeological setting needs a
special approach, according to the vicinity of the NPP to rivers or the sea. To accurately characterize
groundwater systems in the vicinity of NPPs, Table 1.1 summarizes a list of the specific scientific
issues that were addressed by different and integrated approaches.

Moreover, the newly developed isotopic tools, like noble gas isotopes, were used to provide
better information on the dynamics of very fast and/or very slow-moving groundwater in the vicinity
of NPP's.

The use of Tritium as groundwater dating tool in the vicinity of NPP sites could be based from
the controlled liquid releases from the NPP and for this reason the group recommends using different
dating tools, such as ®H/*He isotopic ratio or CFCs.

Table 1.1. Spectrum of suitable isotope techniques for groundwater (GW)
and surface water (SW) studies in the vicinity of NPPs

SC.'ent'f'C I—_|ydrogeo|o Samples Isotopic tools Other tools
issue gical context | Typology
Recharge Shallow/dee | Meteoric 5180, 8D, *H, °H/°He, | Meteorologic and  hydrometric
areas p aquifers water, 8Kr (shallow), records, physical parameters, major
GW, SW “He (deep) ions
Residence Shallow/ Meteoric Young waters: 3H, | Hydrometric records, physical
times/  GW | deep water, GW | 3H/®He, %Kr, CFCs parameters, major ions
age aquifers Old waters:
14C-DIC, “He
SW-GW Shallow Meteoric 5180, 8D, °H, ?*Rn, | Hydrometric records, physical
interactions, aquifers water, 226Ra, **Ra, parameters, major ions (e.g., CI,
Subsurface GW, SW 87Sr/%5Sr, 5B S04?), trace compounds (e.g. Br),
GW geophysics is recommended for
Discharge SGD and seawater intrusion studies
GW flow | Shallow/ Meteoric 580, °3H, “C-DIC, | Hydrometric records, physical
paths and | deep water, 3H/*He, 236238y, | parameters, major ions, artificial
velocity aquifers GW, SW 240py/239py, 85K, “He tracer tests
Mass Shallow/ GW, SW Regional: 50 Chloride (regional and local), flow
transport  in | deep Local: 8%0, °H, “C- | and mass transport modeling codes
porous  and | aquifers DIC
fractured
aquifers
Interactions Shallow/ Meteoric Regional: 310 Hydrometric  records,  physical
between deep water, SW, | Local: 3H, C-DIC, | parameters, major ions, chloride
aquifers  via | aquifers GW in | “He (regional and local), bromide
aquitards shallow (local), flow and mass transport
and deep modeling codes
wells




Thereby, the methodological highlights in processing and data interpretation techniques
undertaken during this CRP can be stated as follows, depending on the MS’s.

Lithuania used MODPATH software for particle tracking modelling and INGEM-1 device for
dissolved in the groundwater helium measurements. The helium age was calculated by average
uranium and thorium contents in the crystalline rocks. Morocco and Argentina used QGIS software for
mapping geo-referential information system. Brazil and Ukraine used ArcGIS software and geo-
referred tools to produce an initial set of maps depicting geologic features of the region in the vicinity
of NPPs. Morocco, Pakistan and Argentina used Software Quality Hydrochemistry DIAGRAMS
(Piper, Stiff, Schoeller-Berkalov, Korzhinsky, Riverside and Wilcox, Stabler, ternary diagram;
Statistics “frequencies, correlation matrix”, calculation of ionic balance and conductivity; Simulation
of neutralization, **C dating, 2O relationship and deuterium). Pakistan used point dilution technique
for filtration velocity and multiwell technique for groundwater flow direction. Combination of these
two techniques provided an estimate on in situ porosity and permeability. Brazil pointed the
importance to have a preliminary conceptual model before designing the monitoring network. Brazil
used Rockwork software for processing drilling information for the geology. Morocco and Pakistan
used Tracer LPM software for modelling groundwater ages. Pakistan used EOC technique for
estimation of recharge sources. This technique is useful to distinguish between sources or recharges
where stable isotopes signatures of possible sources are similar (e.g., river and canal originating
locally or from distant upstream) and the same has been successfully applied in alluvial formation.

These guidelines can be used for characterizing the groundwater systems at both operating and
new proposed NPP sites.

1.3. Short description of the studied NPPs sites

The 10 Member States (MSs) participating in this CRP have NPPs which are at different stages
of development (Fig. 1.1). In Brazil there are two NPPs in operation and one in construction; in Italy
and Lithuania the NPPs are in a decommissioning phase; in Pakistan there are four NPPs in operation,
three in construction and two planned; in Morocco, in Vietham and in China there is one planned NPP;
in Argentina there is one NPP in construction; in Japan and in Ukraine the NPPs object of study were
closed after the accidents.

. NPP PLANNED, . NPP IN CONSTRUCTION, @ NPP IN OPERATION, @ NPP IN A DECOMMISSIONING, @ NPP-CLOSED AFTER ACCIDENT

Fig. 1.1. Map of the NPPs studying during the CRP, which are at different stages of development

1.3.1. Argentina

The Ezeiza Atomic Centre is located in Buenos Aires province, which is far 33 km from Buenos
Aiires city. It covers an area of 840 hectares and is limited to the northwest by Matanza River and in
the east by the Ezeiza International Airport. The Centre is located in the alluvial Matanza River basin.
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This basin is considered the largest water system of regional relevance in the metropolitan area of
Buenos Aires, covering an area of 2,240 km and traveling about 70 km before draining into the River
Plate. The basin is characterized by an upper aquifer (Pampeano) and a lower aquifer (Puelche).
Extraction for drinking water supply in urban areas is done from the Puelche aquifer and in suburban
and rural areas from the Pampeano aquifer.

1.3.2. Brazil

The Centrais Nucleares Almirante Alvaro Alberto Nuclear Power Facilities — CNAAA 1, 11 and
Il (under construction) are sited in the South Atlantic coastline, near the borders of the states of Sao
Paulo and Rio de Janeiro, the two largest Brazilian states in economy and population. The distance of
the power plants site to the nearest town, Angra dos Reis (169,330 inhabitants in 2010) is of 20 km.
Angra lies some 100 km west of Rio de Janeiro. The site also lies some 220 km east-northeast of Sao
Paulo city. This happens to be right at the epicenter of one of the most active tourism places in Brazil.
BR-101 highway traverses the region at an average distance of 200 m north of the power plant site
limits. The field investigation was confined to an area of about 5 km?, including the CNAAA's
premises and its immediate surroundings. It is well known that a thorough study of a candidate site for
a NPP, including the aquatic environment, should be carried out during the siting process. Brazil has
plans to build five additional NPPs, three of them in the southeast part of the country, where CNAAA
is located. These plans have been postponed due to several reasons but they will hardly be dropped, in
as much as the hydraulic potential for electricity generation in this region is nearly exhausted.

1.3.3. China

HK NPP, a planned NPP engineering in Jiangxi province, eastern China, is chosen as the
research area in this project to study the migration of radionuclides in groundwater system in the
vicinity of this inland NPP, using geochemical methods and isotopic techniques, in order to assist in
controlling the pollution of water resources if unforeseen incidents happen. Isotopic compositions of
hydrogen-2 and oxygen-18 in groundwater was applied in this project, combined with hydrochemical
data, to decipher groundwater recharge resources and water-rock reactions in groundwater system of
the vicinity of HK NPP.

1.3.4. Italy

The Garigliano NPP is situated in an inlet of the course of the Garigliano river, about 7 km
away from the Tyrrenian sea between Rome and Naples.

In Italy, the nuclear technology to produce electric power has been abandoned since 1987, one
year after the Chornobyl nuclear accident. Since then, the four Italian NPPs are in the decommission
phase. During the decommission phase, environmental monitoring plans are carried out according to
prescriptions of the Ministry of Environment and in agreement with the Ministry of Cultural Heritage
and Tourism. In particular, for the Garigliano NPP of Sessa Aurunca, a semiannual environmental
impact assessment is needed in order to monitor the atmosphere, water bodies (river and groundwater),
soil, ecosystems (vegetation, flora and fauna) and ionizing radiations.

1.3.5. Japan

The Fukushima Daiichi NPP site lies approximately 220 km north of Tokyo at almost the
midpoint of the Pacific coast of Fukushima Prefecture (North latitude: 37°25°, East longitude:
141°00’). It straddles Okuma and Futaba townships of Futaba County in the Fukushima Prefecture. Its
area is approximately 3.5 km?. The region has an oceanic climate influenced by the warm waters of the
Japan Current, which makes summers cooler and winters warmer than in inland areas. There is
groundwater in the 20-30 m thick layer of sand and clay immediately below the site’s thin layer of
topsoil. Underneath the layer of sand and clay is an impermeable Neogene mudstone layer;
groundwater flows through the layer of sand and clay towards the coast at approximately 10 cm/d.
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1.3.6. Lithuania

The Ignalina NPP is located in the north-eastern part of Lithuania, near the borders with Belarus
and Latvia. Previous investigations of NPP followed safety relevant external factors such as seismic
activities, near surface geotechnical conditions, meteorological conditions, possibility of flooding in
the area, external risks caused by human activity. The Strategy on Radioactive Waste Management
was approved by the Government of Lithuania in 2008. Its objective is to define a radioactive waste
management policy. This strategy is approved to implement the provisions of the Law of the Republic
of Lithuania for Radioactive Waste Management, which establishes basic principles of Radioactive
Waste Management. New management facilities, which are or will be built under the
Decommissioning Programme, such as solid radioactive waste management and storage facility, spent
nuclear fuel storage, landfill and near surface disposal facilities and others, are being financed by the
Ignalina International Decommissioning Support Fund, Ignalina Programme and co-financed by the
National Ignalina NPP Decommissioning Fund.

1.3.7. Morocco

Sidi Boulbra site selected to host the 1% Moroccan NPP, is located on the Moroccan Atlantic
coast and presents all the physical characteristics necessary for the safe and economic construction and
operation of the NPP. Sidi Boulbra site is a part of Akermoud plain that extends between the Atlantic
Sea and Jbel Kourati and Jbel Hadid Mountains. Its northern boundary width of a dozen kilometres is
marked by the outlet of Tensift River towards the Atlantic Ocean. Sidi Boulbra area contains a
multilayered coastal aquifer flowing in Quaternary sandstones and Cretaceous limestone. It extends
along the coast of width 15 km and length 45 km. The thickness of the layer varies from a few meters
at Quaternary to more than 80 m in the Cretaceous aquifer. The groundwater flow direction: is SW to
NE. The groundwater recharge occurs mainly from direct infiltration by rain and drainage from the
underlying aquifers.

1.3.8. Pakistan

Chashma Nuclear Power Plant Complex is a commercial NPP consisting of four operating units
(CHASHNUPPI-IV). It is located on the left bank of the river Indus about 10 km downstream of
Chashma Barrage at an altitude of 200 m above mean sea level. The river Indus flows along the
western boundary of the project area. The major hydrological features in the vicinity are the Indus
River, Chashma Lake, Thal Canal and CJL canal Aeolian deposits overlie the Alluvium having
thickness more than 400 in the form of Sand dunes. The climate is semi-arid and hot with average
annual precipitation of 325 mm. The purpose of study is to know any change in the groundwater
parameters due to NPPs operation, characterization of groundwater, dating of groundwater using
modern techniques of noble gases and to develop a conceptual groundwater flow and contaminant
transport model of the NPP site.

1.3.9. Ukraine

The Chornobyl Power Complex, lying about 130 km north of Kyiv, Ukraine, and 20 km south of
the border with Belarus, consisted of four nuclear reactors of the RBMK-1000 design. On April 26,
1986, a sudden surge of power during a reactor systems test destroyed Unit 4 of the nuclear power
station in Chornobyl. The accident and the fire that followed released massive amounts of radioactive
material into the environment. The objective of this work is to develop methods to estimate
hydrogeological parameters of aquifers according to observation results of the indicators distribution
in the geological environment.

1.3.10. Vietnam

The Ninh Thudn 1 is the first NPP of Vietnam, planned at Phudc Dinh in Thudn Nam District,
which is a coastal province in the south of Central region of Vietnam. Although the NPPs design and
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operation follows very strict safety guidelines, there is a possibility of unforeseen accidents, which
may result in the release of radioactive materials into the environment or cause contamination of
groundwater. This study was focused on characterizing hydrogeological conditions in the Ninh Thuan
province using isotope hydrology tools and radioactive tracer isotopes.

1.4. Brief description on the use of isotope hydrology in solving hydrological problems

One of the prerequisites for efficient management of a water resource is reliable information
about the quantity, flow and circulation of water within the resource that is being exploited. During the
past six decades, isotope techniques have come to play a major role in the qualitative and quantitative
assessment of water resources.

Isotope techniques can be used to solve such problems as: identification of the origin of
groundwater, determination of its age, flow velocity and direction, interrelations between surface
waters and groundwaters, possible connections between different aquifers, local porosity,
transmissivity and dispersivity of an aquifer. The cost of such investigations is often small in
comparison to the cost of classical hydrological techniques, and in addition they are able to provide
information which sometimes cannot be obtained by other techniques.

With the evaluation of isotope data, many conclusions can be drawn, some of them unobtainable
or difficult to ascertain by other methods. However, it should be emphasized that the use of these
methods requires close collaboration with hydrologists in order to ensure a proper use and maximum
interpretation of the isotope data. Probably the most important initial step is a clear definition of the
problem, which, on the basis of the common hydrogeological investigational methods, may be
expressed as which of a number of hypotheses is the most probable. The isotope method may then be
used to indicate the hypothesis which is tenable or at least to eliminate some of the hypothesis made.

1.5. Summary, lessons learnt and recommendations

The present CRP was undertaken to develop guidelines for better hydrogeological
characterization of local and regional groundwater systems in the vicinity of NPPs using
environmental isotopes and conventional techniques. It also aimed to explore the use of new isotope
techniques together with conventional ones to better assess the hydrogeological conditions in the
geological settings of NPP sites and to provide basic information that may be used for predicting the
fate of radioactive contaminants, such as tritium, released into groundwater in case of a radiological
accident and/or during normal operations.

Defining groundwater flow patterns, flow rates (velocity) and direction of groundwater
movement near the NPP can be used to help in the NPP site selection procedure.

The NPP’s sites studied in this CRP are at different stages of development, as demonstrated in
Fig. 1.1 and covered a wide variety of the hydrogeological settings including: fractured rock,
metamorphic rock, crystalline rock, sedimentary rock.

Argentina. The hydrogeological system consists of an integrated multi-aquifer: a phreatic
aquifer (free), a semi-free aquifer (Pampeano) that is associated to the phreatic building up a
hydrogeological unit denominated Freatico/Pampeano Aquifer, both contained in the geological
formation Pampeano; and a deeper semi-confined aquifer called Puelche that corresponds to Arenas
Puelches. The free and Pampeano aquifers consist of brown silt, clayey silt, and silty clay sediments;
the Puelche Aquifer is situated on sand and gravel. Within this hydrogeological system, there is an
internal transfer of groundwater between the Freatico/Pampeano and the Puelche aquifers through the
interposed aquitard.

Brazil. The lithological units of the areas of influence, both direct or indirect, are mainly formed
by crystalline and sedimentary rocks. The crystalline rocks are mainly located at the hillside, while the
sedimentary rocks are found mainly at beaches and rivers throughout the area.

China. The strata is mainly divided into two layers; the overburden layer is Quaternary
unconsolidated sediment and the underlying bedrock is Triassic granite. There are four aquifer units —
a loosely porous aquifer group, a clastic pore fissure aquifer group, a magmatic pore fissure aquifer
group, and a metamorphic aquifer group.
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Italia. The Garigliano River plain is a NE-SW oriented graben filled with upper Miocene-
Quaternary infra-littoral, deltaic and continental clastic deposits, containing in the uppermost part
volcanoclastic sediments from nearby Roccamonfina. The aquifer consists of marine and alluvial
deposits, often with peat levels. In the NE sector these deposits overlap (or are interbedded with)
pyroclastic layers of the Roccamonfina complex. Depending on the stratigraphy and granulometry of
the deposits, the aquifer is confined or semi-confined.

Japan. The site is made up of the Tomioka Formation, which is approximately 200—400 m thick
and consists of sandstone and mudstone at the bottom and a lenticular sand layer sandwiched by
tuffaceous fine grain sandstone and mudstone at the top. This is covered by coastal terrace sediments
approximately 5-10 m thick and made up of pebbles, sand, silt and clay. In order to build the plant on
an acceptable bedrock foundation, the site was excavated, and the main plant and buildings of Units 1—
4 were built at an elevation of approximately 10 m. The thick sediment of sandstone and mudstone
was sufficient for bedrock supporting nuclear reactor buildings, so the primary structures were
constructed directly on this mudstone.

Lithuania. The Baltic Artesian Basin (BAB) is contained mainly within the Neoproterozoic-
Paleozoic and Meso-Cenozoic parts of the sedimentary bedrock of the Baltic region. BAB is a
multistoried basin fulfilled with series aquifer systems and aquitards.

Morocco. Two main aquifers constitute the system of Sidi Boulbra NPP site: The Mio-Plio-
Quaternary upper aquifer, represents an unconfined aquifer which is mainly composed of sand,
sandstone and conglomerates, and The Cenomanian-Turonian lower aquifer is mainly calco-dolomitic.
This carbonate formation represents a confined and discontinuous aquifer at a depth of more
than 80 m.

Pakistan. A part of the upper Thal Doab, an interfluve between rivers Indus and Jhelum. It is
underlain by unconsolidated Aeolian and alluvial deposits of quaternary age. The Aeolian deposits are
mainly composed of fine sands. The Aeolian deposits overlie the alluvial sediments in the form of
sand dunes.

Ukraine. In tectonic respect, it is located within the North-western slope of the Ukrainian
Shield. The crystalline basement occurs at 20 to 80 m a.s.l., and the thickness of the sedimentary cover
varies from 130 to 190 m. The sedimentary cover consists of marine and continental rocks of
Mesozoic and Cenozoic erathems. The Chornobyl NPP site occupies a part of the first terrace above
the floodplain at the right bank of the Pripyat River.

Vietnam. The groundwater flows in Holocene and Pleistocene aquifers, with the depths of 10 m
and 16-21 m, respectively and the dominant flow is from southwest to northeast, corresponding to the
river flow direction in this area. There seems to be an interaction of surface water and groundwater in
this region. Streams and wells near the shoreline are affected by brackish water with high Na-Cl. The
lithological composition of the Holocene and Pleistocene aquifers is mainly sand from coarse to fine,
while the Upper Pliocene aquifer is formed mainly by powder and very fine sand. As being
unconfined or partly unconfined aquifer, the source of water in aquifers could be rainwater which
infiltrates into aquifers through aquifer’s outcrop and/or from shallower aquifer.

The diversity of these sites resulted in use of a wide range of approaches in this CRP to resolve
movement of water in the vicinity of NPP’s (see paragraph 3).

The research conducted during this CRP has produced significant findings. The following
lessons were learnt from this project:

v/ NPPs staff could have an opportunity to work with different concepts and methods that could
be useful for their new developments on addressing environmental aspects. On the scientific staff
point of view, there was the opportunity of getting more practical, on the job, perspectives of the
usefulness of the methods applied to the area of study;

v understanding of hydrogeological and hydrogeochemical conditions is very important for
siting of new nuclear facilities (repositories, NPPs);

v preparation of a baseline hydrogeological database to study the impact of NPPs operation on
the environment.

The MSs involved in the CRP have different stages of development in nuclear industry; so, a
closer cooperation among them is recommended, with the Agency's supervision to enhance MSs
working groups collaboration on NPPs sites hydrological and environmental investigations.
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Implement a Technical Cooperation Project on this topic for routine use in the MSs.
Hydrogeological and environmental studies related to other nuclear facilities like repositories in
addition to NPPs may be included in a future research project. The likely addition of tritium and other
radionuclides in the atmosphere due to NPPs operation could disturb the natural isotopic signatures in
the environment and for this situation; strategies or tools should be developed to account for these
releases.

Continue sharing and transferring of isotope hydrology knowledge and technical experiences
through training courses and academic researches.
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2. CHARACTERIZATION OF GROUNDWATER SYSTEM IN EZEIZA ATOMIC CENTRE
USING ENVIRONMENTAL ISOTOPES

P. SANCHEZ PROANO, L. FOLGUERA, G. NADER, V. SOLANES
Comision Nacional de Energia Atémica. Buenos Aires, ARGENTINA
Abstract

The study area of this research is the Ezeiza Atomic Centre (CAE), in Buenos Aires province,
Argentina, where the National Atomic Energy Commission is building a research reactor. The main
objective of this work is to develop a hydrogeological conceptual model of the groundwater system
using stable isotopes, noble gases and chemistry parameters. To achieve this goal, two sampling
campaigns were carried out in March (rainy season) and August (dry season) 2018. In each one,
groundwater and surface water samples were collected for physicochemical, stable isotopes and
tritium determinations. In addition, three sampling campaigns of 2?2Rn, electrical conductivity,
temperature, and flow, and one campaign of noble gas and tritium were carried out. Based on the
results, a preliminary hydrogeological conceptual model was developed: the groundwater system
consists of two aquifers separated by an aquitard. The upper aquifer is recharged by local rainwater
infiltration, and the ion concentration increases gradually through different hydrogeochemical
processes. The flow path is influenced by the topography and the main creek that receives an inlet of
groundwater. The bottom aquifer is recharged by the upper aquifer through the aquitard, therefore both
aquifers have similar isotopic and chemical composition.

2.1. Introduction

In the Ezeiza Atomic Centre, the National Atomic Energy Commission (CNEA) is running a
project for a new multipurpose research reactor: the RA-10. This new reactor will provide a
replacement for the RA-3 reactor with greater capabilities for radioisotopes production in order to
support local and regional future demand, it will allow to increase the production of molybdenum-99,
lutetium-177 and iridium-192 and attempt the generation of new radioisotopes such as bismuth-213.
Moreover, in this atomic centre there are other facilities related to the reactor applications, like a spent
fuel assembly storage facility, hot cells, a fission plant, a solid waste storage facility and a liquid
effluent treatment plant.

The CAE is located in the Buenos Aires Metropolitan Area (AMBA) which has been widely
studied due to its socio-environmental complexity. For this reason, at regional level there is
information on hydrogeology (Auge, 1986; Auge, 2004; INA, 2010; Vives, Mancino, and Scioli,
2012), surface and underground hydrodynamics (Auge, 1986; Auge, 2004; UNLP, 2008; INA, 2010;
Vives, et. al., 2012; Armengol, Manzano, Bea, Pelizardi, Ormaechea and Martinez, 2016; Armengol,
Manzano, Bea, and Martinez, 2017) and groundwater hydrochemistry (Auge, 1986; Auge, 2004;
Zabala, Martinez, Manzano and Vives, 2016; Armengol, et. al., 2016 and Armengol, et. al., 2017). At
the local level, Romanazzi, Hernandez and Augheben, 2016, propose a hydrogeological conceptual
model that coincides in many ways with the regional model. However, despite the study system
relevance, the information available is not enough to develop a conceptual model that allows
describing the most important hydrogeochemical processes, estimating the residence times of
groundwater and identifying the interconnection between surface water and groundwater.

Knowledge of the groundwater system in the Ezeiza Atomic Centre and its possible connections
to the Matanza River are of fundamental importance for generation of reliable information to plan
countermeasures of protection in case of accidental release of radioactive materials. For this
achievement, the specific objectives of this work are: (1) the study of groundwater flow pathways and
residence times, (2) the characterization of recharge areas, (3) the assessment of surface and
groundwater connections nearby the Ezeiza Atomic Centre and (4) the development of a
hydrogeological conceptual model.
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2.2. Description of the study area
2.2.1. General features

The site under study belongs to the Chaco-Pampeana plain, which has a low topographic slope.
The hydrological behavior in this region is characterized by diffuse basins where most of the rivers,
lagoons and marshes are effluents. Recharge sites coincide with the upper parts (interfluves or
watersheds) where, in general, water has better quality, increasing its saline content in the flow
direction. The climatic characteristic results in hydraulic surplus because precipitation exceeds
evapotranspiration.

The CAE is located in Buenos Aires province, 33 km far from Buenos Aires city. It covers an
area of 840 hectares and is limited to the northwest by the Matanza River and in the east by the Ezeiza
International Airport (Fig. 2.1). The Centre is in the Matanza River basin, which is considered the
largest water system of regional relevance in the AMBA, covering 2,240 km? The basin is
characterized by an upper aquifer (Pampeano) and a lower aquifer (Puelche). Extraction for drinking
water supply in urban areas is done from the Puelche Aquifer and in suburban and rural areas from the
Pampeano Aquifer.
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In the area under study, the mean annual rainfall is 1,008 mm/y and the mean annual
evapotranspiration is 812 mm. The distribution of rainfall along the year defines a rainier period from
October to April that concentrates approximately 70% of the total rainfall, being the least rainy period
from June to September. The water budget for the period 1951-2014 (Romanazzi, Hernandez and
Augheben, 2016) shows that water excess occurs during the months of May to November (196 mm/y),
while water deficit occurs from December to February with only 9 mm/y, coinciding with a higher
evapotranspiration (Fig. 2.2).

The thermal regime has an annual variation between average minimum temperatures of 9.6 °C
in July and average maximum temperatures of 23.6°C in January, for an annual modular temperature
of 16.4 °C.
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Fig. 2.2. Water budget. Modified from Romanazzi et al., 2016
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2.2.2. Surface hydrology

The CAE is located in the sub-basin of the Aguirre Creek, which is a tributary on the right bank
of the main collector of the basin, the Matanza River. The Aguirre Creek is the main water course
inside the CAE, crossing it from SW to NE. Previous studies suggest that, within the bounds of the
CAE, the Aguirre is an influent water course (Romanazzi et. al, 2016). This creek has two tributaries:
El Palo Creek and the called “wetland”, because in the area where the sample is collected the
watercourse takes the form of a wetland. The preferential water recharge to the system is carried out in
the interfluvial areas, adjacent to the watershed of the Aguirre Creek. These interfluves are located
between the Matanza River and the Aguirre Creek and between the latter and the Ortega Creek (Fig.
2.3).
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Fig..2.3. Surface hyd-rology of Aguir-re Creek basin

2.2.3. Geology and hydrogeology

From the bottom to the top, four sedimentary units can be identified: Olivos formation, an
Eocene to early Miocene continental unit, Parana formation from marine origin, Arenas Puelches
formation, an early Pliocene and Pampeano and Post Pampeano sediments, the youngest geological
units from Pleistocene-Holocene and Holocene respectively (Auge, 1986, 2004).

The hydrogeological system consists of an integrated multi-aquifer: a phreatic aquifer (free), a
semi-free aquifer (Pampeano) that is associated to the phreatic building up a hydrogeological unit
denominated Freatico/Pampeano Aquifer, both contained in the geological formation Pampeano; and a
deeper semi-confined aquifer called Puelche that corresponds to Arenas Puelches. The free and
Pampeano aquifers go through brown silt, clayey silt, and silty clay sediments; the Puelche Aquifer is
situated on sand and gravel (Fig. 2.4). Within this hydrogeological system, there is an internal transfer
of groundwater between the Freatico/Pampeano and the Puelche aquifers through the interposed
aquitard.
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Fig. 2.4. A general hydrolithological profile of the study area
(Modified from Tangir, 2017)

19



2.3. Methodology

2.3.1. Sampling Network

The sampling network was designed based on the objectives set out in this project, criteria of
representativeness and easy access. This network consists of 8 surface water points: 2 in the Matanza
River, 3 in the Aguirre Creek and 3 in the tributaries (Fig. 2.5, a); and 27 wells located inside and
outside the CAE, 16 of them from the Freatico/Pampeano Aquifer and 11 from the Puelche Aquifer
(Fig. 2.5, b). The characteristics of each sampling point are listed in Table 2.1.
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Fig. 2.5. Sampling network: (a) surface water; (b) groundwater

A totalizer type rain collector was installed in the CAE in May 2018. Rainwater samples are
being collected at the beginning of each month from that time to the present.

2.3.2. Piezometry

Water levels and electrical conductivity have been measured from 2016 to the present every
three months on 17 wells; from October 2019 the measurements are carried out monthly on 7 wells.
The piezometric levels were analyzed temporally and spatially.

2.3.3. Physicochemical parameters and stable isotopes

Two sampling campaigns were carried out, one of them in the rainy season: March 2018 and the
other in dry season: August 2018. In each campaign 51 surface and groundwater samples were
collected for physicochemical and stable isotopes determination. Water temperature, electrical
conductivity (EC) and pH were measured in the field using an EC/pH meter. Alkalinity was
determined by titration with 0.05N sulfuric acid. The major cations (calcium, magnesium, potassium,
and sodium) and anions (chloride, sulphate, and nitrate) concentrations were determined by Atomic
Absorption Spectrometry and lon Chromatography, respectively. Stable isotopes samples were
measured by DLT-100 liquid water isotope analyzer in “Laboratorio de hidroquimica e hidrologia
isotopica” of Mar del Plata National University, Argentina. The quality of the chemical analysis was
evaluated with ion balance error < 10% criteria.

The hydrochemical data were analyzed by statistical analysis, temporal and spatial analysis of
EC, Stiff and Piper diagrams, Principal Component Analysis (PCA) and comparison of major ions
with EC. The obtained data for stable isotopes were analyzed by classical 5°H vs 50 graphics and the
comparison of stable isotope values with chloride concentration. As regards rainfall isotopic data, the
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currently available results correspond to the series May 2018 to December 2019, upon the basis of
these a Local Meteoric Water Line (LMWL) for the CAE is being constructed to compare to the
Buenos Aires Meteoric Water Line that was made with historical §*30 and §%H rainfall values (1979—
2002) of Buenos Aires city (Dapefia and Panarello, 2004).

Table 2.1. Description of the sampling points

Site Label Source Agquifer Depth (m) | Latitude S Longitude O
CAE1F CIF Groundwater Fredtico/Pampeano 282 34°50'24,10" | 58°34'47.20"
CAE1PU C1P Groundwater Puelche 59.0 34°50'24,10" | 58°34'47.20"
CAE2F CIF Groundwater Fredtico/Pampeano 38,7 34°49'49.20" | 58°34'10,20"
CAE2PU C1p Groundwater Puelche 55.7 34°49'49.20" | 58°34'10,20"

CAE 3 C3 Groundwater Puelche 46.5 34°48'56,60" | 58°34'10,00"
CAE 4 Cc4 Groundwater Puelche 529 34°48'20,20" | 58°34'36.80"
DAP3 D3 Groundwater Fredtico/Pampeano 122 34°49'33,74" | 58°33'5591"
FACIRI 1P F1P Groundwater Fredtico/Pampeano 9.8 34°49°57 57 58°34°40,4
FACIRI 1F FIF Groundwater Fredtico/Pampeano 87 34749757 47 58°34°40,3
62 62 Groundwater FreaticoPampeano 11.2 34°49°24 47 580357227

63 63 Groundwater FreaticoPampeano 35.0 3404971227 58°35711.87

65 65 Groundwater Puelche 389 3474971227 58°35711,8™

72 72 Groundwater FreaticoPampeano 15,6 34°51'47 90" 58°35'44 60"

73 73 Groundwater Puelche 373 34°51'47 80" | 58°35'44.80"

233 233 Groundwater FreaticoPampeano 7.5 34°48°9.417° | 58°34°50.67"

310 310 Groundwater Fredtico/Pampeano 11,0 34748746287 | 58°34°40,37

412 412 Groundwater FreaticoPampeano 27.9 34°48°54.07 58°3572.57

506 506 Groundwater Puelche 357 3474875337 58°34°26,77

507 507 Groundwater FreaticoPampeano 12,7 34°48°53 47 58°34°26.67

ACUMAR 24 F 24F Groundwater Fredtico/Pampeano 13,7 34°51'56,74" | 58°34'23.85"
ACUMAR 24 P 24p Groundwater Puelche 382 34°51'56,74" | 58°34'23.85"
ACUMAR 15F 15F Groundwater Fredtico/Pampeano 115 34°49'24 30" | 58°30'40,10"
ACUMAR 15P 15P Groundwater Puelche 39.7 34°49'24 30" | 58°30'40,10"
AySA-EZ5153 5153 Groundwater Fredtico/Pampeano 202 34°52'15,51" | 58°32'15.31"
AySA-EET13 713 Groundwater Puelche 472 34°51'59.32" | 58°31'56,06"
AySA-EZ5154 5154 Groundwater Fredtico/Pampeano 200 34°54'7 81" 58°34'23,04"
AySA-EET11 711 Groundwater Puelche -- 34°54'6,36" 58°34'28.37"
1 501 Surface water N/A N/A 34°50'55" 58°34'31.2"
3 503 Surface water N/A N/A 34°49'50,2" 58°33'32,2"
4 504 Surface water N/A N/A 34°47'54.1" 58°35'02,5"
9 509 Surface water N/A N/A 34°49'17.32" | 58°34'57.97"
10 510 Surface water N/A N/A 34°50'13,6" 58°33'58.6"
13 513 Surface water N/A N/A 34°47'41.49" | 58°35'23.44"
14 514 Surface water N/A N/A 34°48'23.33" | 58°35'49.86"
15 515 Surface water N/A N/A 34°48'9 47" 58°36'25,27"
2.3.4. Tritium

To characterize the tritium content of surface and groundwater, in March 2018, 10 samples were
collected: 1 in surface water (Aguirre Creek), 4 in the Freatico/Pampeano Aquifer and 5 in the Puelche
Aquifer. In August 2018, 15 samples were collected: 3 in surface water, 6 in the Freatico/Pampeano
Aquifer and 6 in the Puelche Aquifer. In February 2020, 11 samples were collected: 5 from the
Freatico/Pampeano Aquifer and 6 from the Puelche Aquifer. Samples were sent to: “Laboratoire
d'Analyses Structurales et Isotopiques de Centre National de I"Energie des Sciences et des Techniques
Nucléaires”, Morocco (1% campaign); “Laboratorio de Tritio Ambiental, Centro de Desenvolvimento
da Tecnologia Nuclear”, Brazil (2" campaign) and Isotope Hydrology Laboratory (IHL), IAEA,
Vienna (3 campaign). Tritium content values of rain, surface and groundwater were analyzed.

2.3.5. Groundwater dating

The apparent age of groundwater samples was determined using the tritium-helium 3
methodology (T-*He), for which, in February 2020, a campaign was carried out, 12 groundwater
samples (C1F, C1P, C2F, C2P, 507, 506, 72, 73, 5153, 711, 5154 and 713) were taken using an
adequate methodology for sampling noble gases dissolved in water (Aeschbach-Herting and Solomon,
2013; IAEA, 2007). Measurements on the samples were performed by the IHL of the IAEA. Before
calculating the apparent ages, two analyzes were carried out. First, the neon concentration (Ne) was
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analyzed as a function of the xenon concentration (Xe) in order to visualize those samples that are
degasified and therefore not datable. Then an analysis of the *He/*He ratio vs the Ne/He ratio was
carried out with the aim of identifying those samples containing helium generated in the crust and
therefore with very old apparent ages. After these analyzes, the apparent ages were calculated for the
corresponding samples, using the T-*He method (Schlosser, 1992).

The mean residence time was determined in those samples with apparent ages less than 60
years. It was calculated using a lumped parameter model (LPM) and tritium (measured in the
campaigns explained before) as a tracer for fit. The partial exponential model (PEM) was selected
because it is the one that best adjusts to the characteristics of the Freatico/Pampeano Aquifer. To build
the input function, the data of the tritium content in rainwater measured in Ciudad Universitaria (33
km from the CAE) and in the town of Ezeiza (5 km from the CAE) were used. These data are
available in the databases of the Global Network on Isotopes in Precipitation of the IAEA (IAEA
2020). Mean residence time calculations were performed using TracerLPM, a free software developed
by the United States Geological Survey (Jurgens, Bohlke, and Eberts, 2012).

2.3.6. ?Radon

The determination of the 2?2Rn activity in water, together with the knowledge of the flow rates
of the receiving rivers and other physicochemical parameters, such as electrical conductivity, allows
an approximate characterization of the discharge (Pritchard, Herczeg and Lamontagne, 2003). This
tool was used to identify possible stretches of the Aguirre Creek with groundwater inflows.
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Fig. 2.6. 222Rn sampling points

The activity of 2Rn was measured along the Aguirre Creek in a section between its entrance
(S01) and its exit (S04) from the CAE and on selected piezometers closest to the watercourse
(Fig. 2.6). Three field campaigns were conducted where EC, ?2Rn activity and flow were measured.
222Rn activity determination was performed in the laboratory by means of the Sarad RTM 1688
portable spectrometer. Duplicate Rn measurements from each sample were carried out. The first field
campaign took place in January 2019. Its objective was to do a preliminary survey to verify that
quantifiable ?2Rn values could be obtained and to corroborate significant differences between Rn
activity values in surface and groundwater. This campaign included 5 surface water and 6 groundwater
sampling points. Surface water was sampled by means of a bucket, while a pump was used for
groundwater sampling. The second field campaign was carried out in August 2019. A longer section
of the stream was covered during this campaign, between its entrance (S01) and its exit (S04) from the
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CAE. The objective of this sampling was to detect significant variations in 22Rn activity along the
Aguirre Creek that could be indicative of groundwater inflow. Surface water samples were obtained
using a submerged pump at the closest point to the stream bed, avoiding sediment resuspension. The
third field campaign took place in September 2019. Based on the previous results (second campaign),
a special emphasis was placed on the section between S09 and S011 sampling points because it was
expected to detect an underground water ingress based on 22Rn and EC measurements. Surface water
samples were taken by means of a submerged pump, as in the second campaign.

2.4. Results and discussions
2.4.1. Piezometry
2.4.1.1. Temporal analysis

The temporal analysis of the water level shows that the behavior is similar in almost all the
wells: it rises after a rainy period and goes down after a dry period (Fig. 2.7). In the sampling points
where there are wells to both aquifers, the water levels of the Freatico/Pampeano Aquifer (upper
aquifer) are always higher than those of the Puelche Aquifer (lower aquifer) (see Fig. 2.7), confirming
the downward flow between them (Vives, Mancino and Scioli, 2012). The Puelche Aquifer response is
almost identical to that of the Freatico/Pampeano Aquifer. This could be due to the pressure generated

by the upper aquifer which is transmitted through the aquitard (plastic medium) to the lower aquifer,
increasing the level in it.

2.4.1.2. Spatial analysis
The piezometric maps of the three campaigns are very similar in both aquifers. The flow paths
in the Freatico/Pampeano Aquifer seem to be conditioned by surface morphology; they follow the

same direction as the Aguirre Creek. In the Puelche Aquifer the flow lines follow a southwest-

northeast direction (Fig. 2.8). These behaviors, in both aquifers, were described by UNLP (2008) at
regional level.
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2.4.2. Hydrochemistry

Physicochemical analysis results of March and August 2018 campaigns are shown in Tables 2.2
and 2.3, where the values of number of samples (n), means, standard deviation (SD), minimum (Min.)
and maximum (Max.) of the parameters measured are indicated. Most of the chemical analysis (90%)
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showed ionic balance errors smaller than 10%, whereas the remaining showed errors slightly higher.

Table 2.2. Physicochemical parameters values of surface water in March and August 2018 campaigns

Surface water - March 2018 Surface water - August 2018
Units n Mean | Min. | Max. | SD Units n | Mean | Min. | Max. | SD
pH 8 68 | 47 | 84 | 1.6 pH 8 80 | 76 | 84 | 03
EC uS/cm 8 | 1029 | 400 | 1898 | 499 EC pSfem 8 | 1400 | 1050 | 1965 | 326
Total mg Total mg
alkalinity | caco3/l | 8 320 | 165 | 542 | 113 alkalinity | CaCO3/l | 8 | 494 | 449 | 532 | 31
Na 8 157 | 69 | 286 | 75 Na 8 216 | 153 | 309 | 53
K 8 17 26 K 8 16 13 19 2
Mg 8 13 16 Mg 8 18 13 23 4
Ca 8 28 22 31 Ca 8 35 27 | 42 5
NH," 8 14 1 30 | 13 NH," 8 7 3 21 6
F me/l 8 | 08 | 03| 13 |04 F me/! 8 | oo | 06| 11 |02
cl 8 79 18 | 233 | 75 cl 8 87 38 | 190 | 51
NO, 8 25 8 61 20 NO,’ 8 28 21 | 43 8
50,° 8 73 23 | 225 | 75 50,2 8 | 112 | 19 | 310 | 105
PO,”> 8 3 0 9 3 PO,> 8 2 1 3 1
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Table 2.3. Physicochemical parameters values of groundwater in March and August 2018 campaigns

FREATICO/PAMPEANO AQUIFER PUELCHE AQUIFER
Units n | Mean | Min. | Max. | SD Units n | Mean | Min. | Max. | SD
pH 32 7.7 6.5 8.6 0.5 pH 18 7.9 7.4 8.6 0.3
EC us/cm 32 1220 | 398 | 3900 | 649 EC uS/cm 18 933 423 | 1770 | 340
Total mg Total mg

alkalinity | cacozr | 3% | 462 | 134 669 ) 107 alkalinity | caco3l | Y7 | 397 | 141 | 613 | S8
Na 32 216 17 483 | 115 Na 18 178 32 425 92

K 32 13 7 22 4 K 18 12 7 33

Mg 32 25 5 54 14 Mg 18 13 4 30
Ca 32 42 9 152 36 Ca 18 21 7 46 11
F mel T 3 1| 6 [ 1 F e T s | 1| s |12
cl 32 57 1 208 57 cl 18 24 4 118 35
NO,; 32 29 1 101 31 NO; 18 46 1 101 35
50,° 32 64 8 189 | 55 50,° 18 28 11 | 111 | 30
B 32 419 101 | 840 | 213 B 18 368 101 | 670 | 184
Ba 32 130 20 378 96 Ba 18 68 5 240 53
Sr nefl 32 512 50 1700 | 441 Sr he/ 18 308 50 780 | 216
U 32 31 5 101 30 U 18 33 7 102 35

Analysis by PCA on groundwater based on both major and minor ion concentrations (Fig. 2.9),
differentiates two groups of samples along PC2, that would correspond to each aquifer. PC2 shows
high positive loadings for pH, fluoride and sodium, and high negative loadings for calcium, potassium,
and magnesium. Consistently, the Tukey test (p=0.05) revealed that EC, total alkalinity, calcium,
magnesium, barium, strontium, chloride, and sulfate concentrations are significantly higher in the
Freatico/Pampeano Aquifer than the Puelche Aquifer. These results suggest that the
Freatico/Pampeano Aquifer has, in general, a higher EC and calcium/sodium ratio. Subsequent
analysis carried out in this work will try to find an explanation for these observations.
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Fig. 2.9. PCA of groundwater physicochemical data, March and August 2018; (a) water samples in PC1 vs PC2,
orange marks: Freatico/Pampeano Aquifer, green marks: Puelche Aquifer; (b) weights of the physicochemical
variables on the first two PCs
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In the case of surface water, cation and anion concentrations in the March 2018 campaign are,
in general, lower than those of the August 2018 campaign (Table 2.2); this is probably due to the
dilution effect caused by rains. In the same way, PCA analysis differentiates the two sampling
campaigns along PC2 (Fig. 2.10, a). This differentiation is determined by the variables EC, alkalinity
(bicarbonate), Ca, Mg and Na (Fig. 2.10, b), which are higher in August 2018 than March 2018 when
the water would be diluted. However, statistically significant differences were detected only for
calcium, magnesium, and total alkalinity (Tukey test, p=0.05). It is likely that, as more data will be
gathered in future campaigns, clearer differences in other parameters will be spotted.
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Fig. 2.10. PCA of groundwater physicochemical data, March and August 2018: (a) water samples
in PC1 vs PC2, light blue marks: March 2018, pink marks: August 2018; (b) weights of the physicochemical
variables on the first two PCs (right)

2.4.2.1. Electrical Conductivity

Electrical conductivity analysis of the total data set (surface and groundwater) shows that the
mean is 1,162 uS/cm with a standard deviation of 503 puS/cm. The maximum value is 3,760 uS/cm
and the minimum value is 445 uS/cm. Statistical values indicate a significant variability of the total
data set. The average EC for the surface water points is 1,086 puS/cm and 1,106 pS/cm for
groundwater points. This indicates that there are no significant EC differences between both types of
water bodies. Groundwater presents an average conductivity of 1220 uS/cm for the
Freatico/Pampeano Aquifer and 933 uS/cm for the Puelche Aquifer. Very high EC values were
observed in well 65 (3,760 uS/cm and 3,690 uS/cm, in March and August 2018, respectively). This
might indicate the presence of another process in addition to those already existing in the groundwater
study area. Therefore, this sampling point was not included in this analysis.

2.4.2.1.1. Spatial variability analysis as a function of depth

Two different groups can be observed in the graph of EC as a function of depth (Fig. 2.11): one
group marked with an arrow corresponds to the wells of the Freatico/Pampeano Aquifer and another
marked with an oval to the wells of the Puelche Aquifer. In most cases, in the first group, the EC
increases as the depth of the well increases. As the recharge water flows downward, its dissolved ions
concentration increases. In the second group where the wells collect water from the Puelche Aquifer,
EC does not vary with depth. This is consistent with the fact that the Puelche Aquifer is a semi-
confined aquifer without significant vertical flow.
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Fig. 2.11. EC as a function of depth, March 2018.
Orange marks: Freatico/Pampeano Aquifer; green marks: Puelche Aquifer

2.4.2.1.2. Spatial variability analysis as a function of location

A map with the EC values measured in the Freatico/Pampeano Aquifer is presented in the Fig.
2.12, a. Some wells with low EC values are in the upper part of the basin and some wells with higher
EC values are in the lower part of the basin. This could be related to the flow direction described in the
piezometric analysis. It can also be noticed that in the wells C1F, F1F, F1P, 62, 63 and 412, the EC
values are higher than the average EC in the aquifer; this indicates a local affectation. These points
have the singularity of being located near the stream bed of the Aguirre Creek. Fig. 2.12, b shows the
map with the EC values measured in the Puelche Aquifer. The EC values do not suggest an evolution
as a space function (within the analyzed scale). In the three campaigns, in the wells 24P and C1P, the
EC values are above the average which could be due, as in the Freatco/Pampeano Aquifer, to local EC
impact (natural or anthropogenic).
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Fig. 2.12. Map of EC variability in: (a) Freatico/Pampeano Aquifer (March 2018),
(b) Puelche Aquifer (August 2018)
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2.4.2.2. Water typologies and hydrological processes

2.4.2.2.1. Surface water

Stiff and Piper diagrams analysis, in both campaigns (March and August 2018), showed that
surface water is sodium bicarbonate type in the creeks inside CAE and sodium sulphate in the Matanza
River (Figs. 2.13 and 2.14). This differentiation could be attributed to a greater anthropogenic impact
suffered by this river.
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Fig. 2.13. Piper diagrams of surface water: (a) March 2018; (b) August 2018.
Red marks: Matanza River, purple marks: Aguirre Creek and tributaries
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Fig. 2.14. Spatial distribution of surface water typologies; August 2018.
Red marks: Matanza River, purple marks: Aguirre Creek and tributaries

2.4.2.2.2. Groundwater

Major ion analysis (Fig. 2.15) allows the classification of the groundwater into sodium
bicarbonate type and in a few samples as calcium bicarbonate. No differences between campaigns and
aquifers as regards water type was evident. This description coincides with the historical data
corresponding to previous sampling campaigns, studies carried out previously in the Ezeiza Atomic
Center and in the Matanza Riachuelo basin, which indicates that the chemical composition is stable
over the time (UNLP, 2008; Manzano, Zabala and Martinez, 2013; Zabala, Martinez, Manzano and
Vives, 2016).
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Fig. 2.15. Piper diagrams of groundwater: (a) March 2018; (b) August 2018.
Orange marks: Freatico/Pampeano Aquifer, green marks: Puelche Aquifer

The spatial distribution of the Stiff diagrams in both aquifers show that spatial evolution of
water typology has no variation in flow direction (Figs. 2.16 and 2.17).

6354000E 6356000E 6358000E B6360000E 6362000E 6364000,
- L ] E—————

6148000N
NO008Y L

6144000N 6146000N
NOOOSYLS

NOOOKY LY

5142000N
NOOOZYL9

Meq/L108 6.4/2 0 2 4 6 8 0MeqlL
0864, ‘
Na+l
Ca

|54+
h

Mg L | L L L !
Meq/L108 6 4 210 2 4 6 8 10Meqg/l,

6354000E 6356000E 6358000E 6360000E 6362000E 6364000E

Fig. 2.16. Spatial distribution of the Freatico/Pampeano
Aquifer typologies; March 2018

Piper diagrams in both campaigns (see Fig. 2.15) show that there is an evolution from calcium
bicarbonate water into sodium bicarbonate water, which suggests a cation exchange process with
sodium release and calcium adsorption. Bicarbonate abundance could be explained by edaphic COx,
carbonates, albite and anorthite dissolution process. In certain samples, an increase in the sulphate and
chloride content with respect to the mean is observed. That could be caused by sulphate and chloride
high concentrations in the water mix process (contamination). A rich chloride sodium mix (sea water)
is not observed as in other points of the Matanza River basin (Armengol, Manzano, Bea and Martinez,
2017).
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Fig. 2.17. Spatial distribution of the Puelche Aquifer typologies; March 2018

In cation triangle detailed analysis of both campaigns (Fig. 2.18), it can be observed that
samples with highest calcium content are 507, 72 and 5,153, all of them from the Freatico/Pampeano
Agquifer. It could be assumed that these samples correspond to recently recharged water which has not
gonethrough a cation exchange process. A set of samples with an intermediate calcium content is
observed (partial cation exchange process). Some of them correspond to the Freatico/Pampeano
Aquifer (24F, D3, F1F and 15F) and others to the Puelche Aquifer (73, C3 and 24P).
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Fig. 2.18. Cations: (a) March 2018; (b) August 2018.
Orange marks: Freatico/Pampeano Aquifer, green marks: Puelche Aquifer

The cation exchange process can be verified by analyzing the excess of sodium and potassium
content with respect to chloride content as a function of the excess of calcium and magnesium content
with respect to bicarbonate and sulfate content (Fig. 2.19). All the samples present an excess of
sodium and potassium that is balanced by a deficit of calcium and magnesium with a trend line of
slope approximately —1.

The analysis of the relationship of major ions with EC allowed us to determine that there is no
pattern that relates calcium concentration to EC in any campaigns. This could be due to, in addition to
the cation exchange process, a carbonate dissolution occurs at the same time. In particular, there are
two points (calcium bicarbonate water type) in the Fredtico/Pampeano Aquifer with calcium values
above the average and low EC values (< 1,200 pS/cm), which suggests that the calcium incorporation
occurs very close to the moment of recharge, probably due to the dissolution of edaphic CO; and
carbonates in the unsaturated zone (Armengol, 2017).
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Fig. 2.19. Excess sodium and potassium compared to chloride vs deficit of calcium
and magnesium compared to bicarbonate and sulfate, August 2018

On the contrary, a linear relationship between magnesium concentration and EC is observed
(Fig. 2.20, a), but it differs according to the EC values. In samples with low EC values (< 1,200
uS/cm), the magnesium concentration increases with a greater slope than in the case of samples with
high EC values (> 1,200 puS/cm). This would indicate that in samples with low EC values, magnesium
does not disappear due to the cation exchange process and its concentration increases due to carbonate
dissolution processes. In samples with high EC values the increase in magnesium is less significant,
probably due to the mixing with polluted waters. Also, a linear correlation between sodium
concentration and EC can be observed at all points except those considered to be the calcium
bicarbonate type (507, 5153, 72 and 73) (Fig. 2.20, b). This agrees with the cation exchange
hypothesis for samples with low EC values and the assumption of mixing with contaminated waters
for samples with high EC values.
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Fig. 2.20. Magnesium concentration vs EC (a), sodium concentration vs EC (b). March 2018

In the March 2018 campaign, a linear relationship between bicarbonate concentration and EC is
observed and two types of correlation can be differentiated. In samples with low EC values, the
bicarbonate concentration increases linearly with the EC and the slope is lower in the other samples
(Fig. 2.21, a). However, in the August 2018 campaign this pattern is not observed. Once again, this
situation could be explained with the hypothesis of edaphic CO, and carbonates dissolution (for low
EC samples) and mixing with polluted waters (for high EC samples).

Chloride and sulfate concentration increase linearly with EC in both campaigns (Fig. 2.21, b
shows the pattern of chloride concentration). In low EC samples the slope is much lower than in high
EC samples. This situation is consistent with the hypothesis of a possible mixing process with
contaminated waters.
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Fig. 2.21. Bicarbonate concentration vs EC (a). Chloride concentration vs EC (b). March 2018

Based on this analysis, two main groups of groundwater samples with different relationships
between EC and major ions concentrations can be defined: the mineralized samples with EC > 1,200
uS/cm (value close to the average) and the non-mineralized samples (EC < 1,200 uS/cm).

2.4.3. Stable isotopes

The analysis of the stable isotope concentrations shows that 3°H and §'®0 in rainfall are
statistically lower (p=0.05) than in the Freatico/Pampeano Aquifer (Fig. 2.22 and Table 2.4). No
statistical difference could be stated between both aquifers, which coincides with the findings in
physicochemical parameters (Section 4.2). Surface water is expected to be more evaporated than
groundwater, and in fact, lower average 5°H and 5'®0 values are seen in both aquifers compared to
surface water. The fact that this difference could not be detected using the Anova technique is because,
up to now, the available data corresponds to a short time series (less than two years) so it might not be
representative of the complete universe of isotopic concentrations, for which more data compiling is
needed.
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Fig. 2.22. Distribution of 32H and 80 in surface and groundwater (March and August 2018)
and in rainwater (May 2018 through December 2019)

Fig. 2.23 shows stable isotopes data of rainfall samples collected at the CAE. The preliminary
local meteoric water line for the system under study (May 2018 — December 2019 series) follows the
equation 6°H = 8,7*5'80 + 20 while the Ciudad de Buenos Aires meteoric water line follows the
equation 8°H = 8*3%0 + 13 (Dapefia and Panarello, 2004). Once again, given the shortness of the
available data series, we cannot ensure the representativeness of this local meteorological line, and the
records need to be expanded to improve the model. For this reason, in this work the LMWL of Ciudad
Universitaria is used.
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Table 2.4. Statistic parameters of 6°H and 60 in surface and groundwater
(March and August 2018) and in rainwater (May 2018 through December 2019)

§*H(%0) Mean | 5°H(%o0) SD | 8'°0(%o) Mean | 3"%0(%0) SD |
Rainwater -25.96 12.84 -4.76 1.97 28
Freatico/Pampeano -31.82 2.16 -5.66 0.30 20
Puelche -30.47 2.40 -5.45 0.35 21
Surface water -27.54 2.54 -4.97 0.49 16
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Fig. 2.23. Stable isotopes deviations (8'80 and § 2H VSMOW) of rainwater sampled at the CAE,

May 2018 — December 2019 series. Dashed line: preliminary weighted local meteoric water line;
solid line: Ciudad de Buenos Aires local meteoric water line

As regards hydrogeochemical processes, stable isotopes in surface water sampled in March
2018 suggest that evaporation is a clearly relevant process affecting the wetland and the Matanza
River. But this is not the case in the Aguirre Creek, which has lower residence time (Fig. 2.24). This is
consistent with the fact that in the wet season evapotranspiration is greater than precipitation.
However, in August 2018, the results are different because there are no samples that line up following
an evaporation line.

The ranges of $'80 and §°H in both groundwater campaigns suggest that rainwater recharges the
system locally, since they coincide with the range observed for local precipitation.

From the analysis of the relation between 380 and chloride, it could be determined that there is
no mixture of seawater with groundwater, as was observed in the Piper diagrams, and that
evapotranspiration is not a relevant process in the groundwater system under study.
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Fig. 2.24. 6°H vs 6*%0 for surface waters (purple markings), Freatico/Pampeano Aquifer (orange marks)
and Puelche Aquifer (green marks). (a) Rainy season (March 2018); (b) Dry season (August 2018)
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2.4.4, Tritium

To characterize the tritium content of rainwater, a one-point database of the GNIP was used.
This point (Ciudad Universitaria) is 33 km from the CAE and has 199 tritium data measured between
1978-2002. The mean of this data series is 9.2 TU with a standard deviation of 3.5 TU.

Fig. 2.25 shows the tritium values in each sampled well for the three campaigns. The
differences in the tritium values in surface water samples could be explained by the fact that a long-
lasting rain event for 5 days (=57 mm) occurred eight days before the August sampling campaign. The
sampling point S14 is in the Matanza River approximately in the middle of their basin (with an area of
2,240 km?), thus the river was probably still discharging much of the rainwater when the sample was
collected. Therefore, the tritium content (3.42 TU) was influenced by the rainwater (£=9.20 TU). The
sampling points SO1 and S03 are in the Aguirre Creek sub-basin (90 km?) and the El Palo Creek sub-
basin (10 km?) respectively which are much smaller than the Matanza River basin. Thereby the
amount of runoff water that was draining from these basins was less and the tritium content in the
samples were mainly influenced by the contribution of groundwater more than the rainwater.

In samples from the Freatico/Pampeano Aquifer (507, C1F, 5153, C2F and 72), the tritium
values were similar in all campaigns. Samples 507, 5153 and 72 presented values above 1.5 TU, which
would indicate young waters. In samples C1F and C2F the tritium values were always below 0.6 TU,
which would indicate older waters.

In all the campaigns, samples from the Puelche Aquifer were taken from the same 5 wells. In 4
of them (C1P, 506, C2P, and 713) the tritium values were similar and less than 0.5 TU, which would
indicate an older water age (with respect to the Freatico/Pampeano Aquifer). The tritium values in
wells C1F/C1P and C2F/C2P were very similar and always below 0.6 TU; this is consistent with the
hydrochemical analysis results. In well 73, tritium values show great variability between campaigns
(1.06 TU, 250 TU and 0.2 TU).
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Fig. 2.25. Tritium values as a function of the sampling point.
March 2018 (blue marks), August 2018 (pink marks) and February 2020 (black marks)

2.4.5. Groundwater dating
2.4.5.1. T-*He ages

Fig. 2.26 shows the relationship between the concentrations of Xe and Ne in water in
equilibrium with the atmosphere at different temperatures (red points and red line) and the relationship
between the concentrations of Xe and Ne measured in the different samples (blue points). The samples
that are located on the left side of the red line have undergone a degassing process and the samples
that are located on the right side present an excess of air. Therefore, no degassed samples are
observed, and all samples show excess air: this result allows to calculate T-3He ages.
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Fig. 2.26. Relationship between Xe and Ne concentrations measured in the samples (blue dots). Relationship
between Xe and Ne expected in water in equilibrium with the atmosphere at different temperatures (red dots)

In Fig. 2.27, the samples C1F, C1P and 713 contain a significant excess of He with respect to
Ne, and their ®He/*He ratio is less than this ratio in the atmosphere. This would indicate that in these
samples the excess of He would be “He from the crust (due to the decay of uranium and thorium),
which means that the age distribution of the water in these samples is mainly composed of old ages (>
500 years). This is consistent with the low tritium content observed in these samples and therefore it
was not possible to calculate the T-*He age in them.
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Fig. 2.27. 3He/*He ratio vs Ne/He ratio of the values obtained in the samples

The C2P and 506 samples presented negative calculated values in the content of tritiogenic *He,
which would indicate that the age distribution of the water in these samples is composed mainly of
ages that are above the technique limit (> 60 years). All the samples that correspond to old ages belong
to the Puelche Aquifer (lower aquifer) which is consistent with antecedents of dating studies carried
out in this aquifer (Hernandez and Gonzalez 1997; Panarello, Dapefia, and Auge 1994). The only
exception is the C1F sample, which in theory corresponds to the Freatico/Pampeano Aquifer but
according to its apparent age (>500 years) corresponds to the Puelche Aquifer. This is in accordance
with the results of the electrical conductivity analysis and the tritium content analysis.

Table 2.5 shows the calculated values (in those samples that it was possible) of T-*He age. All
the samples from the Freatico/Pampeano Aquifer (upper aquifer), presented apparent ages between 16
and 26 years. The sample from well 73, which corresponds to the Puelche Aquifer, has an apparent
age of 41 years. This would indicate that this well the water comes from the lower zone of the
Freatico/Pampeano Aquifer and not from the Puelche Aquifer. The sample collected from the well
711, that corresponds to the Puelche Aquifer, presents an apparent age of 6 years. This situation is
considered anomalous since the tritium content in this sample is 6.38 UT, a value that is much higher
than the tritium values observed in the other wells.
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Table 2.5. T-*He ages calculated on samples

FINAL

Well Aquifer Well depth (m) "He trit (TU)| Error (TU) T—aHeage (yrs) | Error (yrs)
C1F | Freatico/Pampeanc (upper) 28 -3.7 09 =500

CiP Fuelche (lower]) 59 -1.5 0.9 =500

713 Puelche (lower) 47 -4.7 1.1 =500

C2P Puelche (lower) 56 -2.8 09 =60

506 Puelche (lower]) 36 -2.9 0.8 > 60

711 Puelche (lower) 47 0.8 0.9 549 1.6
507 | Freatico/Pampeanc (upper) 22 3.4 1.2 19.4 4.2
72 | Freatico/Pampeano (upper) 16 48 0.6 177 16
73 Puelche (lower) 37 1.8 0.9 41.0 7.5
5153 | Freatico/Pampeano (upper) 20 4.4 2.6 156 6.2
5154 | Fredtico/Pampeano (upper) 20 5.1 13 26.0 3.6

2.4.5.2. Mean residence time

Table 2.6 presents the values of the calculated mean residence time, the PEM parameter
(relationship between the sampled and the unsampled depth), the relative error that arises from the
adjustment process and the number of samples used in each calculation. The values of the mean
residence time vary between 32 to 74 years. The order of these values coincides with that observed in

the variation of the apparent ages.

Table 2.6. Average residence times calculated using a PEM model from the tritium
data measured in the campaigns of March 2018, July 2018, and February 2020

well Mean residence PEM Relative Samples
time (yrs) parameter| error used
507 47.06 0.82 26.2% 3
72 37.75 0.23 25.6% 2
73 74.26 0.32 57.2% 2
3153 32.62 0.21 13.3% 3
3154 52,92 0.48 0.0% 1

Table 2.7. Statistical description of the calculated age distributions

Age distributions, g(t) (yrs)
well | Min {10% accumulated) | Max (90% accumulated) | Media (50 % accumulated)
07 20 35 37
72 9 78 27
73 21 149 56
5153 7 62 23
5154 20 100 a1
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Fig. 2.28. Age distribution in wells 507, 72, 73, 5153 and 5154
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From the calculated data (mean residence time and PEM parameter) the age distributions (g (t))
were determined for each sample. These distributions are summarized in Table 2.7 and are represented
in Fig. 2.28.

2.4.6. *?Radon

The ?22Rn activity values measured during the January 2019 campaign proved to verify that the
activity of this isotope in groundwater is significantly higher than in surface water, which is a
promising result to carry out the groundwater inflow analysis (Fig. 2.29). Unlike this, and in
accordance with what was reported in section 4.2.1, the EC of groundwater and surface water are not
significantly different.

The results obtained in August 2019, along a longer stretch of the stream, suggest that 222Rn
activity remains approximately constant from the entrance of the stream to the CAE (S01) to point
S20. This may be due to the constant contribution of 222Rn, either from the riverbed or from the
continuous groundwater entry. 222Rn activity increases from point S20 onwards (Fig. 2.30), which
could be due to some groundwater ingress.

Based on these results, the next campaign was focused on the section between monitoring points
S09 and S11. As in the previous results, there was an increase in ?22Rn activity from point S20
onwards, which could confirm an entry of groundwater. However, the EC seems to remain constant
along this stretch of the creek (Fig. 2.31).
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2.5. Conclusions

The hydrogeological characterization of the groundwater system inside the CAE and its
surroundings using physicochemical and geochemical data made it possible to determine the
groundwater flow pathway, the water typology of surface and groundwater, and identify the
hydrogeochemical processes responsible for groundwater chemistry. The use of stable isotopes, noble
gas isotopes, and ??Rn techniques allowed the characterization of recharge area, the assessment of
surface and groundwater connections and the dating of groundwater.

Based on the results of this work a Conceptual Hydrogeological Model (CHM) (Fig. 2.32) can
be defined as follows.

Local Rain
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water waters
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Puelche Ag. Na-HCO,

VVV:\

Very old waters (>500 years)
General Specific areas

Hydrogeochemical processes
Fig. 2.32. Conceptual Hydrogeological Model scheme

The Freatico/Pampeano Aquifer is recharged by local rainwater infiltration; in this aquifer the
water is sodium bicarbonate type. There is a downward flow, and the ion concentration increases
gradually through different hydrogeochemical processes: cation exchange, dissolution of carbon
dioxide, carbonates (calcite and dolomite), albite and anorthite and, in certain areas, mixing with water
with a high content of sulfate and chloride (contamination). The flow path is influenced by the
topography and the Aguirre Creek that receives an inlet of groundwater. This aquifer has waters with
T-3He ages between 16 and 41 years and the mean residence time ranges from 32 to 74 years. The
Puelche Aquifer is recharged by the upper aquifer through the aquitard and the flow lines follow a
southwest-northeast direction. The water is, in general, sodium bicarbonate type. This aquifer has old
waters (> 60 years) originated mainly from local recharge and very old waters (> 500 years) that come
mainly from regional recharge water. This CHM is in accordance with the one presented by Vives,
Mancino and Scioli (2012) for the Matanza-Riachuelo River basin area.
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3. ISOTOPIC AND RELATED TECHNIQUES FOR THE HYDROLOGICAL
CHARACTERIZATION OF THE SITE AND VICINITY OF ANGRA DOS REIS
NUCLEAR POWER PLANTS, RJ, BRAZIL
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Nuclear Technology Development Center (CDTN/CNEN), Belo Horizonte, MG, Brazil
Abstract

The project “Use of Isotope Hydrology to Characterize Groundwater Systems in the Vicinity of
the CNAAA NPP's, Rio de Janeiro, Brazil”, carried out by CDTN in cooperation with Eletronuclear —
ETN, the state-owned company in charge of the construction and operation of nuclear power plants in
Brazil, aimed at the evaluation of the hydrologic and geologic conditions affecting the eventual
contamination of groundwater by radioactive effluents released by normal or accidental operation of
Almirante Alvaro Alberto Nuclear Power Plants (Angra I, Angra II and Angra III — this one, under
construction), located in Angra dos Reis, Rio de Janeiro.

From July 2016 to November 2019, 67 water samples were collected from springs, piezometers,
drilled and dug wells, streams, small reservoirs and ocean. Several physical-chemical parameters were
measured on-site during the sampling procedures and twelve samples were selected for specific
analyses: hardness; alkalinity; cations Ca**, Mg**, Fe**, Mn**, Na*, NH." and K*; anions Br-, CI, F,
NOs™ and SO4; quantitative determination of Mn, Fe, Sr, Ba, Cu, Si and B. Surface and groundwater
samples, as well as twenty-four monthly integrated rainwater samples collected in two different spots,
were analyzed abroad for stable isotopes (?H and Q) and sixteen samples were also analyzed for
environmental tritium.

The present research confirmed the presence of two types of aquifers in the study area: an
unconfined and porous, free aquifer (0 to 50 m deep) over a fractured and semi-confined one (0 to
unknown depth). It is also proposed to consider locally an expressive clay layer in the porous unit. The
direction of the groundwater flow at the NPP’s site is mainly from NNE to SSW, discharging into the
ocean at Itaorna Bay, which is in agreement with the ground surface topography. The water table is
kept about 2 m below the ground surface, with a slope of 0.5% towards the ocean, where it increases
to a 1% gradient. Hydrochemical and isotopic data have confirmed that rainwater recharges the system
locally, with little interaction with the local lithology, with some evidence of seawater intrusion.
Groundwater around the nuclear power plants site showed tritium levels greater than regional
environmental values.

3.1. Introduction

The nuclear power plants complex, known as “Centrais Nucleares Almirante Alvaro Alberto —
CNAAA”, comprises two nuclear power plants in full operation, Angra I and Angra II and another one
under construction, Angra Il (Fig. on this chapter cover page, Source: Eletronuclear, EIA/RIMA,
2005). Angra | (640 MWE), the first nuclear power plant of the Angra Complex, started to be operated
definitely in 1985 and Angra Il (L1350MWE), the second plant, started operating in 2001. Angra IlI
(1,405 MWE) is expected to be operational in 2026.

The complex is sited in the South Atlantic coastline, near the boundaries of the states of Sao
Paulo and Rio de Janeiro, the two largest Brazilian states in economy and population (Fig. 3.1). The
distance of the power plants site to the nearest town, Angra dos Reis (estimated population in 2019 of
204,000; according to IBGE, 2020) is 20 km. Angra dos Reis lies 100 km west of Rio de Janeiro and
220 km east-northeast of Sdo Paulo city, right at the epicenter of one of the most active tourism places
in Brazil. Highway BR-101 traverses the region at an average distance of 200 m north of the power
plant site limits.
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The Coordinated Research Project (CRP) named “Use of Isotope Hydrology to Characterize
Groundwater Systems in the Vicinity of the CNAAA Nuclear Power Plants, RJ, Brazil”, supported by
the International Atomic Energy Agency (IAEA), was carried out by the Nuclear Technology
Development Center (Centro de Desenvolvimento da Tecnologia Nuclear-CDTN/CNEN) in
cooperation with Eletrobrds Eletronuclear (ETN), the state-owned company in charge of operating the
power plants. The main objective of the Project was the characterization of the groundwater system in
the site of the NPPs and in its surroundings, encompassing the so-called “Direct Influence Area —
DIA”, a circle with a 15 km radius centered at Angra III (see Fig. 3.1).

OCEANO ATLANTICO

Fig. 3.1. Location of the CNAAA Nuclear Power Plants. (ELETRONUCLEAR, 2005)
3.2. Site description and previous studies
3.2.1. Climatology and meteorology

The site of the NPP’s, located at the southern part of the State of Rio de Janeiro, presents a
microclimate regime typical of a tropical coastal region, influenced by factors like latitude, longitude,
proximity of the ocean, topographic features, nature of the vegetal cover and, in particular, the action
of atmospheric circulation systems in large and mid-scales, such as cold fronts and sea/land wind
regimes.

Presently the site has four towers for meteorological monitoring, providing measures of wind
and air temperature at 10, 60 and 100 m (heights from the ground) and also precipitation in one
location (Tower A), while the other towers measure only wind at 15 m (Towers B to D). Data and
results can be found in Figueiredo et al. (2016) and Molnary (2017).

The highest values of air temperature fluctuate between 26-27 °C and 19-20 °C in summer and
winter, respectively, between the three levels of height of Tower A (average annual thermal amplitude
around 7 °C). The average daily temperature variation at the 10 m level (about 3 °C in the summer) is
higher than at the higher levels (~ 1.5 °C), which is due to the greater efficiency of the heat exchange
processes closer to the ground. At the 10 m height, air temperature at night is generally lower than the
other levels, decreasing as soon as the air in contact with the surface is cooled by conduction and
radiative loss, especially in winter. During the day, air temperature at 10 m rises above the values
found at higher levels. Likewise, the reduction of temperature with height is also evident, so that
temperature throughout the year at 60 m height is approximately 0.7 °C higher than temperature at 100
m, which is because the atmosphere is heated from below. Local atmosphere is predominantly stable
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throughout the day, with more unstable conditions predominating between 8 a.m. and 16 h p.m. in the
spring and summer.

The relative humidity in the meteorological station of Angra dos Reis presents a homogeneous
profile along all the months of the year, without a clear definition of a dryer or a more humid period.
This behavior is due to the continuous penetration of sea humidity into the continent and to the very
frequent events of precipitation at the hillsides of Serra do Mar along the whole year. There is a large
variation of consecutive daily values of relative humidity for the month of January (summer time in
Brazil), from maxima of 85% to minima of 45%. During winter months (May to September), the
relative humidity was kept below 40%, with extreme minima of 15% under special conditions of clear
sky and absence of predominant maritime circulation and no precipitation.

Wind direction and speed are associated with the several scales of atmospheric circulation. As a
rule, there is a predominance of the maritime regimes of circulation close to the ground surface in the
coastal area, spreading from Sepetiba to the coast of Paraty, passing by Angra dos Reis. Registers
from Tower A at 10 m level show most frequent directions from N/NE and S/SW during winter,
spring and fall; the component from S was the most evident during fall. For the levels 60 m and 100 m
for the same tower, the same configuration was maintained, but at 60 m the SW component was the
most frequent during summer months.

Mean speed values for the period under consideration (2002—-2003) were 3 m/s (10 m), from 3
to 8 m/s (60 m) and from 5 to 8 m/s (100 m). January and June were the months bearing the most
frequent episodes of calm winds and March was the one with the less frequent values. The highest
frequency occurs at intensities between 1 and 2 m/s. The maximum intensity occurs in the daytime
period, reinforced by the turbulence component caused by the atmosphere heating. Katabatic winds
produce strong vertical shear in the region. Stronger winds and rains were recorded in the fall,
suggesting that this is the period of the most intense storms. Sea breeze action extends up to 100 m
height, increasing intensity between 8 and 9 a.m., reaching a maximum around 3 p.m. and weakening
thereafter.

The precipitation phenomena reaching Angra dos Reis and surroundings are associated with
several atmospheric mechanisms, such as: cold fronts (all year round), lines of instability (spring-
summer) and convective regional formations (spring, summer and fall times), originated from systems
of the north-northwestern sector. Average precipitation is higher in late afternoon and evening,
coinciding with the moment of reversal between sea and land breezes. Average precipitation is also
higher in summer and lower in winter. Weak precipitation (up to 4 mm/h) predominates in the four
seasons of the year. Moderate rains (between 4 and 24 mm/h) and strong rains (> 24 mm/h) occur
predominantly in summer and fall. With regard to the frequency of precipitation occurrence
throughout the day, it can be noted that rainfall occurs preferentially at night, regardless of its intensity
and season. The arrival of cold fronts brings together more intense rains and winds, especially after
passing by Paraty and entering Ilha Grande Bay. The rainy period extends from October to March,
while the period from April to September represents the dryer months. Mean yearly precipitation
values may be as high as 2,500 mm/year.

3.2.2. Geological and hydrological context

The crystalline basement of the study area consists of Proterozoic granite-gneiss rocks
belonging to the Paraiba do Sul and Rio Novo Complexes (ELETRONUCLEAR, 2005; CPRM, 2007).
These rocks are interbedded with Neoproterozoic porphyritic granitic bodies and small Cambro-
Ordovician stocks and clusters of intrusive dykes of granite composition (Mambucaba Granite).
Expressive systems of basic (tholeitic) rock dykes of Mesozoic age (Guedes et al., 2005) are also
present in the study area. The quaternary units are represented by fluvial and marine deposits
associated with the present-day and ancient sediments, with a great compositional diversity, consisting
of gravel, fine and medium sand, silt and clay. The hillsides close to the NPP site present colluvial and
talus deposits, consisting of sandy soils with several blocks and boulders rolled in the soil matrix and
with intense vegetation. The study area has been the target of hydrogeological investigations in the last
20 years, mainly due to the studies for the licensing of NPPs (PROMON, 1974, 1989; NATRONTEC,
1999; UFRJ, 2003; ELETRONUCLEAR, 2005). These studies concluded that there are two main
aquifers in the region. The first one (upper aquifer) is a free, porous and shallow aquifer type. In the
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lowlands and beaches, it is represented by alluvial deposits and fluvial-marine sediments. The other
aquifer is a fractured semi-confined type, characterized by fractures of crystalline rocks.

3.2.3. Hydrogeochemistry and isotopes

The hydrogeochemical characterization (ELETRONUCLEAR, 2005) of the DIA (Direct
Influence Area) was carried out with a basis on a group of production wells and other water points, for
which in-situ and laboratory physical and chemical essays were realized. At that occasion, waters were
classified according to their major ions contents: Ca?*, Mg?, Na*, K*, Cl, HCOs, SOs*. Three
distinctive groups of waters were then identified (Observation: sample codes cited in this item are
from the original reference, not related to the codes used in the present work):

1) waters with sodium-chloride (Na-Cl) characteristics, similar to rain waters; a sub-group of
these waters can be distinguished, in which the concentration of calcium is a little greater, forming
Ca?*-Na*-Cl- waters;

2) waters from the tubular deep wells (ANG-24, ANG-32, ANG-33, ANG-42, ANG-43), with
Ca?*-Na*--HCO;.-CI- (bicarbonated, chlorinated, calcic-sodium) characteristics;

3) one single sample (ANG-51) presented a bicarbonated-calcic (Ca-HCO3) characteristic,
different from the other groups.

Eight water points (springs, tubular wells, piezometers, rain water and a pond) were selected to
be sampled aiming at evaluating the possible isotopic variations due to differences in altitude
(elevation) and geographic location in relation to the site of CNAAA. This sampling work, realized in
2002, was simultaneously carried out with the sampling for hydrochemical purposes. Obviously, the
data then collected for oxygen-18, deuterium and tritium represent very restricted information and the
interpretation of the results, as issued by the authors at that time, has to be seen with great concern
(Table 3.1).

Table 3.1. Previous data for stable isotopes and tritium (ELETRONUCLEAR, 2005)

Sample Code Sampling Date ?;:S ?;S SZH((IZ()C ess Tritium (TU)

WP 2/X (ANG-24) 17.10.2002 -4.68 -29.9 7.5 -

WP 2/01 (ANG-34) 17.10.2002 -3.8 -26.3 4.1 3.0+0.9
\WP-F/1 (Fonte) 17.10.2002 -3.81 -23 7.5 40+1.1
WP-3/08 (ANG-42) 18.10.2002 -4.53 -32.1 4.1 2.0+09
WP-014 (ANG-33) 18.10.2002 -4.33 -22 12.6 2.1+0.8
L1/01 (Lago Alll) 18.10.2002 0.59 -9.5 -14.2 19.0+1.3
BR 1/01 (Branco) 21.10.2002 -6.16 -47.6 1.7 -

CH /1 (chuva) 24.10.2002 -1.39 -11.4 -0.3 162+ 14

The Local Meteoric Water Line for Rio de Janeiro (LMWL-RJ), 8°H = 7.6* §'%0 + 10.74 (R*=
0.93), was obtained based upon isotopic data weighted by the precipitation for years 1961 to 1985
from GNIP, except for years 1972 and 1985, which presented extreme deuterium excess values of
25.8%0 and 6.6%o, respectively.

The slope of the LMWL-RJ is less than 8, mainly due to the relative humidity of the water
vapor over the ocean, which will produce precipitation. The primary formation of atmospheric vapor
and the precipitation are processes involving evaporation and kinetic mixture in a condition of non-
equilibrium.

It can be observed that the LMWL-RJ falls plotted slightly above the GMWL, which indicates
humidity values lower than 85%, once that for the GMWL the humidity considered is slightly greater
than 85%. The humidity historical series for Rio de Janeiro in the period 1961 to 1990 presents a range
between 77% and 80%. For Angra dos Reis the humidity range is between 80% and 82%, which will
lead to the plotting of the local line closer to the GMWL.

The data for the campaigns of October/2002 and November/2017 (this project data) seem to be
reasonably well adjusted to the GMWL, showing that these waters do not go through modifications in
their isotopic composition. The only modifying phenomenon for this fitting is the evaporation
observed in some samples from 2002.
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3.3. Methodology

Following the work plan contracted with the Agency, four field trips to the survey area were
accomplished. The first one, lasting from 13 to 16 September, can be considered an exploratory trip, in
which discussions with the staff of the Environmental Monitoring Lab were held, preliminary visits to
the site and to water points of interest (piezometers, production wells, springs, reservoirs, water
courses) were made and technical material from previous studies were collected. These included
geologic, hydrogeologic, topographic, hydrographic and climatological data, which were very useful
in obtaining a better understanding of the area and in planning the future investigations.

The second trip to Angra dos Reis was in fact the first full campaign, carried out from 3 to 7
April, 2017, at the end of the rainy season. On that occasion, nine water samples were collected:
surface water (streams), small reservoirs, springs and sea water. Some parameters were measured in
the field: pH, Temperature — T (°C), Electric Conductivity — EC (uS/cm), Oxi-reduction potential — Eh
(mV), Dissolved Oxygen — DO and Total Dissolved Solids — TDS. The samples were brought to
CDTN'’s labs for environmental tritium and stable isotopes analyses (*0 and 2H).

Due to its geographic location between Serra do Mar and the coast of Angra dos Reis and
Paraty, the region is very well supplied by surface water and most springs are located at hillsides,
fairly away from the site of the plants and bearing difficult access by land. This reflects in the small
number of perforated and/or tubular deep wells in the area, except those piezometers used for
monitoring purposes (seven 8-10 m deep piezometers) at the construction grounds of Angra 11, which
were sampled by our partners in March, June, September and December 2017, or those existent in the
grounds (yards) of the other two operating plants, Angra | and Angra Il, to which our access was not
granted at this occasion. Some others are scattered all over the region, in particular at the locality
known as “Parque Mambucaba” or “Perequé”. Anyway, some of the waters are, in some degree,
influenced by sea water, due to the penetration of the saline wedge. Some very shallow wells (4-8 m
deep), known as “cacimbas” or “cisternas”, were identified, dug in porous terrain, intended for
individual or collective domestic supply.

One more field campaign was realized from 20 to 24 November, 2017. Only six water samples
were collected, due to the very bad weather conditions; the rainy season had started in October. For the
first time it was possible to sample two control piezometers installed in the yards of power plants
Angra | and Il. Field measurements were once again made, including static water levels in the
piezometers, and samples were taken to CDTN for environmental tritium and stable isotopes analyses.

The last field work was realized from 22 to 26 October, 2018. Eighteen water samples were
collected and field parameters were measured for twelve of them; all samples were brought to CDTN
for tritium, stable isotopes and physical-chemical analyses. Twelve (12) samples were selected for
specific analyses in our labs, as follows: hardness (titulometry); alkalinity (titulometry); cations Ca?*,
Mg*, Fe?* and Mn?" (atomic absorption/spectrometry); cations Na*, NH* and K* (liquid
chromatography); anions Br, CI, F, NOs and SO, (liquid chromatography); quantitative
determination of Mn, Fe, Sr, Ba, Cu, Si and B (ICP-MS). Samples from the monitoring piezometers at
Angra Il were collected only in March 2018.

Additionally, along this year, our partners from the Environmental Lab collected seven samples
in each month of March, June, September and December from the monitoring piezometers existent at
the construction grounds of Angra I1l, neighboring the site of the other two plants.

Once again, the following field parameters were measured: pH, Temperature — T (°C), Electric
Conductivity — EC (uS/cm), oxidation-reduction potential — Eh (mV), Total Dissolved Solids — TDS
(ppm) and Dissolved Oxygen (DO). Samples were brought to our laboratories for tritium and stable
isotope analyses (IRMS). Carbon-14 analyses were not demanded, for water in the region is basically
modern. Fig. 3.2 shows the sampling net established for the project, in progressive levels of detail.

During the last campaign, two rain collectors (Model 1B Palmex Rain Samplers) were installed
in the area. They are designed to store collected precipitation for several days or even weeks without
evaporation and associated fractionation, thus particularly well suited to determine the isotopic
composition of rain water. They are equipped with a 3L collecting bottle. One of them was installed in
the grounds of the Environmental Monitoring Laboratory (LMA) of ELETRONUCLEAR close to the
coastline, at an altitude of about 10 m. The other one was installed close to a water treatment station
(EPTA), on the hillside of Serra do Mar facing the site of the NPP’s, at an altitude of 113 m. Forty
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monthly integrated rain samples were collected from November 2018 to June 2020. Twenty-four
samples from November 2018 to October 2019 were analyzed for stable isotopes.

The last field trip was scheduled to be realized in March-April 2020 but, unfortunately, due to
the outbreak of the new coronavirus disease, Covid-19, which started in November 2019, it was not
possible to accomplish the proposed work plan, which imposed a strong negative impact on the
development of the last phase of the project.
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Fig. 3.2. Location of the sampling points for hydrochemistry and isotopes: (a) picturing the whole
area; (b) vicinity of the NPPs; (c) NPPs detail. Light blue rectangles show the area of the following picture

All historical and new information collected during the project development were combined to
review and improve the preliminary flow conceptual model of the area, using the software
ROCKWORKS. A conceptual model of the interactions between the several water compartments can
be applied in understanding the movement, extent and dilution factors of a contaminant plume
eventually introduced in the groundwater (GDW) systems. This model can be a step for the future
construction of numerical models aimed at protection and remediation actions.

3.4. Results and analysi
3.4.1. Geology and hydrogeology

The present research confirmed the presence of two types of aquifers in the study area,
according to ELETRONUCLEAR (2005): a porous and free aquifer over a fractured and semi-
confined one. However, it is proposed to consider locally an expressive clay layer in the porous unit.
Then, the hydrogeological units identified in the site (Fig. 3.3) can be listed as follows.

Unconfined and porous aquifer (0 to 50 m deep): In the lowlands, river and coastal plains it is
represented by river and marine sediments, composed in its upper portion by sandy sediments (locally
silt-rich), containing fragments of sea shells. These fluvial-marine sediments occur over a sandy-
clayey saprolite, containing fragments of the sound rock, pebbles and boulders resulting from the
weathering of the granitic-gneiss basement, and which forms the basis of the porous aquifer. In the
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area of the NPP facilities, this aquifer is commonly covered by a layer of landscaping material. On the
hillsides, this aquifer is represented by the saturated portions of the talus and colluvium deposits,
residual soil and saprolite. Locally, the fluvial-marine sediments are interspersed with layers of clay,
one of which, of greater thickness (1 to 10 m thickness) and greater lateral continuity, is constituted by
organic, dark and plastic clay, presenting fragments of shells, and that mainly occurs over the
saprolite. This clay layer must be the result of sea level fluctuations, which are frequent in the
quaternary (Martin et al., 1996). Due to the absence of more boreholes and piezometers, the lateral
continuity of this clay layer can only be confirmed in the vicinity of the NPP facilities. Undoubtedly, it
is a clay aquifuge or aquitard that, when present, acts as a confining layer for the groundwater below.
According to ELETRONUCLEAR (2005) this porous aquifer is in hydraulic connection with the
superficial portions of the fractured aquifer.

Fractured and semi-confined aquifer (0 to unknown depth). It is represented by the fractured
network of the crystalline basement rocks. It occurs both on the surface (outcrops) and in depth, under
the porous aquifer. According to ELETRONUCLEAR (2005) the gradients and the hydraulic load are
high, as the recharge is frequently at the top of the hillsides (up to 500 m high) located north of the
NPP's site. This aquifer is unconfined in the elevated portions of the hillsides occupied by extensive
outcrops of the crystalline basement. According to ELETRONUCLEAR (2005) it becomes confined
where it occurs under the layers of saprolite and colluvium/talus deposits, as well as under the fluvial-
marine deposits in the coastal region. Sometimes this aquifer has its piezometric level at or above the
land surface (ELETRONUCLEAR, 2005). This fractured aquifer in granitic-gneiss crystalline rocks is
very common in the coastal region of southeastern Brazil, with the recharge areas located in the
highest parts of the hills (Silva-Filho et al., 2009).

Regarding the groundwater flow at the NPP’s site, its direction is mainly from NNE to SSW and
discharging into the ocean at Itaorna Bay, which is in agreement with the ground surface topography.
The water table is kept about 2 m below the ground surface, with a slope of 0.5% towards the ocean,
where it increases to a 1% gradient (NATRONTEC, 1999).
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Fig. 3.3. Hydrogeological schematic section. Modified from ELETRONUCLEAR, (2005)
and with updates made by the current research

Fig. 3.4 shows an image of Itaorna Beach where two clusters of water table curves of the local
groundwater were plotted. These curves were inferred from measurements of water levels in
piezometers taken during field campaigns and from a technical report (Tecnol, 2011). The absence of
static level measurements in the entire area prevented the elaboration of a more detailed map.

47



Fig. 3.4. Water level curves of groundwater at Itaorna Beach

3.4.2. Hydrochemistry

Based upon the Piper diagram (Piper, 1944), the waters under investigation can be classified in
four major groups (Fig. 3.5): Group 1 — Ca-Na-HCO;3; water type. It is constituted by a groundwater
sample (ANG-23), a sample from a small reservoir (ANG-24) and a sample from a groundwater spring
(ANG-25). These samples were collected in the hillside environment, where predominate granitic-
gneissic basement outcrops, residual soil, talus deposits and dense vegetation. This area represents the
main aquifer recharge zone, but with occurrences of discharge points from the fractured aquifer.
Group 2 — Ca-HCO; waters type. It is represented by samples ANG-16, ANG-17, ANG-18, ANG-
19, ANG-20 and ANG-21. These are all groundwater samples, collected at Itaorna Beach, very close
to the present and future NPP facilities.
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Fig. 3.5. Piper diagram of the waters from the study area

Group 3 — Ca-(Na)-HCO; waters type. According to Piper Diagram this group could be
classified as a subgroup of Group 2. But due to other geochemical evidences, it is better to consider it
as a separate group. This group seems to represent an intermediate stage (flow and chemical
composition) between the waters of groups 1 and 2. It is represented by two samples (ANG-26 and
ANG-27) of groundwater collected in Jardim Mambucaba (see Fig. 3.2, b), in the Perequé River
basin. These samples were collected from the sandy porous aquifer on a coastal plain where past and
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present-days fluvial and marine sediments occur. Group 4 — Na-Cl waters type. It is represented by
one single sample (ANG-22), bearing an ionic composition typical of great seawater influence. This
group corresponds to group 1 defined by the previous researches (UFRJ, 2003; ELETRONUCLEAR,
2005).

The Stiff diagram (Fig. 3.6) shows the ionic composition of the samples and the spatial
distribution of the four groups. Group 1 samples were collected on hillsides, where the crystalline
basement outcrops. In comparative terms, this group is the one with the lowest ionic concentration.
Group 2 exhibits a water pattern predominantly Ca-HCO;. According to the ionic concentration,
Group 3 exhibits more ionically enriched or mineralized waters than Group 1, but it is much poorer
compared to Group 2. Group 4 exhibits an extremely ion-rich water pattern, mainly in Na* and CI-,
indicating strong influence of seawater.
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Fig. 3.6. Stiff diagrams of samples from the study area

The Gibbs diagram (Fig. 3.7, Gibbs, 1970) shows that the ANG-22 sample (Group 4) fell in the
evaporation domain, which is one more indication that this sample has influence from seawater. Most
of the samples (Group 2) fell into the rock dominance zone, which indicates that the rock-water
interactions are the main factor that controls the chemical composition of these samples. In the zone of
rainfall domain are the Group 1 samples (ANG-23, ANG-24 and ANG-25).

Fig. 3.8, a shows that the sample ANG-22 (Group 4) has an excess of (Ca+Mg). This is due to
the influence of seawater, enriched mainly in Mg?* (Millero, 2013). This is indicative of the influence
of seawater and the reverse ion exchange process or hardening (Appelo & Postma, 2005). Regarding
the other samples, it is observed that most of them (Group 2) fall on the 1:1 stoichiometric
equilibrium line (Ca?*+ Mg?") versus HCOg’, suggesting dissolution of dolomite or Mg-rich calcite
(Appelo & Postma, 2005). But some of them (Groups 1 and 3) fell slightly below line 1:1, suggesting
a base ion exchange process or softening (Appelo & Postma, 2005).
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Fig. 3.8. Scatter plots of (a) Ca + Mg versus HCO3 and Na* versus CI (b)

Fig. 3.8, b clearly shows that for the ANG-22 sample (Group 4) the source of Na* and CI is the
seawater, which confirms once again the strong influence of seawater on the ionic composition of this
sample. Most of the data are slightly above the halite dissolution line. The Na*/CI ratio greater than 1
indicates either the presence of silicate weathering or base ion exchange (softening) between Na* and
Ca?* (Shansi et al., 2018; Appelo & Postma, 2005). For Group 2 samples, it is suggested that ion
exchange (Ca-Na) is the main cause for Na* excess. For samples from Groups 1 and 3, both processes
must occur, whereas for samples ANG-23 to ANG-25 (Group 1) it is suggested that the excess of Na*
is predominantly due to the weathering of sodium-rich silicates (Na-rich plagioclases).

The water quality was certified based on the Brazilian Standards for human consumption
(Brazil, 2011). The ANG-22 was the sample that presented the largest number of parameters in non-
compliance: TDS, CI, SO, Na* and hardness. The reason for this is that this water sample has a
chemical composition very similar to seawater. Iron and manganese showed non-conforming values in
the samples ANG-18 (Mn only), ANG-19, ANG-21 (Mn only), ANG-23 and ANG-27 (Fe only). Iron
and manganese are common elements in waters and have similar hydrochemical behavior. The
absence of regional background values for Fe and Mn in the local groundwater prevents an assessment
of the cause of these enrichments: geogenic or anthropogenic.

3.4.3. Stable isotopes

Two local meteoric water lines (LMWL) were obtained based on isotopic data from local
precipitation samples: one was calculated by the non-weighted regression model (ordinary least
squares regression, OLSR) (IAEA, 1992), and the other by a precipitation weighted ordinary least
squares regression (PWLSR) method, in order to reduce the influence of the precipitation amount
(Hughes and Crawford, 2012). From November 2018 to October 2019, 24 monthly integrated
precipitation samples from two points of the area (at sea level — LMA, and at 113 m of altitude —
EPTA) were taken for establishing the LMWL’s. In addition, twelve environmental samples were
collected in October/2018, comprising one sample from a small reservoir; one sample from a
groundwater spring; samples from two shallow pumping wells (about 6 m deep) located externally to
the NPP area; and eight samples from internal monitoring wells, piezometers (10 m deep). The
samples were analyzed at Beta Analytics Laboratory (USA) and results were reported in %o versus
VSMOW standard (Vienna, Standard Mean Oceanic Water).

There was no significant difference between the lines obtained by the two methods (weighted or
not). Using the OLSR method, the LMWL was represented by the equation °H = §'%0 (7.74 + 0.35) +
(16.43 = 0.50) (R? = 0.960). The PWLSR method resulted in the equation 6°H = 580 (7.98 + 0.39) +
(17.02 + 1.53) (R? = 0.954). According to Song et al. (2021) differences between the corresponding
linear regression coefficients when applying weighted and nonweighted regression in tropical climate
areas can be very small. This may be due to higher precipitation amount that makes the tropical
regions more susceptible to the amount effect, which cancels out the effect of the weighting method.
Song et al. (2021) suggest that there is no need to apply weighted regressions in tropical climates.
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Fig. 3.9 shows the data of the isotopes in the precipitation samples from the two monitoring
points (solid circles in the Fig., in blue and green colour, from LMA and EPTA monitoring points
respectively) distributed along the local meteorological lines (dashed lines), as well as the global
meteoric water line, GMWL, represented by the equation 6°H = 5¥0 8 + 10 (black solid line in Fig.),
for comparison. Two data points were excluded from the regression (probable outliers, indicated in the
Fig.), in order to improve the fit of the equation. The Fig. also shows the isotopic data from the small
reservoir sample (ANG-24), groundwater spring (ANG-25), shallow pumping wells (ANG-26 and
ANG-27) and piezometers (ANG-16, ANG-17, ANG-18, ANG-19, ANG-20, ANG-21, ANG-22 and
ANG-23).

From the available data, it was not possible to observe a significant difference in the stable
isotopes signature between the two stations (LMA and EPTA). The mean values of 880 and &°H for
the LMA station were —2.9 and —8.6 %o, respectively, and —3.4 and —10.0 %o for the EPTA station. The
slope values of the LMWLs were slightly lower than GMWL, so that the lines are practically parallel.
Considering the standard deviations, they can be considered equal. Values below the GMWL slope
could be explained mainly due to the relative humidity of the water vapour over the ocean, which
produces precipitation. It can be also observed that the LMWLs fall above the GMWL, which
indicates relative humidity (RH) values lower than 85%, once that for the GMWL the RH considered
is slightly greater than 85%. For Angra dos Reis, the mean monthly RH value in 2019 ranged from
76.2% in January to 87.7% in September (the mean value considering all the data in the months under
analysis was 83.2%). In addition, there was no apparent relationship between isotope data and
precipitation or temperature. According to IAEA (1992), “Isotopic compositions of precipitation at
stations with a mean annual air temperature higher than about 18 °C (mainly tropical stations) do not
show a discernible temperature dependence”. The mean monthly temperature in 2019 ranged from
20.0 °C in August to 28.5 °C in January (the mean value considering all the data in the months under
analysis was 23.6 °C). Meteorological data were obtained in the meteorological station of the Angra
dos Reis Airport (INMET, 2021).
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Fig. 3.9. Isotopic data of the water samples (5°H vs. §'20)
and MWL’s (OLSR and PWLSR) for the site

All the valid values seem to fit reasonably well the LMWL, indicating that rainwater recharges
the system locally, i.e., the water that supplies the groundwater sampling points (shallow, porous and
unconfined aquifer) is basically from meteoric origin, with little interaction with the local lithology.
Results of the hydrochemical composition suggest that the samples ANG-23, ANG-24 and ANG-25
are the ones that receive the greater influence from the rainwater composition (no significant
interaction with the lithologies). Sample ANG-22 deviated a little more from the LMWL, which can
be due to the probable seawater intrusion and mixture with the groundwater.

3.4.4. Environmental Tritium

According to the data assessed in the campaigns realized in April, November and December
2017 and March and October 2018 (Fig. 3.10), surface and groundwater around the nuclear power
plants site showed tritium levels greater than regional environmental values. The regional background
tritium value can be obtained at point ANG-09, a large reservoir located about 20 km from the NPPs,
with 2.18 TU. Two samples were taken from a river located about 10 km (ANG-07 and 08) that
provide also a good reference for the background level, with values of 2.57 and 2.73 TU (respectively,
from upstream to downstream). There is no present data from the Rio de Janeiro GNIP station (which

51



operation was interrupted in 1984) and the most updated value for the tritium in precipitation (2.5 TU)
is obtained for the CDTN GNIP station, located about 400 km from the site. Then, values of tritium
concentration ranging from 2.5 to 3.0 TU may be considered as the regional background for surface
and groundwater not impacted by the operation of the power plants.

The lowest tritium value of the sampled locations was measured at a deep tubular well (90 m
depth, 20 m in fissural rock), located at 18 km, with the value of 1.65 TU. Other than this well, all
other wells in the region were very shallow wells and piezometers. The main reason for this is the
abundance of surface water which makes groundwater exploitation unnecessary. Located 8 km
westward from the NPPs, three shallow wells (ANG-11, 26 and 27) presented the lowest values for the
groundwater samples, between 2.63 and 3.38 TU, very close to the background level. As expected, the
closer they get to the operating NPPs, the larger are the values. At one kilometer westward, the
piezometer samples (ANG-21, 22 and 23) have values ranging from 6.29 to 37.44 TU. Larger values
were still found at piezometers closer to the operational Angra | and 1l NPPs (see Fig. 3.10), with
values close to 100 TU. The two largest concentrations (2,893.63 TU and 154.76 TU) were measured
in two piezometers located very close to the Angra | reactor building, just outside of the building
containing the pool for storage of the spent nuclear fuel and outside the building hosting the
generators.

Since most of the groundwater samples are at or above the environmental background for the
area, it is not possible to obtain the groundwater age of the samples based on fitting data using lumped
parameter models. It can be considered that the mean transit times for groundwater samples around the
NPPs are no greater than 5 years. Anyway, all the above mentioned Fig.s are raw values and should be
interpreted with some concern, even because previous studies, dating from the first surveys for the
installation of the third plant had already identified some high values of tritium concentration in the
vicinity of the other two plants already in operation, but at that time it was predicted by the authors
that the mean residence time for the shallow aquifers would be very variable and it was also estimated
that a 20% of the total precipitation would be recharged into the aquifer system.
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Fig. 3.10. Tritium results for the five sampling campaigns. Measure errors in black lines
3.5. Conclusions

As a result of the investigations carried out during the development of this project, and taking
into account primary and secondary data, obtained from previous works and documentation, some
relevant aspects of the site and its vicinity should be mentioned.

The present research confirmed the presence of two types of aquifers in the study area: an
unconfined and porous, free aquifer (0 to 50 m deep) over a fractured and semi-confined one (0 to
unknown depth). However, it is proposed to consider locally an expressive clay layer in the porous
unit. The direction of the groundwater flow at the NPP’s site is mainly from NNE to SSW, discharging
into the ocean, which is in agreement with the ground surface topography. The water table is kept
about 2 m below the ground surface, with a slope of 0.5% towards the ocean, where it increases to a
1% gradient.

The waters under investigation could be classified in four major groups: Group 1 — Ca-Na-
HCO3 waters type (hillside environment, where predominate granitic-gneissic basement outcrops,
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residual soil, talus deposits and dense vegetation; rainfall domain); Group 2 — Ca-HCO3 waters type
(groundwater samples, very close to the present and future NPP’s facilities; rock dominance domain);
Group 3 — Ca-(Na)-HCO3 waters type (intermediate flow and chemical composition between the
waters of groups 1 and 2, groundwater); Group 4 — Na-Cl waters type (strong influence of seawater).

Two local meteoric water lines (LMWL) were obtained based on isotopic data from local
precipitation samples: one was calculated by the non-weighted regression model (ordinary least
squares regression, OLSR) and the other by a precipitation weighted ordinary least squares regression
(PWLSR) method, but there was no significant difference between the lines obtained by the two
methods.

From the available data, it was not possible to observe a significant difference in the stable
isotopes signature between the two stations for precipitation sampling (LMA and EPTA). The slope
values of the LMWLs were slightly lower than GMWL. Considering the standard deviations, they can
be considered equal. All the valid values seem to fit reasonably well the LMWL, indicating that
rainwater recharges the system locally, i.e., the water that supplies the groundwater sampling points
(shallow, porous and unconfined aquifer) is basically from meteoric origin, with little interaction with
the local lithology.

Values of tritium concentration ranging from 2.5 to 3.0 TU may be considered as the regional
background for surface and groundwater not impacted by the operation of the power plants.
Groundwater around the nuclear power plants site showed tritium levels greater than regional
environmental values. The closer the sampling gets to the operating NPPs, the larger are the values for
tritium concentration, with contents close to 100 TU at piezometers located one kilometer westward
and a maximum value of 2,893 TU just outside of the building containing the pool for storage of the
spent nuclear fuel.

Since most of the groundwater samples are at or above the environmental background for the
area, it is not possible to obtain the groundwater age of the samples based on fitting data using lumped
parameter models. An estimate made by using the exponential model for the mean transit time for
groundwater around the NPPs site suggests that it is no greater than 5 years.

As a result of all the time, money, personnel and effort applied to develop the project, an
important question arises, and that is the need to plan in great detail all the investigations to be made in
order to accomplish the positive expected results. Sometimes, not all that has been planned can be
achieved and there has to be some alternative actions to cover eventual fails and blanks.

Even dedicating special concern to the groundwater compartment, as was the case in this
project, it is perceived that the entire water resources system should be considered, because integrated
studies tend to yield more consistent results to enable a most efficient management of the whole water
bodies.

One particular concern should be given to the elaboration of a consistent conceptual model
because it will represent the starting point for the development of a more robust and trustable
mathematical (analytical or numerical) model which will, in turn, be able to predict with greater
certainty the fate of the radioactive contaminants eventually introduced in the hydrological system,
and how it will affect the public and the environment.
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4. THE MIGRATION OF RADIONUCLIDES IN GROUNDWATER SYSTEM
IN THE VICINITY OF AN INLAND NUCLEAR POWER PLANT, EASTERN CHINA
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Abstract

This project took Hekui NPP, a pre-selected site of inland nuclear power plant in Jiangxi
province of China, as the research area, to reveal the migration of radionuclides in groundwater system
in the vicinity of Hekui NPP. The project was carried out by field survey, groundwater hydrochemical
analysis, hydrogen and oxygen stable isotopic analysis, activity concentrations analysis of
radionuclides (uranium-238, thorium-232, and strontium-90), column experiments and modeling
work. Distribution, spatial and temporal variation of regional groundwater hydrochemistry and
radionuclides were stated based on hydrological investigation and hydrochemical analysis. The
distribution characteristics of radionuclides were explained by the combination of geological settings,
hydrological conditions, their activity concentrations analysis, distribution and the dominant
geochemical processes in the groundwater system. The major groundwater recharge sources and
water-rock reactions influencing the migration of radionuclides were discussed by both
hydrogeological processes and hydrogen-2 and oxygen-18 stable isotopic compositions. Laboratory
column experiments and modelling work were conducted to better theoretically understand the
migration mechanism of radionuclides in groundwater system in case of unforeseen incidents. The
project provides a theoretical basis for monitoring residential health risk near the nuclear power plant.

Keywords: 3D, §'80, radionuclides, groundwater, Hekui nuclear power plant.

4.1. Introduction

Nuclear projects have been constructed more and more in recent years with the rapid
development of nuclear application technology. In China, the completed 13 NPPs have been put into
service and are all distributed in the coastal areas, such as Shandong province, Guangdong province,
and Fujian province, while planned NPPs are not only located in coastal areas, but in inland areas as
well, including Hekui NPP in Jiangxi province, eastern China. Although NPPs provide convenience
for human production activities and daily lives, they will impact the surrounding environment and
even cause harm to human health and lead to groundwater contamination by radionuclides. In Japan,
the Fukushima nuclear accident caused serious radioactive pollution to the surrounding environment
of the NPP, and the total amount of radioactive material leakage was 520 PBq (Dantong et al., 2014;
Wuhui et al., 2015). The study on the comprehensive characteristics of groundwater system in the
vicinity of NPPs is a worldwide scientific issue and is of great importance for NPPs site selection and
groundwater environment evaluation.

Hekui NPP, a pre-selected site of inland NPP in Jiangxi province, eastern China, is the research
area in this project to study the migration of radionuclides in groundwater system in the vicinity of this
inland NPP. This work was funded by the IAEA Coordinated Research Project F33022.

The project will provide a theoretical basis for water resources development and environment
protection in the vicinity of the inland NPPs and will assist in controlling the pollution of water
resources if unforeseen incidents happen.

4.2. Site description, geological and hydrogeological setting
4.2.1. Site description

Hekui village is chosen as a pre-selected site of inland NPP in Jiangxi province, eastern China
(Fig. 4.1), located in E 115°03'19.57" ~ E 115°04'08.43"”, N 27°30'45.63"~ N 27°31'19.95", with an
area of 3.57 km? (Fei, 2014).
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The area has a subtropical humid climate with distinctive four seasons. The annual average
temperature is 18 °C. The highest temperature is in July, with an average of 29-30 °C and up to 38—
40 °C, while the lowest temperature is in January with an average of 6 °C. The climate of the region is
warm and humid subtropical, with an abundant annual rainfall of 1,547.8 mm. The wet season is
between April to June, accounting for 46.4% of the whole year’s atmospheric precipitation, and the
dry season is from September to January, with 19.9% of the whole year’s precipitation. The annual
average evaporation is 1,089.0 mm and it accounts for 32.3% and 10.9% of the whole year's
evaporation from July to August, from December to February, respectively.

Fig. 4.1. The location of Hekui NPP
4.2.2. Geological and hydrogeological setting

In the study area, there are four aquifer units, a loosely porous aquifer group, a clastic pore
fissure aquifer group, a magmatic pore fissure aquifer group, and a metamorphic aquifer group
(Fig. 4.2). The strata are mainly divided into two layers, the overburden layer is Quaternary
unconsolidated sediment and the underlying bedrock is Triassic granite (Fig. 4.3). The lower aquifer is
4~6 m thick and the groundwater is with a buried depth of 0.05-5.65 m.
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Fig. 4.2. The regional geology of in the Vicinity of Hekui NPP

Groundwater in this area is mainly bedrock fissure water. The permeability coefficient of
intense weathered rock, with a moderate permeable capacity, is 3.945x10* ~ 5.72x10°3 cm - s™. The
permeable rate of the moderate and weak weathered rock is 0.63~0.96 Lu and the permeability
coefficient is 7.0x10% ~ 1.17x10° cm - s, indicating they are slightly permeable rock, which is the
major type of rock in Hekui NPP (Xiaochuan et al., 2013). Water from wells and springs is utilized
extensively for livestock feeding and potable drinking water. Groundwater is non-corrosive to the
concrete structure. Due to the poor amount, low level of exploitation and utilization of groundwater,
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and local simple hydrogeological conditions, the influence of engineering construction activities on
the geological environment is under control.
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Fig. 4.3. Regional hydrogeological cross-section map of Hekui NPP
4.3. Method and sampling analysis
4.3.1. Sampling and measurements

Twenty-nine well water, eight spring water, and five surface water samples were collected
within 12 km of the Hekui NPP in November 2017. Based on previous work in 2017, according to
different water types and hydrochemical characteristics of samples, 21 well water, 3 spring water and
2 surface water samples were re-collected in September 2018 and December 2019 (Figs. 4.4 and 4.5).
Wells are located in the shallow aquifer. Most wells were constructed in the past 10 years, and some
were over 100 years.

Legend

Fig. 4.4. Sampling sites in the vicinity of Hekui NPP, eastern China in 2017, 2018, and 2019
(samples including groundwater water samples from well, spring water samples, and surface water samples
including water from Xiajiang River, and some small rivers)

e . T

Fig. 4.. Field sampling work in 2017, 2018, and 2019 in the icinity of Hekui NPP

The temperature, pH, electrical conductivity (EC), dissolved oxygen (DO) and ORP of
groundwater samples was monitored by a portable parallel analyzer (HQ40d, HACH). Groundwater
samples were collected and filtered through membrane filters with 0.45-um pore diameter for
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chemical analysis. Alkalinity was determined using the Gran titration method within 24 h after
sampling. The wells were typically pumped for approximately 10 minutes before sampling. Water
samples were firstly filtered (<0.45p m) on site and stored in 50 ml acid-washed HDPE bottles and
acidified by ultra-pure HNO3 to pH=2 or less for cations analysis. Those used for anions, 28U and
22Th concentrations analysis were not acidified but only filtered using 0.45 um membrane filters.
Samples for oxygen and hydrogen stable isotopes analysis were not filtered and directly stored in 100
ml HDPE bottles, full of water without any bubble. Samples for ®°Sr activity concentration were
collected in 10 L HDPE bucket and acidified by ultra-pure HNO; to pH<2. All samples were kept at
4 °C and measured within 7 days.

Cations and anions were measured by inductively coupled plasma atomic emission spectrometry
(ICP-AES, iCAP-7400) and ion chromatography (IC, 1CS-1100), respectively. Oxygen-2 and
hydrogen-18 stable isotopes were analyzed using a MAT 253 mass spectrometer. The activity
concentration of radionuclides (uranium-238, thorium-232) were determined by Ensemble multi-
detector alpha spectrometry (Ortec HPGe y spectrometer, USA). The tritium analyses of water
samples were completed with a liquid scintillation counting method (1220 Quantulus Ultra Low Level
LSC), after enrichment by electrolysis. The tritium concentration was expressed in tritium units (TU),
where 1 TU indicates a T/H abundance ratio of 10-18. The accuracy of low-level tritium measurement
was 0.1 TU coupled with an average standard deviation of 0.6 TU. ®°Sr activity concentration was
measured using the low background beta measuring instrument.

4.3.2. Lab experiments

Batch experiments were conducted in a shaking water bath with a temperature controller and
performed in 100 mL centrifuge tubes containing soil collected from Hekui NPP and 50 mL of Cs
solution (CsNOs) with different initial concentrations (50 mg-L?, 100 mg-L*%, 200 mg-L?), different
solution pH values (pH=4.0, 7.0), and different reaction times (3 h, 6 h, 12 h, 24 h, 36 h). The shaker
speed was controlled at 210 rpm (Qingin et al., 2019).

Column experiments were performed in the laboratory using the shallow sediment samples
collected from the Hekui NPP. 50 mg-L* of CsNOjs solution was pumped at a constant flow rate 2.04
mL-min? to flow through the column filled with the sediments. The effluent was collected for Cs
concentration measurement (APHA, 2005).

4.3.3. Modelling work

The modelling work was carried out using the software GMS. *¥’Cs was chosen as the objective
to simulate its migration in groundwater system in case of unforeseen incidents.

4.4, Results and discussion

4.4.1. Groundwater chemistry

As can be seen from Fig. 4.6 and Table 4.1, major cations and anions in surface water are Ca?*,
Na*, and HCOs', respectively. The major types of well water are HCO3-Na and HCOs-Ca. The major
cations and anions in spring water are Na* and HCOs', respectively.

The major chemical compositions in well water and spring water are mainly from the
dissolution of minerals. The relationship between the hydrogen and oxygen isotopic compositions of
the groundwater reflects groundwater that originated from atmospheric precipitation. By comparison
of hydrochemical compositions of the same water samples both collected in 2017 and 2018, 6 well
water samples differed in cations, while four well samples differed in anions.

Chloride is an important indicator for hydrochemical variations in different seasons (Fig. 4.7).
With the increase of TDS in groundwater, the content of chloride also increased, indicating that
chloride ions may come from mineral dissolution. From CI vs. CI/Br plot, the wide variation of CI to
Br ratios in shallow groundwater may result from differences in the amount of halite dissolution in
vertical recharge water (Zan et al., 2019). Therefore, dissolution of halite in the unsaturated zone was
the most likely mechanism responsible.
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Well water
Spring water
Surface water

Fig. 4.6. The piper diagram of water samples collected from vicinity of Hekui NPP
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Fig. 4.7. The relationship of TDU vs ClI, Cl vs §*80, Cl vs CI/Br, and Na vs Cl, indicating the major
hydrochemical processes in shallow groundwater

Table 4.1. Hydrochemistry of groundwater, surface water, and spring water

Well water Spring water Surface water
MAX MIN AVE MAX MIN AVE MAX MIN AVE
Elevation 104 41 71 102 53 74 65 46 55
Well depth (m) | 12.92 1.14 5.09 - - - - - -
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i;‘;‘l’?;’n")"ater 650 | 010 245 - - - - - -
pH 726 | 601 6.71 773 | 593 | 695 | 784 | 722 | 7.60
ORP (mv) 3204 | 1625 | 2580 | 3276 | 2400 | 2916 | 3133 | 1738 | 2507
EC(uscm?) | 65200 | 7.81 | 23029 | 19800 | 1689 | 9116 | 187.30 | 49.70 | 119.44
T (°C) 2360 | 1710 | 2078 | 2050 | 1690 | 1930 | 2050 | 1640 | 1848
DO (mgLY) 1940 | 160 620 | 1123 | 638 | 879 | 1027 | 827 | 937
TDS (mgLl) | 36400 | 1100 | 11917 | 9600 | 800 | 4088 | 7100 | 2300 | 47.40
Ca (mg'LY) 8200 | 133 | 2859 | 1120 | 021 | 49 | 1520 | 310 | 999
K (mg'L) 6870 | 063 | 1574 | 1300 | 257 | 546 | 365 | 292 | 330
Mg (mgL?) 1300 | 028 311 369 | 012 | 107 | 28 | 076 | 206
Na (mg L) 2420 | 144 829 | 1120 | 249 | 592 | 764 | 432 | 541
HCOs (mgL?) | 277.64 | 1098 | 7867 | 3478 | 1129 | 2092 | 4210 | 36.00 | 3873
Cl (mg'LY) 5260 | 0.18 9056 | 1940 | 012 | 498 | 1130 | 170 | 425
SOs(mgL?) | 5130 | 022 | 1484 | 724 | 039 | 280 | 1270 | 113 | 823
28U (ug LY 517 | <004 | 064 111 | 005 | 027 <0.04 ugeL
2Th(ugll) | 074 | 045 0.48 058 | 045 | 047 | 047 | 046 | 047

4.4.2. Isotopic characteristics of water samples

The relationship between 6180 and 6D (Fig. 4.8) demonstrated a close hydraulic connection
between surface water and well water, indicating that atmospheric precipitation is the main source of
shallow groundwater recharge (Jinjing et al., 2019; XIAOQ et al., 2019).

In the study area, tritium concentrations ranged from 2.1 TU to 3.6 TU (Fig. 4.9). Vertically,
there was a relatively weak linear varying trend for tritium concentrations, which was probably caused
by various exchange with the surface end members in different sites.
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Fig. 4.8. 380 and 8D isotopic composition in water Fig. 4.9. A relationship between the tritium
collected in 2018 concentrations and well depth of shallow

groundwater samples
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Natural radioactive isotopic compositions are shown in Table 4.2. As shown in the table,
radioactive concentration of Th-232 was all below the BLD. Radioactive concentrations of U-238, Ra-
226, K-40 were BLD-3.22 Bg-L-1, BLD-13.85 Bq-L-1, and BLD-4.43 Bq-L-1. Both of the radioactive
concentrations of U-238 and Th-232 were below the standard for drinking water 10 Bq-L-1 and 1
Bqg-L-1 (WHO). Most water had higher radioactive concentration of Ra-226 than the drinking water
standard 1 Bq-L-1.

Table 4.2. Natural radioactive isotopic compositions of water samples (unit: Bq-L™)

Sample ID U-238 Ra-226 Th-232 K-40
GO05 1.86 1.37 BLD 3.63
GO06 1.68 13.85 BLD 3.02
G09 3.22 1.30 BLD 2.53
G11 BLD 2.40 BLD 2.51
G22 1.74 1.11 BLD 2.56
G25 BLD 1.27 BLD 2.94
G26 BLD BLD BLD 2.84
G28 BLD BLD BLD 4.43
Q08 BLD 481 BLD BLD
S01 BLD BLD BLD BLD
G03 BLD 0.15 BLD 2.46

BLD: below the limit of detection. BLD for U-238, Ra-226, Th-232, K-40 was 1.12 Bg-L?, 0.53 Bq-L?,
0.48 Bq'L?, and 2.45 Bq-L™%

Radioactive concentration of ®Sr in four groundwater samples, one spring water sample and
one surface water sample were all below 10 mBq-L?, providing a background value of *°Sr in Hekui

NPP.

4.4.3. Batch experiments and column experiments

4.4.3.1. Batch experiments

As can be seen from Fig. 4.10, when the solution pH was 7.0, the initial concentration of Cs was
50 mg-L?, dose of shallow sediments was 40 g-L-1, the optimum adsorption rate of Cs reached

55.45%.
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Fig. 4.10. Effect of soil dosage on Cs adsorption
(initial Cs concentration=50 mg-L*, pH=7, solution
volume=50 mL)
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Fig. 4.11. Effect of pH on Cs adsorption onto soil
(initial Cs concentration=50 mg-L-1, soil
dosage=0.5 g, solution volume=50 mL)

As can be seen from Fig. 4.11, when Cs concentration was 50 mg-L™, soil dosage was 0.5 g in
50 mL of solution, the soil had an obviously better sorption rate when pH=7 than in acid condition.
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As shown in Fig. 4.12, in the first 3 h of the reaction, the Cs adsorption rate increased with
increasing time. When the reaction exceeded time3 h, changes in the adsorption rate were not obvious
in conditions of initial Cs concentration of 100 mg-L™* and 200 mg-L™. For initial Cs concentration of
50 mg-L, the Cs adsorption rate increases after 12 h (Table 4.3).
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Fig. 4.12. Effect of initial Cs concentration on Cs adsorption
(pH=7, soil dosage = 0.5 g, solution volume = 50 mL)

Table 4.3. Results of Cs adsorption by shallow sediments collected from Hekui NPP

Initial Cs concentration, mg-L* | Dose of sediments, g Adsorption rate, %
50 0.5 44,04
100 0.5 21.54
200 0.5 17.88
50 1 43.93
50 2 55.45

4.4.3.2. Column experiments

With the same hydraulic load, soil dosage and pH, the Cs adsorption are shown in Fig. 4.13.
The higher the initial Cs concentration was, the higher the adsorption of Cs on soil particles. When the
Cs concentration was 50 mg-L?, the adsorption capacity of the column was larger than the Cs
concentration of 10 mg-L%. Under the experimental conditions, the increase in Cs concentration was
beneficial to Cs adsorption by soil particles.
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Fig. 4.13. Effect of initial Cs concentration on the Fig. 4.14. Effect of hydraulic load on the
breakthrough curve of the column used for Cs breakthrough curve of the column used for Cs
adsorption (hydraulic load = 23.39 m® m-1-d-1, adsorption (initial Cs concentration = 50 mg-L-1,
pH=7) pPH=T7))

Fig. 4.14 shows the breakthrough curves of the column under different hydraulic loads. With the
same soil particle, initial U(VI) concentration and solution pH, Cs adsorption rate by soil under the
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two hydraulic loads were both above 80%, indicating that changes in hydraulic loads had no obvious
effect on Cs adsorption.
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Fig. 4.15. Effect of different soils on the breakthrough curve of the column used for Cs adsorption
(initial Cs concentration = 50 mg-L™, hydraulic load = 23.39 m® m-d-, pH=7)

Fig. 4.15 shows the effect of different soil samples on Cs adsorption. For the two samples A and
B, the Cs adsorption rate were both above 80%, indicating local soils was able to adsorb Cs in solution
when initial Cs concentration was 50 mg-L, hydraulic load was 23.39 m® m*-d!, and pH=7.

4.4.4. Modelling work

Through data collection and field survey to obtain the evaluation scope aquifer distribution
characteristics, and according to the scope and discharge conditions of groundwater, unconfined
aquifer was chosen as the target aquifer for simulation.

4.4.4.1. Hydrogeological conceptual model

The modelling area is a relatively complete hydrogeological unit, with an area of 55.43 km?.
The boundary is watertight, and the middle XiangJiang river is the fixed head boundary. The main
source of groundwater recharge in the area is atmospheric precipitation. There is pore water and
bedrock fissure water in the Quaternary aquifer, and the study area can be generalized into one aquifer.

4.4.4.2. Mathematical model

A mathematical model of homogeneous anisotropic 3-d unsteady flow and a mathematical
model of pollutant migration were used in the modelling.

o0 C 0 oC J N
g L= oD, _ C+g.C REA

at ax.,{ éﬁaxj] axI (M; )+qs S+HZ:1: Hn (1)
Skt My i Lk Ly w =
ox ox oy oy 0Oz oz ot 2)

4.4.4.3. Model grid subdivision

The visualization software GMS was used to solve the numerical simulation model, and the
finite difference method was used when the MODFLOW module was used to solve the groundwater
flow problem. The modelling area was subdivided as shown in Fig. 4.16.
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4.4.4.4. Model calibration and verification

The simulation results of groundwater flow are shown in Fig. 4.17. Compared with the
observation results, the model can reflect the overall direction of groundwater flow.

20‘26 ‘ 20.28 a0 20‘32 20‘34 o Hon‘asl . l>n‘aﬂ” ‘ ‘}0-1‘-‘7 o m‘."..) o H:nlu‘
X-axis (x10 6) Xeaxls (x10%6)
Fig. 4.16. Diagram of the model grid subdivision Fig. 4.17. Simulation of groundwater flow field

in the study area

4.4.4.5. Prediction and evaluation of environmental impact on groundwater quality

187Cs was selected for the evaluation of environmental impact in this study. In the event of an
accident, 300 m® of radioactive waste water are all revealed for 72 h at a flow rate of 100 m3-d™.
According to the China Drinking Water Standard, total B radioactivity is 1 Bg-L*?, and the
corresponding concentration of Cs is 2.27E-12 mol-L? , which is used as the standard for migration
distance and impact of *¥’Cs. If the modelling result is below this value, it is considered that the
concentration of *’Cs has little or almost no impact on the environment (Figs. 4.18 and 4.19).

Table 4.4. Pollution area characteristics (Distance: km , Area: km?)

100 days 1000 days 10 years 15 years
Distance |Area Distance Area Distance Area Distance |Area
187Cs [1.017 3.021 1.031 1.785 0.997 - 0.997 -
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Fig. 4.18. Concentration and groundwater pollution Fig. 4.19. Concentration and groundwater pollution
range of ¥’Cs after pollutant leaking for 100 days range of *¥’Cs after pollutant leaking for 1,000 days

According to the modelling results, evaluation can be concluded as follows: 1) in normal
condition, groundwater pollution would not happen; 2) after 100 days, 1,000 days, and 10 years, =*'Cs
will spread following groundwater flow in the direction of the southeast. After 15 years, the
concentration of **’Cs will decrease to the standard value.
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4.5, Conclusion

The groundwater hydrochemistry showed that groundwater had a good quality with low TDS
and suitable pH for daily drinking, and with low radioactive background. Shallow groundwater was
mainly from atmospheric precipitation and had a hydraulic connection with rainfall and surface water.
Natural radioactive concentration of Th-232 was all below the BLD. Radioactive concentrations of U-
238, Ra-226, K-40 were BLD-3.22 Bg-L?, BLD-13.85 Bq-L?, and BLD-4.43 Bq-L. Both of the
radioactive concentrations of U-238 and Th-232 were below the standard for drinking water 10 Bq-L*
and 1 Bq-L? (WHO). Most water had higher radioactive concentration of Ra-226 than the drinking
water standard 1 Bq-L. In condition of accident happens that 300 m® of radioactive waste water are
revealed for 72 h at a flow rate of 100 m*-d, evaluation based on the modelling results of unconfined
aquifer can be concluded as following: *¥’Cs will spread following groundwater flow in the direction
of southeast after 100 days, 1000 days, and 10 years, while concentration of *¥’Cs will decrease to
below the standard value (2.27E-12 mol-L? or 1 Bq-L?) after 15 years.
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Abstract

In Italy the nuclear technology to produce electric power has been abandoned since 1987, one
year after the Chornobyl nuclear accident. Among the four Italian nuclear power plants (NPPs) are in
decommissioning. During the decommissioning phase, environmental monitoring plans are carried out
according to prescriptions of the Ministry of Environment (MATTM) in agreement with the Ministry
of Cultural Heritage and Tourism (MiBACT). In particular, for the Garigliano NPP, a semi-annual
environmental impact assessment is prescribed in order to monitor the atmosphere, water bodies (river
and groundwater), soil, ecosystems (vegetation, flora and fauna), environmental noise and ionizing
radiations.

Although monitoring plans usually take into account the groundwater and the surface water
components as a possible way of release of radionuclides to the environment, no guidelines are
available on techniques for proper characterization of groundwater spatial and temporal dynamics to
understand in detail the conceptual groundwater model in the vicinity of a NPP and to evaluate
potential pathways for radionuclide migration, hydrogeological aspects, such as recharge and
discharge areas and rates, interactions between surface and/or groundwater bodies, infiltration or
leakages of water, either from reservoirs constructed for the needs of the NPP, or due to natural
recharge by precipitation with the aim to plan effective countermeasures for protection of public and
the environment in case of accidental release of radioactive materials.

In the framework of the existing and fruitful collaboration among the Department of
Mathematics and Physics of the SUN and the Sogin, a project is proposed to integrate the already
acquired knowledge about the environment surrounding the GNPP with hydrogeological,
hydrochemical and isotopic data to characterize the groundwater and the river in the vicinity of the
nuclear power plant and finally obtain a conceptual model of the temporal and spatial patterns of
groundwater flow.

The main scope of the proposed project are i) the study of groundwater flow pathways,
residence times, recharge zones in the vicinity of the Garigliano NPP, ii) the study of temporal and
spatial surface water-groundwater interactions nearby the Garigliano NPP, iii) the identification of
suitable artificial and/or natural isotopic tracers to identify groundwater preferential pathways by
means of an integrated methodological approach based on hydrogeologic, hydrochemical and isotopic
techniques in order to define a conceptual model of groundwater recharge rate, residence times,
interactions with local surface water bodies (sea and rivers).

Keywords: Groundwater, Surface water-groundwater interactions, Natural and artificial tracers,
Isotopes, Nuclear Power Plant decommissioning.

5.1. Introduction

Nuclear technology to produce electric power has been developed since 1950s. Today, the
world produces as much electricity from nuclear energy as it did from all sources combined in the
early years of nuclear power. Civil nuclear power can now boast over 16,000 reactor years of
experience and supplies almost 11.5% of global electricity needs, from reactors in 31 countries.
Nowadays 31 countries host over 435 commercial nuclear power reactors with a total installed

69



capacity of over 375,000 MWe. About 70 further nuclear power reactors are under construction,
equivalent to 20% of existing capacity, while over 160 are firmly planned, equivalent to half of present
capacity. (source: http://www.world-nuclear.org/info/Current-and-Future-Generation/Nuclear-Power-
in-the-World-Today/). The expansion of new plants and the management of the existing ones is
subject to the application of safety and monitoring plans, in order to ensure an adequate protection to
the public and the environment, usually based on the assessment of radioactive releases and the doses
to the population.

In this general context, after the Tokyo Electric Power Company’s (TEPCO) Fukushima Daiichi
Nuclear Power Station (NPS) accident a Technical Meeting has been convened at IAEA headquarters
in Vienna in September 2014 in order to discuss and share experiences in terms of countermeasures
adopted to reduce the risk of groundwater and surface water contamination (http://www-
naweb.iaea.org/napc/ih/documents/other/Meeting_Summary %20Final.pdf). The most important
outcome from the meeting was the acknowledged need of a groundwater characterization in the
vicinity of NPPs in order to define a conceptual model of groundwater recharge rate, residence times,
interactions with local surface water bodies (sea and rivers) and create a basic knowledge for the
application of transport models and a better management of the situation in case of accidental releases.

In Europe the situation is controversial, since many Member States decided to phase out the
nuclear power while others continue to expand their capacity to produce nuclear power. Among the
states who decided to abandon nuclear generated energy, there is Italy. Nuclear power phase-out
started in Italy in 1987, one year after the Chornobyl accident. Following the outcome of a referendum
in that year, Italy's four nuclear power plants were closed down, the last in 1990. A moratorium on the
construction of new plants, originally in effect from 1987 until 1993, has since been extended
indefinitely. In Table 5.1, the specifications of the existing Italian NPP are reported.

Table 5.1. Italian Nuclear Power Plants
Reactor Model HetMWe  First power Shutdown
Latina GCR 153k 051963 121987

WR 150 011964  03/1982

Enrico Fermi ;
ey rer PWR 260 10/1964 071990

WR 860 051978  07/1990

Montalto di Castro s ]
(Alto Lazio) 1 8 2 WR 882 each  Cancelled

Total operated (4) 1423 MWe

When the government decided to end the country's nuclear power program in 1990, a deferred
decommissioning (or 'Safstor’) strategy was adopted. However, in 1999, the government changed to an
accelerated decommissioning strategy. This strategy envisaged all decommissioning of nuclear
facilities by 2020, subject to the availability of a low- and intermediate-level waste repository that can
also be used for temporary storage of high-level wastes. In 2004, the deadline for decommissioning
was put back to 2024, with the option of reprocessing allowed. In October 2005, there was a seminar
sponsored by the government about the possibility of reviving Italian nuclear power but a referendum
held in June 2011 stopped definitively any project.

The decommissioning activities of a nuclear site, in Italy entrusted to the Sogin (Societa di
Gestione degli Impianti Nucleari), is the last phase of its life cycle are related to the maintenance of
the plants’ safety, the removal of spent nuclear fuel, the process of decontamination and dismantling
of nuclear installations, as well as the management and safety of radioactive waste pending their
transportation to the National Repository. All these activities are intended to decontaminate the
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nuclear sites and turn them into “green field”, i.e. to a condition free from restrictions linked to the
presence of radioactivity, making them suitable for any other use (source:
http://www.Sogin.it/en/Pages/default.aspx).

During the decommissioning phase, environmental monitoring plans are carried out according
to prescriptions of the Ministry of Environment (MATTM) in agreement with the Ministry of Cultural
Heritage and Tourism (MiBACT). In particular, for the Garigliano NPP, a semi-annual environmental
impact assessment is prescribed in order to monitor the atmosphere, water bodies (river and
groundwater), soil, ecosystems (vegetation, flora and fauna), environmental noise and ionizing
radiations.

Although monitoring plans usually take into account the groundwater and the surface water
components as a possible way of release of radionuclides to the environment, no guidelines are
available on techniques for proper characterization of groundwater spatial and temporal dynamics to
understand in detail the conceptual groundwater flow and transport model in the vicinity of a NPP.
Evaluating the potential pathways for radionuclide migration, the hydrogeological aspects such as
recharge and discharge areas and rates, the interactions between surface and/or groundwater bodies,
and the infiltration or leakages of water either from reservoirs constructed for the needs of the NPP or
due to natural recharge by precipitation, is of crucial importance to plan effective countermeasures for
protecting public health and the environment in case of accidental release of radioactive materials.

Stable and radioactive isotopes have been extensively used to identify water residence times,
components of stream discharge (Rodgers et al., 2005; Stellato et al., 2009; Vitvar et al., 2005),
nutrient biodegradation processes (McMahon and Bohlke, 1996), and quantify groundwater inflows to
rivers (Genereux and Hemond, 1990; Lee and Hollyday, 1991), resulting in the development of very
useful tools in the comprehension of effluent river ecosystems. Among radioactive tracers, ??Rn
(radon), a naturally occurring noble gas, is particularly useful for detecting groundwater discharge to
streams because of its different concentrations in surface water and groundwater (Cook et al., 2003;
Ellins et al., 1990; Genereux and Hemond, 1990; Genereux et al., 1993; Lee and Hollyday, 1991;
Rogers, 1958; Stellato et al., 2008), as well as for characterizing hyporheic exchange (Cook et al.,
2006; Lamontagne and Cook, 2007), and to trace river infiltration into an adjacent alluvial aquifer in
order to determine the mean residence time and flow velocity of freshly infiltrated water (Bertin and
Bourg, 1994; Freyer et al., 1999; Hoehn and Cirpka, 2006; Hoehn and von Gunten, 1989; Hoehn et al.,
1992, Stellato et al., 2013).

Moreover, lately the development of ultra-sensitive techniques like Accelerator Mass
Spectrometry to measure concentrations and isotopic ratios of elements, and in particular actinides, at
levels below ppq (fg/g) and 10%2, respectively, opens great possibilities to trace liquid releases from
routine decommissioning activities (Quinto et al., 2015). For example, the isotopic ratio of plutonium
(**9Pu/?*°Pu) is a key to distinguish weapons-grade from power reactor nuclear material (Hotchkis et
al., 2012). The long half-lives of the most abundant isotopes of plutonium, 24.110 and 6.561 years for
239py and 4%Pu, respectively, imply that no significant decay has occurred since its release into the
environment, in contrast to *’Cs (T1,= 30.1y).

236U/2%8U has been demonstrated to be a valuable tool to identify the anthropogenic origin of a
radionuclide contamination. Several orders of magnitude of difference between the °U/%8U isotopic
ratios in naturally occurring uranium (10-°-10-"4) (Steier et al., 2008) and in spent nuclear fuel (10-2-
10-4) imply that also a small contamination from irradiated nuclear fuel in a natural sample is able to
increase the 2%U/?*8U significantly. Quinto et al. (2009) carried out a field study at Garigliano NPP
(GNPP) where they found that the 23¢U/?*8U isotopic ratio measured in sediment cores sampled in the
drain channel of the GNPP, and 1 m downstream, was slightly but significantly higher than several km
upstream and 1 km downstream (Fig. 5.1). This finding increases the sensitivity of °U as fingerprint
of releases from nuclear facilities, even at levels much below alarm levels, owing also to the AMS
detection technique.
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Fig. 5.1. Schematic representation of the sampling points; the insert shows
the location of the Garigliano Nuclear Power Plant in Southern Italy (from Quinto et al., 2012)

In the framework of the environmental impact assessment at the Garigliano NPP, scientific
research agreements have been stipulated between the Sogin and the Department of Mathematics and
Physics of the Second University of Naples (i.e., Contracting Institution) since 2001. In the framework
of the existing and fruitful collaboration among the Department of Mathematics and Physics of the
SUN and the Sogin, a project has been realized to integrate the already acquired knowledge about the
environment surrounding the GNPP with hydrogeological, hydrochemical and isotopic data to
characterize the groundwater and the river in the vicinity of the nuclear power plant and finally obtain
a conceptual model of the temporal and spatial patterns of groundwater flow.

5.1.1. Overall research objectives

The overall objectives of the project are:

1. The study of groundwater flow pathways, residence times, recharge zones in the vicinity of
the Garigliano NPP.

2. The study of temporal and spatial surface water-groundwater interactions nearby the
Garigliano NPP.

3. The identification of suitable artificial and/or natural isotopic tracers to identify groundwater
preferential pathways.

The integrated monitoring of groundwater in the vicinity of the Garigliano NPP (Objective 1)
has been carried out to understand the groundwater flow dynamics and to identify preferential
groundwater pathways, recharge areas and groundwater residence times with the aim to develop a
conceptual model of groundwater flow.

The study of surface water-groundwater interactions (Objective 2) clarified spatial and seasonal
sw-gw exchanges. In particular, the main results are the identification of stream water recharge areas
of the local aquifer nearby the Garigliano NPP.

Finally, the development of tools based on trace elements of anthropogenic origin, in particular
the actinides and their isotopic ratios (Objective 3), will allow to follow the fate of the NPP releases in
water bodies during ordinary operation phases and consequently could be of big help in the
identification of preferential pathways in case of accidental releases.

5.2. Description of the study site

The Garigliano nuclear power plant (GNPP) is located in a bend in the lower course of the
Garigliano river (Fig. 5.2) about 7 km from its mouth, in the Gulf of Gaeta on the Tyrrhenian Sea in
the territory of the municipality of Sessa Aurunca (Caserta), and about 5 km downstream of the
Garigliano-Suio hydroelectric power plant. The alluvial plain, through which the final part of the river
runs, is enclosed between the limestone masses of the Aurunci mountains, the volcanic massif of
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Roccamonfina and the Tyrrhenian Sea. A geological complex, the Roccamonfina, within which an
intense water circulation takes place with also thermo-mineral characteristics.

The land use shows an abundance of areas cultivated with irrigated, non-irrigated arable land
and stable meadows dominating the allunional plain, unlike the piedmont belt, where arboreal
phytocoenoses predominate.

5.2.1. Climatic and hydrological framework

From the point of confluence between the Liri and Gari rivers, the Garigliano river flows for 38
km until it flows into the Gulf of Gaeta (Tyrrhenian Sea), at the ancient Roman city of Minturnae and
receives as tributaries the Peccia river, the Fosso Coccuruzzo from the left and the Ausente river from
the right. The average flow rate at the mouth is 120 m® s (ranging from 25 m® s to a maximum of
1,200 m® st when during winter the atmospheric precipitation reaches the highest peaks (PGRA Liri-
Garigliano Volturno, 2013) so as to be considered the Italian river with the greatest discharge
southward of the Tiber river.

Downstream of the town of Suio, where the river plain widens rapidly, the riverbed has a
meandering course up to the ancient bridge, where it has extensive flooding areas in the lower
Garigliano course. The first of these areas, the one hosting the electronuclear site, is not directly
floodable, but nevertheless presents emergency management problems as it is completely surrounded
by the river and floodable areas (PGRA Liri-Garigliano Volturno, 2013).

5.2.2. Geological and hydrogeological framework

The oldest formations present in the area of the Garigliano nuclear power plant are the
Cretaceous-Miocene ones (Elaborated GR GM 00511 Sogin). They constitute the reliefs of the
Aurunci Mountains and are represented by the following formations (Fig. 5.2):

v well stratified detrital and fine-paste limestones, sometimes with interspersed clay-silty
levels (Tuoronian-Senonian);

v fine-textured and finely detrital limestone well stratified alternating with limestone with a
conglomerate structure and sometimes with thin clayey-silty levels (Senonian-Paleocene);

v debris-organogenic limestones in layers and large banks (Langhiano-Elveziano);

v layered clayey and calcareous marl passing down to well layered marly limestone and finely
detrital limestone (Elveziano-Tortonian);

v sandstones stratified with silty clays, marl and marly limestone (Tortonian-Messinian).

Due to the dislocations undergone, these same formations, or similar formations, are also found
deep below the Quaternary deposits of grabens and products of the Roccamonfina volcanic complex.

The Quaternary deposits that make up the plain are represented:

v aeolian sands with weakly cemented horizons (Pleistocene). They constitute a fossil dune
probably set on an ancient coastline;

v clayey, silty and subordinately sandy deposits, with frequent, slow peat levels and rare
gravelly levels (Pleistocene-Holocene). It is the formation that emerges most extensively in the area
under examination, and it is the one on which the site is located. Below this formation, deposits with
coarse granulometry such as gravels, pebbles, conglomerates and pyroclastic intercalations can be seen
more frequently up to the Miocene marine formations that constitute the bottom of the tectonic
depression;

v travertines (Holocene); it is a small outcrop located about 4 km north-west of the site, linked
to the presence of mineralized springs on the slopes of the Aurunci Mountains;

v humiferous soils, sands and river pebbles (Holocene); They emerge from the north-western
part of the area in question on the slopes of the Aurunci mountains;

v loose or weakly cemented groundwater debris (Holocene); it emerges at the foot of the
Aurunci Mountains about 3 km north and north-west of the site;

From the hydrogeological point of view, on the other hand, the soils described above can be
grouped into the following complexes (Saroli et al., 2017):

v carbonate complex, consisting of the limestone formations outcropping on the Aurunci
Mountains. It has an overall high degree of permeability due to cracking and Kkarst, although it varies
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from area to area. It represents the most important aquifer in the area as it hosts a “regional” aquifer
that feeds numerous high-flow springs located at the foot of the Aurunci Mountains. The
hydrogeological map of the Lazio region (Boni et al., 1988) provides, for these springs, average flow
values between 110 and 250 I/s and also indicates the presence in the same area of a series of springs
in the Garigliano river bed, whose overall flow rate has been estimated at 1,000 I/s;

v arenaceous-marly-clayey complex: consists of the Miocene formations that emerge,
overlapping the carbonate complex, on the Aurunci mountains and which are found deep under the
recent cover of the Garigliano plain. Very low permeability;

v lava-pyroclastic complex: coincides with the Roccamonfina volcanic series which, being
made up of lavas and pyroclastic deposits, has a very variable permeability from place to place
according to the degree of fracturing of the lavas and the granulometry and cementation degree of the
pyroclasticites;

v coastal dune complex: it consists of the aeolian sands of the coastal dunes. Although it
presents a fair permeability, it is of little hydrogeological importance given the limited extension of the
outcrops;

v fluvio-marsh, lagoon and marine detrital complex: it is made up of all the remaining
formations that are present in the plain, including the decomposition products of volcanites. As a
whole it has average permeability values, but with significant local variations both vertically and
horizontally, depending on the granulometry of the sediments. The coarser granulometry levels
constitute a series of overlapping aquifers which therefore host interconnected aquifers. These aquifers
receive power not only from effective infiltration, but also from the aquifers contained in the lava-
pyroclastic complex, but above all from the “regional” aquifer of the carbonate complex. The more
superficial groundwater is also in direct relationship with the surface waters and usually appears to be
drained by the Garigliano river (Elaborated GR GM 00511 Sogin).

In the study area, the surface of the aquifer is closely linked to the water level in the Garigliano
river and is normally located around 8-9 m depth from the ground level. In phases of strong flood,
pressure gradients from the river to the water table are limited to the area of the power plant, even if
only for the duration of the flood peak, with significant increases in the water table level (GR GM
00511 Sogin).
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Fig. 5.2. Geological map of the northern sector of Campania (taken from Pennetta et al., 2016). In the area
of interest of the GNPP, the following formations are distinguished: sedimentary rocks (1a) such as reworked
pyroclasticites, fluvial-marine, lake and aeolian deposits of the Piana Campana; and exposed faults (8a)
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5.3. Methods and materials

Four sampling campaigns have been carried out from November 2016 to December 2018 where
water table levels, field parameters, major ions, trace elements, water stable isotopes (**O and D),
222Rn have been measured in surface water, groundwater and rainwater samples. Moreover, continuous
measuring EC/T, level/T probes have been installed in three selected piezometers and one stilling well
in the river at the Garigliano NPP site. Moreover, chemical purification protocols for Z4U/?®U,
28/2%8Y and #8U/?8U have been implemented in order to find a reliable tracer for gw flowpath
studies. The latter analytical development has been applied to groundwater and surface water samples
collected at the NPP site.

After a preliminary study of the existing documents and studies, a monitoring network has been
established in an area of 3 km radius around the Garigliano NPP (Fig. 5.3). The monitoring network
consisted of 30 piezometers within the Garigliano NPP site (Fig. 5.4) and 33 domestic and agricultural
wells, 4 river water stations, 1 rainwater collector installed at the GNPP site.

Fig. 5.3. Study site and sampling network in the vicinity
of the Garigliano Nuclear Power Plant in Southern ltaly

The Garigliano NPP (Caé‘erta, Italy)
fg BWR, BoilingWater Reactor, 160 MW

Fig. 5.4. Sampling network within the Garigliano Nuclear Power Plant site.
The red dots indicate the piezometers equipped with data loggers
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Water table levels measurement in monitoring points (wells and piezometers) have been carried
out by a water level meter (BFK-100 model, PASI, Iltaly). Ground elevations of the wells were
measured by GPS techniques (K9 Series RTK, KOLIDA Instrument, China). Water table
measurements have been collected weekly in 2018 in the piezometers of the GNPP in order to
elaborate water surface maps by means of Surferl5 (Golden Software).

Continuous monitoring of water level and temperature was performed in 3 selected piezometers
(P2, P6, P30), while continuous monitoring of EC was performed in 2 selected piezometers (P2,
River) by means of multi parametric probes (U20 and U24, HOBO Onset, MA, USA).

Physico-chemical parameters as pH, electrical conductivity (EC, uS/cm) and temperature (T,
°C) were measured in situ by a multi-parametric probe (WTW Multi 340i, WTW GmbH, Weilheim,
Germany). Alkalinity was determined in the laboratory by a titrimetric method.

In order to determine major anions and cations (i.e., HCOs", SO+%, CI, Br, F,, Ca?*, Mg?*, Na*,
K*) and trace elements (i.e., As, B, etc.) water samples were collected in 1 L high-density
polyethylene (HDPE) bottles avoiding air bubbles and stored at +4°C. The samples were filtered (0.45
um) in the laboratory. Anions and cations were determined by ion chromatography (IC Metrohm 850
Professional). The accuracy of the analyses was checked by the ionic balance within +£5% range. For
trace elements determinations the filtered samples were acidified with a 3% v/v HNOj3; solution and
analyzed by inductively coupled plasma with mass spectrometry (ICP-MS, Aurora M90, Bruker,
USA) at the Regional Environmental Protection Agency of Campania laboratories (Benevento, Italy).

Water samples for 22Rn determinations were sampled in 100 mL bottles and measured by a
RAD?7 detector (Durridge Company ltd, Billerica, MA, USA).

Water samples for 380 and 6D analyses were collected in 50 mL narrow necked high-density
polyethylene bottles, leaving no headspace to avoid contact with air and horizontally stored at 4 °C.
580 and 8D isotopic ratios of 0.45 pm filtered samples, reported as permil (%o) relative to Vienna
Standard Mean Ocean Water, were analyzed by a TC/EA-ConflollI-IRMS system (DeltaV, Thermo
Fisher) at the Centre for Isotopic Research on Cultural and Environmental heritage, Dept. of
Mathematics and Physics, University of Campania “Luigi Vanvitelli” (Caserta, Italy). The precision of
the measurements was 0.1%o and 1%o for 3%0 and 8D, respectively.

234U/2%8U and 2®°U/?*8U isotopic ratios measurement protocols have been developed (measured
by MC-ICP-MS, Neptune plus, Thermo Fisher, Bremen, Germany) at the Centre for Isotopic Research
on Cultural and Environmental heritage, Dept. of Mathematics and Physics, University of Campania
“Luigi Vanvitelli” (Caserta, Italy).

Noble gases measurements have been carried out on selected water samples at the Stable
Isotope Laboratory of IAEA (Vienna, Austria).

5.4. Results and Discussion

5.4.1. Water table reconstruction

In this project, Surfer 15 (Golden Software) was used for the representation of the piezometric
surface in order to build a piezometric morphology map for the study of groundwater circulation. The
interpolation algorithm used for the construction of the piezometric map was the kriging. Kriging is a
geostatistical method that produces maps from irregularly distributed data interpolated on a spatial
basis. With each map a variogram was created, to interpolate the spatial autocorrelation of geo-
referenced points, i.e. the degree of variance between the values in two positions, x and y. The factors
affecting the variogram are: the quality of the data, the level of dispersion presented by the spatial
variable and the distance between the sampled points within the domain (Fig. 5.5).
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In Table 5.2 the water table levels measured in the piezometers of the GNPP are reported.

Table 5.2. Water table levels measured in the piezometers of the GNNP and in the river in 2018

P1 0.68 0.40 0.40

181 237 1.18 0.76 0.58 0.31 0.32 L47 137
P2 0.76 1.43 2.26 1.20 076 0.56 0.39 0.40 0.33 0.37 1.46 1.43
P3 0.56 147 228 1.08 0.60 0.33 o011 0.14 0.16 0.23 139 1.37
P4 0.82 134 2,25 1.29 078 0.52 0.36 0.36 032 0.36 146 144
P5 0.77 122 2,15 127 082 0.50 0.29 0.30 0.27 0.34 1.39 1.27
P& 1.21 173 2.72 1.80 139 0.98 0.78 0.78 0.68 0.80 1.86 182
P7 150 170 292 243 218 1.60 0.36 0.63 135 134 252 143
P3 1.36 2.01 3.63 2.85 175 141 0.87 0.94 1.06 1.03 2.80 0.96
P9 0.89 1.67 2,38 1.50 108 0.77 0.64 0.63 045 0,63 185 1.23
P12 1.33 172 2.62 1.50 110 1.0 0.53 0.58 0.70 0.68 181 2.32
P13 0.95 144 232 1.26 093 0.63 0.23 0.25 0.37 0.93 161 171
P14 2.24 2.03 3.56 2.86 286 238 195 1.83 1.56 1,65 2.78 2.22
P16B 0.8 1.04 2,09 1.20 032 0.93 0,51 0.52 043 0.52 L7 149
P17 0.83 1.42 2.22 119 092 0.87 0.31 0.34 0.46 0.46 1.70 1.57
P18 103 1.49 2.9 122 098 1.08 0.89 0.50 012 0.43 1.60 1.80
P19a 142 167 2.38 1.77 140 1.08 0.57 0.68 0.75 0.83 2.02 1.96
P198 1.25 1.69 218 146 109 0.90 0.48 046 041 0.50 1.82 173
P20A 1.08 1.42 2.29 149 103 114 0.43 049 0.50 0.58 1.79 2.17
P21A 132 172 2.67 1.57 122 0.76 0.51 0.60 0.73 0.66 L7 1.83
P21B 122 1.66 2.08 1.44 1.06 0.75 0.45 0.49 0.51 0.50 175 1.90
P35 ODP Fiume 0.63 2.85 2,78 0.80 053 049 0.38 0.40 0.40 0.46 190 0.72
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Fig. 5.5. Piezometric contour maps at the site of the GNPP from January (a) to December (n) 2018

To evaluate how atmospheric precipitation influenced the piezometric level of the site aquifer,
the monthly atmospheric precipitation was related to the course of the aquifer for some piezometers in
the study area, as illustrated in the graphs in Fig. 5.6. In each graph the precipitation expressed in mm
is shown in orange, while the dashed line in light blue indicates the piezometric level expressed in m
asl. For piezometers P1, P3, P6, P7, P13 and P17 (shown respectively from top to bottom in Fig. 5.6)
Looking at the graphs shown, it can be seen how the trend of the aquifer is strongly influenced by
atmospheric precipitation, with sudden increases in the piezometric altitude precisely in
correspondence with the 2 precipitation peaks previously identified. Similarly, in the summer months,
a decrease in rainfall corresponds to a lowering of the piezometric surface in all the piezometers
considered. While generally following the trend described above, each of the piezometers taken into
consideration shows dissimilar temporal responses to the charging events, with some piezometers (P3,
P7, P13 and P17) showing minimum values in July and others (P1 and P6) which present them in
October. This behavior is most likely to be attributed to local anisotropy which can give rise to

different geological and stratigraphic characteristics between the different monitoring points
considered.
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. Piezometro P17
Piezometro P13

Fig. 5.6. Trend of groundwater levels (m a.s.l.) in piezometers P1, P3, P6, P7, P13 and P17
and of monthly rainfall (mm)

The plot in Fig. 5.7 shows how the maximum peak of the hydrometric level in the river was
reached in the winter months, February and March 2018, influenced by the abundant atmospheric
precipitation of the same graph months (Table 5.4), and then stabilized in the remaining months of the
year 2018. A level of about 4.3 m, with a lower intensity peak observed in the months of October and
November at the monitoring point P35 ODP located on the left bank of the Garigliano river taken as a
reference for this study.

3,50
3,00
2,50
2,00
1,50
1,00
0,50
0,00

Altezza idrometrica m.s.l.m

Fig. 5.7. Hydrometric height at P35 ODP located inside
the Garigliano river (stilling well) for the year 2018

The study shows that during the year 2018, the aquifer has always been feeding the Garigliano
river except for the month of February, the only month in which the height of the hydrometric level of
the river was higher than the level of the piezometric surface of the aquifer.

With reference to the monitoring period of the hydrological year 2018, the interaction between
the aquifer and the Garigliano river was assessed, taking into consideration the 20 piezometers for
which the piezometric level measurements and the monitoring point P35 ODP, located inside the
Garigliano river. In relation to the piezometric level measured in the field, it was possible to
reconstruct the monthly piezometric surfaces, which made it possible to establish the direction of the
hydrogeological flow and understand how the surface water of the Garigliano river can influence the
groundwater of the site where the water table is located. former Nuclear Power Plant or vice versa. To
this end, through the application of the Darcy Law, the exchange volumes between the two water
bodies in question were estimated: groundwater below the power plant and the Garigliano river. In
order to estimate these exchanges, two wet sections were considered, one upstream and one
downstream, with dimensions of 200 x 2 m (estimated through the Google Earth software) which
theoretically allow the interaction between the two water bodies. The hydraulic gradients for each
month of monitoring were estimated, both upstream and downstream, from the analysis of the monthly
piezometries, while the hydraulic conductivity of the aquifer was estimated on the basis of the
stratigraphic reconstruction.

In Table 5.3 the fluxes of exchange water between groundwater and the Garigliano river are
reported.
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Table 5.3. Average monthly flows in m3/d from the aquifer to the Garigliano river (positive values)
and from the Garigliano to the aquifer (negative values) for the year 2018 for the upstream
and downstream section of the nuclear power plant

G F M A M G L A S O N D 2018

Monte| 52 -40 5.0 150 10.0 7.2 32 33 33 29 40 16| 569

Valle | 1.2 09 13 07 12 16 08 07 05 16 10 08| 123

Furthermore, the sum for the whole of 2018 shows that in the upstream section there is a much
greater flow than in the downstream (56.9 m®d versus 12.3 m®d) one due to the greater hydraulic
gradients in the upstream area. Finally, it should be noted that these flows are several orders of
magnitude lower than the average flow rates of the Garigliano river, which being equal to about 120
m®/s is equal to more than 10 million m?/d, against a total flow from the aquifer to the Garigliano
equal to only 69.2 m®/d (both in the upstream and downstream sections, close to the GNPP). Even if
the absolute minimum flow rate measured in the Garigliano is used, equal to about 60 m?/s, equal to
more than 5 million m3/d (Boni et al., 1996), the supply due to the groundwater below the plant is in
any case negligible.

5.4.2. Hydrogeochemistry

In general, it has been seen that the aquifer in the study area can have a feeding or draining
behavior and that it can alternate these types of interaction with the Garigliano river, both along the
development of the river shaft, and over time depending on the hydraulic gradients.

The study also shows that during the year 2018, the aquifer has always been feeding the
Garigliano river except for the month of February, the only month in which the height of the
hydrometric level of the river was higher than the level of the piezometric surface of the aquifer. The
temperature and electrical conductivity values indicate that in 2018 the two water bodies, the aquifer
and the Garigliano river, tend to have different characteristics, thus demonstrating that the water
table/river interaction is not continuous throughout the year, and in any case that the interaction
between the two water bodies is quantitatively limited.

During the three monitoring campaigns carried out in June, August and October of the year
2018 and with the aid of the continuous monitoring probes HOBO U20 (Onset) and HOBO U24
installed since the beginning of the hydrological year, in 3 strategic piezometers (P2 equipped with
U20 and U24 probes, P6 equipped with U20 probe and P30 equipped with U20 probe) and in the
measuring point P35 River ODP (equipped with U24 probe), the groundwater temperature was
monitored and related to the temperature of the Garigliano river. As can be seen from Fig. 5.8,
groundwater temperature measurements show very regular fluctuations in the study area.

Piczometers GNPP Garigliano River Temperature (°C)
Groundwater Temperature (°C)

I T M AM A S O ND Ill“ll“ll
P30

o

. P2 P6 F Mm A M 1T 1] O N D

Fig. 5.8. Temperature measured in selected piezometers (P2, P6 and P30) and in the Garigliano River in 2018

The maximum values measured are equal to 19 °C while the minimum values are just below 17
°C. The main evidence is certainly represented by the P6 piezometer which is further away from the
river and shows an increase in temperature of about 1.5 °C compared to the P2 and P30 piezometers.
The different temperatures may be due to multiple factors, including the subsidence of the
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groundwater, the vertical positioning of the probes in the relative piezometers or groundwater with
different temperatures for different origins (originating from upstream areas with different
temperatures) or for any upwelling of thermal fluids from the depths of the aquifer.

The temperature trend of the Garigliano river measured in P35 ODP is of a different nature (Fig.
5.8), in fact here the temperature shows evident fluctuations that fluctuate by about 10 °C in the
hydrological year. In particular, there are minimum peaks below about 10 °C in the autumn/winter
months and maximum peaks in summer of about 20 °C. Therefore, any arrival of water from the
Garigliano should cause marked increases and decreases in temperature in the monitoring piezometers.

In particular, the P30 piezometer, the closest to the Garigliano river (at about 100 m), should be
affected by any water table / river exchanges more than the P2 and P6 piezometers (respectively
positioned at about 200 m and 300 m from the river), showing a temperature trend consistent with the
temperature trend at measuring point P35 ODP. Comparing the temperature trends of the P30 (gray
bar in Fig. 5.8) and of the river, it is actually evident that the two water bodies show completely
dissimilar, even opposite, trends, which would seem to exclude that the groundwater/river interactions
are particularly intense in the area under study.

The values of electrical conductivity (Fig. 5.9) vary in the P35 ODP between 450 puS/cm in
winter, when atmospheric precipitation is heavier and the hydrometric level of the Garigliano is
maximum, and about 600 pS/cm in summer, when atmospheric precipitation are almost absent. In the
Piezometer P2, representative of the aquifer, the fluctuations in electrical conductivity vary between
700 puS/cm in the winter and 800 puS/cm in the summer. Considering the electrical conductivity data, it
is noted that the P35 ODP well is generally characterized by lower values throughout the examination
period, while the P2 piezometers shows a rather constant value between 700/800 puS/cm, reporting
lower values in the months of February and March when the hydrometric level of the river is
maximum. The decrease in the electrical conductivity of the aquifer recorded in the month of
February, coinciding with the only moment in which, from the analysis of the water table the
Garigliano river is responsible for feeding the aquifer, seems to confirm a direct interaction (exchange)
between surface and groundwater, at least in the northern area of the plant where the monitoring points
considered for this analysis are located.

Electrical conductivity (uS/cm)

Jan Feb Mar Apr May Jun Jul Aug
P35 P2
Fig. 5.9. Electrical conductivity measured in a selected piezometers (P2)

and in the Garigliano River in 2018

Water stable isotopes were measured in rain water, groundwater and river water in order to
study the different water pools and eventually identify possible mixing and recharge dynamics.

In Fig. 5.10, the 8'80 and 8D measured in river water and groundwater samples in the sampling
campaigns of July and December 2018 are reported in order to study the isotopic features in the low
flow period (July) and the recharge period (December). The Local Meteoric Water Line is also
reported, as a reference.

The ??2Rn measurements reported in Fig. 5.11 indicate that in the upstream northern part of the
GNPP site (piezometers P6 and P23) groundwater is more mineralized, as also supported by
hydrochemical data, probably due to an upwelling of hydrothermal waters.
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Fig. 5.10. 380 vs 8D diagram measured in river Fig. 5.11. ?22Rn (Bg/L) versus EC measured
water and groundwater at the NPP site in GNPP piezometers and the Garigliano river

at the NPP site
5.5. Concluding remarks

Environmental monitoring programs nearby nuclear sites usually consider groundwater and
surface water as possible transport routes for radionuclides released into the environment. At the
moment, however, no guidelines are available on the use of techniques for an appropriate
characterization of the spatial and temporal dynamics of water flow in order to understand in detail
conceptual models of transport and flow near a nuclear site. The evaluation of potential radionuclide
migration paths, the consideration of hydrogeological aspects such as the knowledge of the areas and
groundwater recharge rates, the average residence times of the water in the aquifer, the groundwater-
river interactions are crucial points of interest for the planning of activities for the protection of public
health and the environment in the event of accidental releases of radionuclides.

The multi-disciplinary study based on hydrogeological, hydrogeochemical and isotopic
monitoring allowed us to assess the interactions between the aquifer and the Garigliano river at the site
of the Garigliano NPP. Thanks to the activities carried out in the field and the continuous monitoring
of the groundwater level, it was possible to reconstruct the monthly trend of the piezometric surface.
The interactions between the two water bodies (groundwater and river) were evaluated by taking into
account: atmospheric precipitation, hydrometric level of the river, hydraulic load of the aquifer,
temperature and electrical conductivity of both water bodies.

In general, it has been seen that the aquifer can have a feeding or draining behavior and that it
can alternate these types of interaction with the Garigliano river, both along the river course and over
time depending on the hydraulic gradients.

The study also shows that during the year 2018, the aquifer has always been feeding the
Garigliano river except for the month of February, the only month in which the height of the
hydrometric level of the river was higher than the level of the piezometric surface of the aquifer. The
temperature and electrical conductivity values as well as chemical and isotopic data indicate that the
two water bodies, the aquifer and the Garigliano river, tend to have different characteristics, thus
demonstrating that the groundwater/river interaction is not continuous throughout the year, and in any
case that the interaction between the two water bodies is quantitatively limited.

As regards the aspects that could be further considered and implemented, they are essentially
linked to a more in-depth characterization campaign of the hydraulic conductivities of the aquifer and
to a more detailed estimate of the extension of the interaction surface between two water bodies
considered. In fact, there are some aspects that could be explored in more detail through the use of
natural tracers and heat propagation methods, to evaluate the interaction dynamics of river water and
groundwater.
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JAPAN

The combination of two photos shows the Fukushima Dai-ichi nuclear power station in Fukushima
Prefecture before, top, and nearly one year after a devastating earthquake and tsunami hit Japan's
northeast on March 11, 2011 and sent three of its reactors into meltdown. The top photo was taken
in October, 2008 while the bottom photo was taken on Feb. 26, 2012. (Kyodo News)
https://cryptome.org/2012-info/daiichi-12-02-05/daiichi-12-02-05.htm
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6. TEN YEAR REPORT OF FUKUSHIMA DAIICHI NPS, JAPAN
ATSUNAO MARUI

Geological Survey of Japan, AIST

6.1. Introduction

East Japan great earthquake (Magnitude 9.0) occurred at 14:46 on March 11, 2011, and the
Fukushima Daiichi NPS was attacked by the 16-m tsunami. As a result, three of six nuclear reactors
caused the hydrogen detonation in three days after the tsunami caused by the electricity loss (ho
supply of cooling water to reactors). Actually, four reactors were damaged hardly by this accident.
This report describes that the main countermeasures by the Japanese government and TEPCO (Tokyo
Electric Power Company), its evaluation, the current condition, and the policy in the future work
though the influence has been left now.

6.2. Geomorphology and geology

The Fukushima Daiichi NPS had been constructed on a marine terrace with a height of 35 m
originally. Sand beach of about 50 m in width placed between the terrace and shore. This marine
terrace was not suitable to construct NPS from the view point of ground strength because the nuclear
plant must be obligated to construct on the stable geology, so that the flat artificial plain of the 10-m
high was made for the NPS base (cut the marine terrace). The reactor and turbine buildings were based
on a stable layer (-10 m below the sea level) below the sand layer which composes the marine terrace.
The structure of the area was shown in Figs. 6.1 and 6.2, the all stratums are Tertiary. The geology
was deposited almost horizontally and three sand layers existed as aquifer. The mudstone layer below
the top sand layer is the support base of buildings. The top sand layer which composes the marine
terrace is the main aquifer of the NPS site. And the groundwater of the aquifer is thought to be
recharged by rainfall brought on the NPS site.

Fig. 6.1. Fukushima Daiichi Nuclear Power Station (before the accident),
from TEPCO HP

There are three aquifers named mid-grain sand layer (former top sand layer), alternated sand
layer and sand layer from the top, and the hydraulic conductivity is almost the same in the order of 10-
> m/s. In the first stage of the accident, the pollution was extended to the top mid-grained sand layer,
and the muddy stable layer just below the sand layer hold block the contamination to the alternated
sand layer. The top mid-grained sand layer and its groundwater was the target of the countermeasures
in the first stage. However, the base of the 3" and the 4" reactor buildings were reached to the
alternated sand layer, so that the expanded countermeasures were necessary in shortly.
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Fig. 6.2. Geological cross section of Fukushima Daiichi NPS

6.3. Main countermeasures by Japanese government and TEPCO

The government settled on three basic policies of countermeasures in consideration of the
problem of coming out one after another in May, 2013. That are (1) Remove the source of pollution,
(2) Prevent the water touch to the source of pollution, and (3) No leak of polluted water. In the
original plan, the buildings will be dried up in early 2020's. The main countermeasures are as follows

(Fig. 6.3).
e Subdrain system

Tranch

Drain system

Seaside wall EEEEEES

Fig. 6.3. Main countermeasures by the government and TEPCO (ANRE HP #1)

1) Seaside wall (Fig. 6.4): It is a wall of the iron tube installed just outside in an original coast
line, preventing the polluted groundwater discharge to the ocean. The entire completion is in October,
2015. The wall cut off the groundwater flow of the mid-grained and the alternated sand layers.

2) Ice wall (Fig. 6.5): The wall is made by freeze water in the soil and strata surrounds of the 1%
to 4" reactors and turbine buildings and neighbor polluted area. The total length was over 1,400 m.
Over 30 m length treble structure pipe were settled underground the area through the brain of minus
35 °C. Partially linking to the seaside wall, the polluted groundwater flow was blocked. It was a
challenging business done on an unprecedented scale through the groundwater control was easy
because it froze at a dash after all pipes were driven.

3) Subdrain system (pumping up system of groundwater around the buildings) (Fig. 6.6): To
keep the water table around the buildings for a stable running of reactors, amount of 850 to 1,200 m?
of groundwater has been pumped up in a day and released to the ocean, before the earthquake. After
the accident, the groundwater is polluted, so the groundwater around the buildings is transported to the
decontamination processing unit. The final goal of this countermeasure is to dry up the buildings.
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Fig. 6.4. Picture of the seaside wall (after TEPCO HP).
This wall cut the groundwater discharge from the main two aquifers in Fig. 6.2.

Fig. 6.5. Ice wall construction, over than 30 m length freezing pipes were settled by every 1.0 m
on the mountain side and 1.2 m on the seaside (after TEPCO HP)
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Fig. 6.6. Subdrain and groundwater bypass system to keep the low water table (small injection
to the buildings, after Ohnishi, 2014

4) Groundwater bypass (12 drawing up wells in front of ice wall): Groundwater flow of the NPS
area is from marine terrace (west) to ocean (east) through the reactor and the turbine buildings. The
groundwater bypass plays the important role of groundwater drawing up before the reach to the ice
wall area. The government thought the groundwater before the touch to the area is clean, then the
pump up water seemed to be able to release to the ocean. However, the plan was canceled by the
fishermen.
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5) Facing: This is the measure which covered surface by asphalt etc. to recharge groundwater by
rainfall. Over 1,500 mm/y rainfall was brought to the area and thought to be over 10,000 m®day
groundwater yielded, if the half of rainwater is evaporated. The purpose of facing is dumping the
rainwater to the ocean stay clean. But concerning about land subsidence and seawater intrusion was
discussed before the measurement.

6) Decontamination processing unit and tanks of treated water: The government and TEPCO
operate a multi nuclide removal device that is called ALPS, and it is thought that it will discharge
water that removes the contaminant into the ocean, first. However, tritium is not removed by ALPS,
the treated water through ALPS is still stored in the NPS area. The total volume of the water is over
1,100,000 m® now. The volume of the water has exceeded the capacity of the NPS area.

6.4. Countermeasures not to achieve though given as candidate

1) Hardener injection to decrease the permeability: The main problem is controlling
groundwater in the mid-grained sand layer (top sandy layer). It is thought about 10 years, the duration
time of groundwater to discharge to the ocean. Decreasing the permeability is an idea of groundwater
control to avoid water attack on the reactors.

2) Second wall around or inside of ice wall: The government (decommissioning
countermeasures promotion conference) announced the necessity of “Multiple countermeasures”. The
ice wall needs the lot of electricity to keep the big ice. The usual wall e.g. clay cement wall was
thought as a candidate to support the ice wall.

6.5. Evaluation of the countermeasures

1) Seaside wall: The iron tube wall was completed in four and half years after the accident,
mentioned above. The polluted water had been leaked to the ocean from the port of NPS. However,
the impact of the wall was proved, the contamination of the sea water is shown in Fig. 6.7.

2) lce Wall: Ice wall has been completely success, frozen wall was made by soil water from the
bottom to top, in almost all the site (less than two percent of the area remaining near the surface). The
groundwater flow into the buildings was blocked by the ice wall, and contributed to drying out the
buildings (it is on the way, now). The water level of inside and outside the ice wall is changed clearly
(Fig. 6.8).
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Fig. 6.7. Impact of seaside wall and countermeasures to leak the polluted water to the ocean,
between 2013 and 2021 (ANRE #2)
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3) Subdrain system: Pump up system of groundwater gives an effect to the water level control
around the buildings. It could be seen in the rate of polluted water yield shown in Fig. 6.5.

4) Facing: outside of the ice wall, almost 100% of the area was done in 2020, but only 25% in
the ice wall area was covered in 2021. Totally 95% of the NPS area is finished now (see Fig. 6.5). And
about 70% of the roof are covered now. These countermeasures are contributed to prevent the
rainwater invasion to the buildings and increase the polluted water. Especially, groundwater outside
the ice wall has been thought to be controlled.
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Fig. 6.8. The ice wall has cut off the groundwater from mountain side to buildings (inside the wall).

Water level difference is cleared from the begin and effects of the rainfall is also cut.
Water level inside the building is influence of rain water intrusion through the broken roof (ANRE #3)

5) ALPS: Polluted water from the buildings has been processed by the decontamination
processing unit (represented ALPS), steadily. However, over 1,100,000 m?® of treated water (almost all
is tritium water) has been stored in the tanks on the NPS site. But the place which settled tanks reaches
to the limit, no exceed area, in 2021 (Fig. 6.9).
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6.6. Problems passing ten years

1) Polluted water stored in tanks: Huge volume of tritium water was remaining on the NPS site.
It is thought the various danger in this situation. The government decided to release the treated water
to the ocean from 2022, by following recommendation of the countermeasure board. The government
will establish Japanese own standard as tighter than world (IAEA) standard. However, people think
more discussion should be done to get a consensus.

91



2) Taking out of debris: The first step is drawing the water level in reactor containment vessel.
But the total volume of debris thought to become 880 t and they need 200 to 300 m? cooling water
every day. The water will become the polluted water. In this condition, the operation test and the
verification test are advanced by a robotic arm developed in England.

3) Description and discussion about risk communications and rumor: People still have a
tendency to avoid the marine and agricultural products of the area. The government and TEPCO
should make a polite explanation and enough scientific discussion to have a consensus and trust.

6.7. Conclusion

To secure the transparency to the international society, an international review will be required
to IAEA for the ensuring safety about the treatment of the ALPS processing water. The conversation
activity incl. scientific discussion is necessary to avoid the rumor damage and the risk
communications.
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7. INTEGRATED STUDIES OF CRUSTAL PERMEABILITY BASED ON
ENVIRONMENTAL ISOTOPES, NOBLE GASES DATA AND SHALLOW - DEEP
GROUNDWATER FLOW AND MASS-TRANSPORT MODELING IN THE SURROUNDING
AREA OF IGNALINA NUCLEAR POWER PLANT (NPP)

R. MOKRIK, V. SAMALAVICIUS, M. GREGORAUSKAS, V. MASELIENE-JAKIMAVICIUTE,
J. ARUSTIENE

Vilnius University, 3 Universiteto St., LT-01513 Vilnius, Lithuania
Abstract

Within the IAEA Research Program F33022 work plan the task for Baltic region was to prepare
a new approach of deep aquifer investigation that will be focused on using a wide complex of
environmental isotopes, noble gases, groundwater chemistry and hydraulic data via coupled analysis
of groundwater flow numerical models. The project main aim was to analyze crustal fracturing and
hydraulic migration properties of sedimentary cover related with the faults systems and aquifers
reservoir role in noble gas and fluid distribution of the surrounding area of Ignalina NPP. The study
was emphasized on groundwater circulation system using stable and radioactive isotopes of the Baltic
artesian basin (BAB) and comparing revealed particles' travel times along with flow and mass-
transport simulation model results for Ignalina NPP surrounding sites. In this study modeled particle
travel time in intermediate and deep aquifers which are covered by thick impermeable aquitards was
compared with “He and 8'Kr dating results. To improve the reliability of 3D groundwater flow model
verification, the isotopic age of deep groundwater was compared to the MODPATH modeled times of
particle tracking.

We had widely studied helium gas concentration of boreholes and their distribution peculiarities
in the BAB using INGEM-1 device. For this project aim from the 6 Lithuanian deep boreholes which
depth varies from 300 to 1,011 m. ®H/®He ratio was estimated at the IAEA Isotope Hydrology Section
Laboratory. Tritium was estimated in the Lithuanian Nature Research Centre. Stable isotopes analyzed
at the Institute of Geology, Tallinn University of Technology, Estonia. At the Institute of Geosciences
of Vilnius University in 2016-2019 a numerical 3D steady-state and transient groundwater models of
the BAB was created and calibrated with groundwater head and hydraulic parameters data of
boreholes. Modeled areas include around 500,000 km?, grid size 5x5 km, total cell number 614823 and
have 31 separated layers from the crystalline basement aquifer up to the Quaternary aquifer system. In
2013-2017 radio krypton age was estimated for the BAB by the cooperation of international team for
samples of seven boreholes of deep groundwater using ATTA method (Gerber et al., 2017).

7.1. Introduction of hydrogeologic framework of the Baltic Artesian Basin

The BAB is a multistoried geological structure of aquifers and aquitards. In western and
northern marginal parts, it is inundated by the Baltic Sea which is one of the main groundwater
discharge areas. The vertical sequence of groundwater bodies forms three hydrogeological units or
zones — active, delayed and stagnant, separated by regional scale aquitards and formed by boundary
conditions for hydrogeochemical-isotopical composition and flow direction during geotectonic
development of sedimentary basin (Fig. 7.1). Geodynamic loading processes, hydrogeochemical
interactions between groundwater and rocks, groundwater flow features from meteoric recharge area
to discharge area and partitioning processes of isotopic composition have predetermined the evolution
of stable oxygen-18 isotope ratio values and its localization sites inside of these zones. A zone of an
active water exchange extends from an inland meteoric water recharge area to a coastal submarine
discharge area which is separated in a nearshore with transitional zone, where inversion of the
groundwater heads takes place. In the inland part, meteoric water infiltration predominates downwards
up to depths of 400 to 450 m. Here the fresh carbonate type groundwater reaches in the total dissolved
solid (TDS) value no more than 2-4 g/l. The zone of delayed groundwater is located at the depths
from 0.5 up to 1.8 km. The carbonate-chloride and sulfate types’ groundwater of this zone reaches in
TDS from 5 to 60-100 g/l. Below the 1.8 km depth, stagnant chloride type groundwater zone with
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more than 100 g/L in TDS is formed. Thus, the three main zones according to §*®0 values distribution

in above mentioned groundwater zones were distinguished in the BAB.
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Fig. 7.1. Location of the Baltic Artesian Basin, dotted lines represent depth
of crystalline basement in metres, below sea level (a), longitudinal cross-section of the BAB (b)
(after: Juodkazis, 1980; Pérn et al., 2016; Virbulis et al., 2013)

In the active zone near surface dominated 50 values from —8.2 up to —11.6%o, which are
related with the modern meteoric water recharge and by features of lateral partitioning of 880 isotope
ratio of precipitations across the region (Raidla et al., 2016). More positive zones with §'80 values
from —8.2 to —10.5%o are located mostly in southwestern part of the Baltic region. Extremely depleted
zones with 80 values from —14 to —22.5%o are located in the Estonian territory which reflects
palagorecharge during cold climate Pleistocene time. These differences in 820 of groundwater reflect
changes of global paleoclimatic conditions and their impact onto the groundwater formation during the
Pleistocene and Holocene (Mokrik, 2003) (Fig. 7.1, b). The 8*0 values of groundwater in most
aquifers in North Poland, Kaliningrad District of Russia, Lithuania and Latvia territory range from —
7.7 10 —13.9%0 (Mokrik, 2003; Rozanski and Zuber, 2000). However, in Gotland Island (Sweden
monocline) at the same depths groundwater has significantly higher §'0 values (from —5.7 to —6.1%o)
(Mokrik, 1997).

The delayed zone is dislocated in the western part of BAB where the TDS of groundwater
gradually rise from 5-7 g/L up to 90-100 g/L. Under the impact of lithostatic load and tectonic
activities, compaction flow of this zone is moving toward the periphery part of artesian basin. This
zone includes three hydrogeochemical facies of groundwater: bicarbonate chloride calcium sodium,
chloride magnesium sodium (marine) and chloride sodium groundwater facies with intermediate
isotopic ratio #0/**0 values —9 to —6 %o. In this zone the §'®0 isotope ratio values are formed like
transitional media between shallow active and deep stagnant groundwater motion and mixing
adaptation.

Stagnant zone brines are under closed system thermodynamically in complete equilibrium with
sedimentary rocks of artesian basin. Theirs salinity reaches up to 140-300 g/l and value of the isotopic
ratio 0/*°0 enriched —4.5 to —3%o.The temperature at the top of Cambrian — Ordovician rocks varies
from 98 °C in the southwestern Lithuania epicenter, to 21 °C at the Jelgava site located close Riga.
The geothermal anomaly promotes the processes of ultrafiltration, dehydration and ion-exchange
because enrichment of deep groundwater with calcium ions, i.e., waters of strongly chloride calcium
facies are formed.

7.2. Description of study area

Ignalina NPP is located in the north-eastern part of Lithuania, near the borders with Belarus and
Latvia (Fig. 7.2). Previous investigations of NPP fixed following safety relevant external factors for
analyzing: seismic factors; near surface geotechnical conditions; meteorological conditions; possibility
of flooding in the area; external risks caused by human activity. The Strategy on Radioactive Waste
Management was approved by the Government of Lithuania in 2008. Its objective is to define a

95



radioactive waste management policy. This strategy is approved to implement the provisions of the
Law of the Republic of Lithuania for Radioactive Waste Management, which establishes basic
principles of Radioactive Waste Management. New management facilities, which are or will be built
under the Decommissioning Programme, such as solid radioactive waste management and storage
facility, spent nuclear fuel storage, landfill and near surface disposal facilities and others, are being
financed by the Ignalina International Decommissioning Support Fund, Ignalina Programme and co-
financed by the National Ignalina NPP Decommissioning Fund.

According to the geological section near Ignalina NPP in the upper zone active meteoric water
exchange is spread which is separated from the deeper aquifers by regional Silurian-Ordovician
aquitard. Meteoric water infiltration predominates downward to the depths of 300-400 m. Here mostly
bicarbonate sodium-calcium-magnesium facies of groundwater reaches in TDS from fresh up to 24
g/L. From the 500 m depth below the regional aquitard is located the delayed groundwater zone. The
TDS of chloride sodium type groundwater of this zone rise up to 64 g/L. Under the impact of
lithostatic compression load on groundwater flow from this zone are resulted brines moving toward
modern recharge area. The counteraction of these two opposite flows forms a hydro-
chemical/hydrodynamic trap like a hydrogeological barrier which is fixed at a depth of 250-320 m.
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Fig. 7.2. Ignalina NPP location site on the Lithuania map

Groundwater investigations by environmental isotopic research methods have been made in few
east Lithuanian areas: Varéna and Druskininkai surroundings, Rykantai site near Vilnius, near Ignalina
NPP and in Virinta river basin. Isotopic zones are mostly expressed according to the changes in tritium
and radiocarbon contents in groundwater. Complicated isotopic distribution of zones is often formed
by a number of factors associated with groundwater exchange near the river valleys and tectonic fault
zones. Radioisotope research was also used to assess the percolation time in aeration zone. Thus, three
main zones according to 580 distribution in groundwater can be distinguished: 1) near subsurface
zone with 880 values from —10.0 to —10.6%o (close to local meteoric water), which are related to the
modern meteoric water percolation on watersheds of highlands (eastern part of the Baltic Basin); 2)
zones up to 150-250 m depth with §'80 values from —10.5 to —11.5%o (more negative values than
modern meteogenous water); 3) zone with 320 more reached values —7%o (more positive values than
modern and Late Pleistocene time meteogenous water). The differences in 380 of groundwater reflect
changes of paleoclimatic conditions and their impact onto the groundwater formation from the Early
Pleistocene to Holocene.

7.3. Tritium methods application for shallow groundwater age estimation

For shallow groundwater dating using conventional tritium dating method is incorrect, because
initial tritium activity values are usually absent and many sources of water mixing affects tritium
concentration. The 3H/*He ratio is more independent of the initial tritium concentration of the
groundwater sample which is one of the advantages. But the problem for the correctly quantitative
interpretation of the *H/°He for residence time in multilayered complex is the fact that it is affected
also by mixing via leakages from the separated by aquitards aquifers and by degassing neglect. For
quantitative studies of modified conventional model by trend analyzing for quasi stable state of tritium
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monitoring data and coupled *H/®*He method for resident time’s evaluation at Lithuanian sites was
made.

Table 7.1. Tritium decrease gradients in Quaternary aquifer system

Well No. | Well depth, m | Location | 'H volumetric activity, TU | Gradient, TU/year
ag =111 md-gr 2008 2012

955/1 37.5 Medininkai 7.5 6.2 0.325
28809/2 23.7 Vilnius 10.2 9.1 0.275
29708/3 25.0 Vievis 5.5 4.1 0.350
30000/4 32.0 Kaunas 73 6.1 0.300
ag Il Zm-md Average 0.313
42169/5 76.0 Medininkai 8.5 8.3 0.050
6442/6 64.0 Vievis 2.6 1.7 0.225
43515/7 60.0 Kaunas 2.3 <0.1 0.575
ag Il dn-Zm Average 0.285
4121/8 130.0 Medininkai <2 <0.1 0.000
2881179 51.0 Vilnius 4.4 2.1 0.575
6446/10 93.0 Vievis <2 <0.1 0.500
25940/11 98.0 Kaunas <2 2.5 -0.125
Average 0.238

Southeastern Lithuania unconfined layer and precipitation water tritium activity decrease rate is
dominated by radioactive decay for the period 1980-2013. Confined aquifers are more affected by
mixing, but in some cases tritium activity values in time can be predicted if the tritium gradient trend
is close to stabilizing. The monitoring type of sampling was applied in order to calculate tritium
activity gradient value. Aquifer ag Il-11l md-gr groundwater gradient values in different sampling
points along the water pathway are very similar. It is necessary condition to proceed on exponential
decay curves comparing with actually calculated. Modern groundwater dating, using tritium isotope,
was conducted in southeastern Lithuania Quaternary aquifer system. Cross-section represent the full
path of groundwater from recharge to discharge areas (Stuopis et al., 2012). Numbering starts with
first aquifer and proceeds from recharge area: ag 11l md-gr — 1-4 points, ag Il Zm-md — 5-7 points, ag
Il dn-zm — 8-11 points. Additional sample points (12—20) were taken in 2013 from wells located near
the earlier (Tables 7.1 and 7.2). ag Il md-gr aquifer spreads locally, but linked hydraulically in all
groundwater path. Its area covers 8,570 km? (Fig. 7.3). Aquifers, ag Il Zzm-md (15,600 km?) and ag II
dn-zm (12,360 km?), spreads almost the entire south-eastern Lithuania region (Stuopis et al., 2012).
Hydrogeological stratus units represented in cross-section are schematizing to solid layers, in defiance
of disruptions.

A '

"‘[I]\TW/\‘
‘ i:ig. 7.3. Cross-sect

system Medininkai-Vilnius-Vievis-Kaunas

In previous studies groundwater age was also deduced using numerical modeling, statistical data
extrapolation and gradient method. For these studies tritium activity monitoring in the Quaternary
aquifer system began in 2008. All these methods according to tritium dating were very problematic
and made significant difficulties determining modern groundwater age (Mokrik et al., 2014;
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Samalavigius and Mokrik, 2016; Stuopis et al., 2012). Initial tritium values in aquifers is usually
unknown, therefore the gradient must be reconstructed for quasi stationary state trend site. Gradient
method showed promising results, for determining initial tritium value on the quasi stable state trend
intervals. For obtaining actual gradient value at least two samples must be collected and analyzed. The
gradient is a difference of tritium activity per time in the particulate site and aquifer. Theoretically
calculated tritium decay curve compared with calculated results enables quantifying initial tritium
activity (Fig. 7.4). Best fitting theoretical curve enables us to predict for future or extrapolates for the
past (until apparent initial tritium activity) in a specific aquifer and site, t — time, oT — tritium activity,
aoT — initial tritium activity, Tgraq. — tritium gradient in time:

7= o —a,l

grad. —
t

For the first time in Lithuania *H/*He conventional dating technique was used for groundwater
residence time estimation and calibration of gradient method. In this study *H/*He age was used to
backward calculate tritium gradient and initial tritium activity in three Quaternary aquifers and results
to previously collected monitoring data (Mokrik et al., 2014).
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Fig. 7.4. Tritium decreases gradient curves

Groundwater age (Table 7.2) calculated by conventional and with *H/*He method is almost
identical in all three Quaternary aquifers (49-53 years). Other factors such as: recharge with
precipitation or leakage from other aquifers in this case is not excluded and is stabilized during
residence time. Gradient method provides results which include mixing and radioactive decay in
groundwater. Analyzing monitored tritium trend and age data in southeastern Lithuanian in the
shallow groundwater up to depth 50-60 m shows close equilibration state with precipitation and
possible leakages mixing from the lower aquifers in river valleys sites in period 1980-2012 for
conventional tritium and in 2017 for ®H/*He ratio. These methods ages difference varies 8-22% and
that can be also related by monitored wells sampling times differences (see Table 7.2). Groundwater
tritium activity gradients show that main decrease rate factor is radioactive tritium decay process
which is affected by mixing of their concentrations dynamic in precipitation and groundwater reserves

Table 7.2. 3H/PHe and gradient dating results in Quaternary aquifer system

Well _ e Groundwater age, a
No. Site Index Depth,m | °H, TU TU *HAHe Gradient
method method
26368 Rudiskes ag Il -111 md-gr 51 5.4 79 49 38
487 Trinkuskiai ag Il dn-zm 60 4.7 90 53 -
47520 Salininkai ag I zm-md 45 4.8 70 49 45
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during approximately 50 years. For multilayered aquifer systems particle track models must be
coupled for tritium and helium studies additionally. Coupled tritium gradient method and *H/*He are
useful for verifying tritium decrease factors in Quaternary groundwater. Numerical modeling could
also be included as a valuable asset for determination of groundwater flow, balance and boundary
conditions.

7.4. Noble gas and coupled flow modeling methods application for intermediat
and deep groundwater age estimation

Deep and intermediate aquifer investigation of BAB was carried out using a wide complex of
environmental isotopes, noble gases, groundwater chemistry and hydraulic data via coupled analysis
of groundwater flow numerical models. For 40 years helium distribution peculiarities in the BAB was
studied using INGEM-1 device (Juodkazis and Tibar, 1989; Mokrik et al., 2002). A numerical 3D
steady-state and transient groundwater models of the BAB were developed at the Institute of
Geosciences of Vilnius University in 2016—2018 (Fig. 7.5). A measured groundwater head and
hydraulic parameters of boreholes were used to calibrate the model. Area of the digitized model is
500,000 km? and grid size is 5x5 km with total cell number of 614823. Total number of aquifers and
aquitards is 31 layers starting from the crystalline basement aquifer up to the Quaternary aquifer
system. Regional hydraulic ages have been assessed by using particle tracking from well sites up to
the recharge area endpoints (MODPATH simulation). In case of a few flow paths crossing in the site,
two most significant recharge areas were picked: Riga well No. 50194 and Likénai, Aukstaitija well
No. 21965. Thus, two particle track ages are obtained (Table 7.3). An average value of both hydraulic
ages is presented in a diagram of dating method comparison (see Fig. 7.6). Deep groundwater seepage
velocity estimated by particle tracking for BAB varies for intermediate depth up to 500 m 5-10° m/y
and for 1 km depth~8-10* m/y. That result is significantly lower as modeled by BAB steady state
condition with Darcy hydraulic conductivity of ~1 m/y (Virbulis et al., 2013). Modeled particle travel
time in aquifers confined with regional scale impermeable aquitards and was compared with “He and
81K r dating results. Groundwater reservoirs where elevated helium values were observed coincide with
steep fault blocks which transect the basin sedimentary cover.

Fig. 7.5. Numerical 3D steady-state and transient groundwater model grid of the BAB (a).
An illustration of MODPATH modeled particle tracks for the O-Cm aquifer (b).
Particle were released in two recharge areas: Eastern Lithuania and northern part of Kaliningrad district

Radio krypton age was estimated in deep and intermediate groundwater samples collected from
seven boreholes using ATTA method in 2013—2017 (Gerber et al., 2017). Helium was measured at the
IAEA Isotope Hydrology Section Laboratory samples of Lithuania, Latvia and Estonia. The dissolved
helium concentration data was obtained during fieldwork sampling and previous publications (Gerber
et al., 2017; Juodkazis and Tibar, 1989; Mokrik et al., 2002). For “He age calculation, average uranium
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(440 ppm) and thorium (1,500 ppm) content in the crystalline basement at the northern part of the
BAB were used (Raudsep, 1997). Helium age and correction for the helium production to the
calculation of accumulation rate (Torgersen and Stute, 2013) was made using average rock density
(2.5 g/lcm?®), void ratio was calculated for porosity of reservoir aquifers (n. — 0.15) and release factor
Ane— 1.

Deuterium and oxygen-18 stable isotopes were measured in the Laboratory of mass
spectrometry at the Department of Geology, Tallinn University of Technology. Major and trace
element analysis were performed in Lithuania, Latvia and Estonia accredited laboratories.

Table 7.3. Intermediate and deep BAB aquifers groundwater ages determined using
helium-4, krypton-81 and particle track modeling

Vr\{g_" Site Index Derﬂth, (mpoadrttall((:elj):[rli;/ i:egrg?ge 4H(i(:ge, 81K|r(:ge,
from south/east
12350 | Anyksciai D12 360 70 76 -
47543 | Palanga D. 522 250 225 -
12349 | Rokiskis (Vaiva) D12 440 100 31 -
21965 | Likénai (Aukstaitija) | O-Cm 1,011 900/180 308 -
11978 | Likénai (Likénai) D12 434 180 55 -
50423 Ignalina O-Cm 500 100 129 320
25872 Klaipéda, Geoterma D12 1,100 400 597 1,157
50194 | Riga, Hospital O-Cm 1,027 1,100/300 326 929
8021 Héaddemeeste O-Cm 610 500 150 408
4613 Virska O-Cm 460 360 81 550

A selective database was compiled from data collected during research of the BAB in the past
40 years. Criteria for data selection were to pick samples, which are exclusive in the contest of the
other BAB groundwater. In case of intermediate and deep aquifers additional criteria for groundwater
dating results (*He, 8Kr or particle travel time) were necessary. All data were divided into groups
considering groundwater depth (modern-shallow, intermediate, deep), location and structural features
of crystalline basement. Saturation indices for calcite, gypsum and halite were modeled using software
Phreeqc, wateg4 database. In case the data was not available, initial conditions were applied:
temperature — 10°C, pe — 0, density -1 g/mL. All stable oxygen and deuterium isotope data are
expressed in the Vienna Standard Mean Ocean Water (VSMOW) system (Craig, 1961).

7.4.1. Intermediate and deep aquifers dating results

Radio krypton is meteoric in origin and has the same downward-lateral flow trajectory as
modeled particle track. This statement is applicable for the multilayered aquifer systems and confined
aquifer isolated from above by regional scale aquitards where groundwater flow direction is
predominantly lateral from recharge area toward discharge places. For BAB hydraulic conductivity
values of such aquitards, which confine aquifers from meteoric water leakage on regional scale, is
below 5E-7 m/d (Mokrik, 2003). Source of emanation of “He occurs due to decay of uranium and
thorium in minerals of the crystalline basement rock. Helium diffuses through fractures and tectonic
faults to sedimentary reservoirs where it accumulates. Cases where vertical local uplift blocks confine
groundwater aquifers (offset from 100 to 600 m) could prevent lateral migration of fluid.
Accumulation rates of crustal origin noble gases could increase significantly. Helium amount in the
deep and intermediate groundwater of the BAB vary considerably: 4.6E-8 up to 9.0E-4 ccSTP/g
(Mokrik, 2003). High helium accumulation rate in groundwater is observed at the periphery margin of
the Estonian Homocline and Belarus-Mazurian Massif, Polish-Lithuanian Trough (at depth 500 —
600 m), Liepaja-Riga-Pskov Ridge and other Rapakivi granite massifs in basement (Mokrik, 2003).
Mentioned tectonic structures are bounded by Paldisk-Pskov, Middle Estonian, Liepaja-Saldus-Riga
and East Lithuanian fault zones. These fault zones separate regions where groundwater movement
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rates are relatively fast from stagnant in the deepest parts of the BAB. Seepage velocity in the
peripheral part of BAB varies from 0.2 to 1 m/y.

Table 7.4. Aggregate “He age in Klaipéda site multilayered aquifer systems
(Gerber et al., 2017; Juodkazis and Tibar, 1989; Mokrik, 2003; Mokrik et al., 2002)

System He, ccSTP/g Age, ka
T Regional scale aquitard -
P, 4.56E-08 Modern
D, 3.06E-04 225
D Regional scale aquitard -
D12 8.12E-04 597
O-Cm 9.00E-04 662
z 2.02E-03 1484

Helium age modeling shows that older groundwater may originate in an intermediate depth
aquifer compared to located deeper (Tables 7.4 and 7.5). It contradicts groundwater chemical
composition and dating results obtained using other techniques, therefore should be considered while
interpreting helium ages. Aggregate helium age in a multilayered aquifer matrix unit is a sum of all
groundwater helium ages in a particular site. This approach could be a tool for analyzing and
interpreting helium dating results. Sum of accumulated helium should be equal to its total bulk
emanation released from the crystalline basement into an aquifer matrix up to the shallowest regional
aquitard. Two cases of helium distribution and aggregate helium age are presented in this study. A
cross-section of Klaipéda-Palanga site, Lithuania coastline, distribution of helium content ccSTP/g in
following aquifers is: O-Cm — 9.0E-4, D1, — 8.1E-4, D, — 3.1E-4, P, — 4.6E-8. The sum of helium is
20.2E-4 ccSTP/g and aggregate helium age is 1,484 ka (see Table 7.4). The value of aggregate helium
age could suggest more reliable dating of the deepest aquifer, which in this case is O-Cm.
Groundwater age of 1.5 Ma is more likely than 0.6 Ma (conventional helium dating) considering that
radio krypton measured in overlaying D1-, aquifer dates groundwater up to 1.2 Ma.

Table 7.5. Aggregate *He age in Viirska site multilayered aquifer systems
(Gerber et al., 2017; Juodkazis and Tibar, 1989; Mokrik, 2003; Mokrik et al., 2002)

System He, cc STP/g Age, ka
D Regional scale aquitard -
D12 4.75E-05 35
O-Cm 1.10E-04 81
Vovr 1.17E-04 86
Vogd 3.09E-06 2
z 2.78E-04 204

A case of Virska, in southern Estonia presents an even more extreme case, where the deepest
aquifer (of V.gd) groundwater contains more than 40 times less helium than overlaying aquifers (see
Table 7.5). Helium amount in aquifer of Vérska (ccSTP/g): Vogd — 3.1E-06, Vovr — 1.2E-04, O-Cm —
1.1E-04, D1-2 — 4.8E-05. The sum of helium in Virska site is 2.8E-04 ccSTP/g and aggregate helium
age is 204 ka (see Table 7.5). A similar estimation of deepest V.gd aquifer groundwater age could be
deduced applying aggregate helium age of 0.2 Ma. Conventional helium method dates groundwater to
0.002 Ma, almost 100 times younger. It is necessary to mention that this approach is not necessarily
accurate. Radio Krypton age in Vérska O-Cm aquifer dates groundwater up to 0.6 Ma, which is 3
times older than aggregate helium age. The most likely reason for that is a loss of helium which
escapes to the atmosphere due to insufficient aquitard confining capacity. In such cases the sum of
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accumulated helium is not equal to its total bulk emanation. The role of confining regional scale
aquifers is the most important factor considering this approach.

Groundwater residence times in intermediate and deep aquifers are increase with depth (Fig.
7.6). Oldest groundwater age is obtained using radio krypton tracer. Particle tracking and “He dating
results show good correlation and are significantly younger as compared with radio krypton method in
most sites. Linear equations of age correlation vs. depth are presented in Fig. 7.6.
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Fig. 7.6. Intermediate and deep BAB aquifers groundwater age distribution in depth.
Linear groundwater age trends are plotted for “He, 8Kr and particle travel time dating results

The greatest differences of groundwater dating results are in deep (>1000 m) aquifers where
81Kr obtained age is more than 2 times greater compared to helium and particle tracking methods.
These aquifers are well confined with at least one regional scale aquitards. The differences between
ages could be explained by reduced helium amount in aquifer. It is most likely that helium escapes
deep aquifers through tectonic faults and diffuses upwards. Modeled particles tracking results are
slightly higher than *He and lower than radio krypton. Unlike “He, radio krypton and particle track
paths are moved mostly on lateral flow towards discharge. Modeled aquifers are smooth, without any
geological structures which can immobilize groundwater, therefore radio krypton dating shows more
stagnant groundwater.

Particle travel time and “He age are very similar in the Lithuania intermediate aquifers (see
Table 7.3). Intermediate depth of Estonian and Latvian groundwater show very young “He age
compared to radio krypton and particle travel time. Structural features of intermediate aquifers located
in the Lithuanian-Poland Trough may result in higher accumulation of helium than on the Saldus-
Riga-Pskov Ridge (Latvia) and southern Estonian High. Uneven distribution of uranium and thorium
in crystalline basement could partly explain low helium content in Latvia and Estonia as well, yet this
hypothesis is inconclusive because elevated content of radioactive elements are in many places of the
BAB basement (Juodkazis and Tibar, 1989; Mokrik et al., 2002; Raudsep, 1997). High helium values
in groundwater reservoirs coincide with a crystalline basement deformation zone near Rapakivi granite
massifs (Juodkazis and Tibar, 1989; Mokrik, 2003; Mokrik et al., 2002; Raudsep, 1997). Two sites in
Lithuania Lower-Middle Devonian aquifer system show 3 times younger “He age than particle track:
Likénai (well No. 11978) and Rokiskis (well No. 12349).

7.4.2. Isotope-geochemistry anomalies of groundwater, their ages and origin

Groundwater of deep aquifers in Lithuania and Latvia (Fig. 7.7, a) are usually enriched with
oxygen-18 and deuterium isotopes in respect to the current modern water in shallow aquifers (580 —
11.2 t0 —10.5%o). Utmost enrichment is in deep brines, where 580 varies between 5.8 to —4.4 per mil.
A deuterium excess could be explained by the evaporation factor, which took place during the brine
evolution. Other hypotheses could suggest that groundwater isotope fractionation occurs by means of
ultrafiltration through the thick aquitards. Deep groundwater age is from a few hundred thousand to
more than a million years old, which is sufficient for a significant stable isotope fractionation due to
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the ultrafiltration (Mokrik, 2003). Evaporation trend and enrichment of stable isotopes are shown in
Fig. 7.7, a. Stable isotope values of groundwater collected near the tectonic faults fall exactly between
modern freshwater and brine, as do one intermediate aquifer site (well No. 47543, Palanga). This
supports opinion that groundwater in these hydrogeological conditions is formed by means of binary
mixing, brine groundwater discharge into freshwater aquifers (Gregorauskas et al., 2017; Juodkazis,
2003, 1989; Mazeika, 1999; Zuzevicius, 2010; Zuzevicius et al., 2007).
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Fig. 7.7. (a) Craig diagram of the BAB Lithuanian and Latvian groundwater. Green line represents evaporation
trend, blue line — cryogenic trend. (b) Craig diagram of the BAB Estonian groundwater. Estimated groundwater
formation periods (dotted circles) Q3 — the Late Pleistocene, Q2-1 — the Early-Middle Pleistocene, Modern —
modern meteoric water recharge

A few sites of intermediate aquifer groundwater located in northern Lithuania are slightly
depleted with stable isotopes (5*30 —11.6 to —12.2%o). A minor deuterium excess is observable. A few
hypotheses could be forwarded to explain this phenomenon. Depletion of stable isotopes could be
recharge of glacial meltwater or caused by permafrost induced Rayleigh distillation (Clark and Fritz,
1997; Lehmann and Siegenthaler, 1991; O’Neil, 1968). Based on groundwater age, it is suggested that
Likénai and Rokiskis groundwater were formed during the Pleistocene.

The highest accumulation rates of helium in BAB deep aquifers are located near the Baltic Sea
coast and islands, lowland areas and of lakes or rivers valleys where groundwater flow is from above
tightly protected from meteoric water leakage and transected by wide low amplitude fault system
networks, which are able to reduce or interrupt regional flow path. Radiogenic helium flux from
crystalline basement at local level have good conditions for accumulation below regional confining
aquitard layers situated reservoir traps depending on hydraulic features of aquifers. High helium
values in groundwater reservoirs coincide with a deformation zone in the crystalline basement and
dipping separated steep fault blocks transecting the sedimentary cover.

The helium age obtained in the intermediate and deep groundwater of the BAB is significantly
lower than radio krypton dating results: ages differ 2-3 times. An aggregate helium age is best fitted to
correct the age of the deepest sedimentary aquifer groundwater because of the loss of helium into
overlaying aquifers. A sufficient confining capacity of regional aquitards is the most important factor
for obtaining reliable aggregate helium age. Modeled particle travel trajectory and atmospheric origin
81Kr pathway should be similar in the well confined aquifer system, but radio krypton reveals
significantly older groundwater. This is due to vertical fault zones interrupting lateral groundwater
flow in the BAB while numerical model is neglected that. Absence of fault zones in numerical model
should be reflected by fault zone geometry and certain aperture or barrier parameters for layers.
Noteworthy that the diffusive loss of 8Kr to stagnant water reservoir may be dispersion, which mixes
water masses of different ages that might impact groundwater ages deduced from radio krypton
content.

In the eastern part of Lithuania for borehole no. 50423, which are located near the Ignalina NPP
radio krypton dating age is equal to 319 ka and the helium noble gas age is 129 ka. To improve the
reliability of steady and transient states of 3D groundwater flow model calibration, the helium and
radio krypton isotopic ages of deep groundwater were compared to the MODPATH modeled times of
elementary particle tracking for all BAB. The modeled particle travel time from the research area on
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the Belarus-Masurian Anteclise up to Ignalina NPP site is 100 ka. In the eastern part of Lithuania, low
helium values in deep groundwater are related to ancient deformation zones in the crystalline
basement.

7.5. Conclusion

Within the IAEA Research Program F33022 workplan, the main aim for Lithuania was to
prepare a new approach of deep aquifer investigation that will be focused on use of wide complex of
environmental isotopes, noble gases, groundwater chemistry and hydraulic data via coupled analysis
of groundwater flow numerical models.

The shallow groundwater analysis of monitored tritium trend and age data in the southeastern
part of Lithuania shows a close to the equilibrium state with precipitation. Shallow groundwater is
affected by the leakage from underlying aquifers in the river valleys sites. These results are supported
with conventional tritium (data collected during 1980-2012), and *H/*He obtained ages (data collected
during 2017). The difference between ages obtained by these methods varies 8-22 percent and could
be related to water sampling time. Monitored groundwater tritium activity gradients show that the
main decrease rate factor is radioactive tritium decay process, which is affected by mixing of their
concentrations dynamic in precipitation and groundwater reserves during approximately 50 years.

During 40 years we had studied dissolved in groundwater helium gas concentration of boreholes
and their distribution peculiarities in the Baltic Artesian Basin using the INGEM-1 device. At the
Institute of Geosciences of Vilnius University in 2016-2019, the numerical 3D steady-state and
transient groundwater models of the BAB were created and calibrated with groundwater head and
hydraulic parameters data of boreholes. In 2013-2017, radio krypton age was studied from samples of
seven boreholes of deep groundwater using ATTA method (Gerber et al., 2017). In Lithuanian eastern
part for well no. 50423, which is located near the Ignalina NPP shows estimated radio krypton age of
319 ka. Helium noble gas age and modeled particle travel time is 129 and 100 ka correspondingly. To
improve the reliability of steady and transient states 3D groundwater flow model calibration, the
helium and radio krypton isotopic age of deep groundwater were compared to the MODPATH
modeled times of elementary particle tracking for all BAB. High helium values in groundwater
reservoirs coincide with deformation zones in the crystalline basement and dipping separated steep
fault blocks transecting the sedimentary cover.
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8. USING ISOTOPE HYDROLOGY TOOL TO CHARACTERIZE GROUNDWATER
SYSTEMS IN THE VICINITY OF SIDI BOULBRA NUCLEAR POWER PLANT
SITE OF MOROCCO
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Abstract

Sidi Boulbra site, selected to host the first Moroccan Nuclear Power Plant (NPP), is located in
the south-western part of Morocco and largely open to the Atlantic Ocean. In this area, the
groundwater constitutes a vital water source for the population. The groundwater is used for water
supply and development of traditional agriculture. The groundwater is intensively pumped for the
aforesaid purposes, which increases its vulnerability to salinization and affects its quality.

The specific objective of this research is to assess and improve the use of environmental
isotopes to investigate the groundwater recharge source(s), recharge area, recharge and discharge
relationships, to determine groundwater flow directions, ages and velocity in the proximity of Sidi
Boulbra NPP, in order to define transport paths and travel times of radioactive material to reach the
source of consumption from the point of release in case of an accident.

A total of 23 water samples were collected during two sampling campaigns, carried out in 2017
and 2018, including 11 samples from upper shallow aquifer and 12 samples from lower deep aquifer.
Two groups of groundwater are distinguished with stable isotope of water. The difference observed is
due mostly to the difference in altitude of the recharge area. The *H data from shallow and deep
aquifers, show very low values ranging from 0.3 to 0.9 TU. The activities of carbon-14 determined for
6 boreholes are relatively low, within a range of 28 to 64 pMC. According to correction models,
groundwater sampled have typical apparent older ages of 4,000 to 10,000 years BP. Groundwater is
expected to flow from SSE to NNW and discharging along the Atlantic coast of Sidi Boulbra with a
velocity ranging from 0.41 to 1.88 m/y with an average value of about one meter per year.

Keywords: coastal aquifers, hydrochemistry, isotope techniques, groundwater age, Morocco.

8.1. Overview and historical development of the Moroccan NPP project

Morocco has very limited local resources of energy and depends almost totally on external
sources for its energy supply.

In the framework of the policy of diversification of energy primary sources and in compliance
with governmental orientations, the National Office of Water and Electricity (ONEE) considers the
nuclear power option as one potential technically viable solution able to meet the future electrical
energy needs of Morocco.

Sidi Boulbra site, located on the Atlantic coast between the cities of Safi and Essaouira (300 km
south of Casablanca) (Fig. 8.1), as the appropriate and qualified site able to receive the first Moroccan
NPP under the required nuclear safety conditions. This conclusion was validated by IAEA experts
after an expert mission conducted in September 1994.

Currently, the Sidi Boulbra site is being subjected to a continuous monitoring programme, the
goal of which is to monitor the evolution of the site characteristics in the relevant areas (hydrology,
meteorology, demography, industrial environment, etc.).

After thirty years, the proposed research aims, is to update characterization of groundwater
resources in the vicinity of Sidi Boulbra site, using isotope hydrology and conventional techniques.

Indeed, in the context of semi-arid climate, groundwater represents a strategic resource that can
sustain socio-economic development efforts. However, increasing abstractions may lead to depletion
and degradation of these resources. The Sidi Boulbra site is a case where such phenomenon had reach
drastic levels with major socio-economic consequences. The groundwater in this region is intensively
pumped for the domestics and agricultural purposes, which increases its vulnerability to salinization
and consequently affects its quality.
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Fig. 8.1. Location of Sidi Boulbra site within the Moroccan map

The specific objectives of this study are:

v use of conventional techniques to better understand the hydrogeological conditions at the
vicinity of Sidi Boulbra site, by determining type of water, origin of mineralization and processes
responsible for groundwater mineralization;

v use of environmental isotopes to investigate origin of recharge and discharge relationships;

v use of noble gases, tritium and carbone-14 to determine the water age and velocity in the
vicinity of Sidi Boulbra site, in order to define transport paths and travel times of radioactive material
to reach the source of consumption from the point of release in case of an accident.

8.2. Introduction and site description

Sidi Boulbra NPP site is a part of Akermoud coastal plain, which extends along the Atlantic
Ocean coast on a wide strip of 15 km and lengthy of 45 km (Fig. 8.2). It’s limited in the east and
south-east by jbel Hadid and jbel Kourati mountains, in the north and north-east by the Tensift Wadi
river and opening to the Atlantic Ocean in the west. The Akermoud plain has a population of 10000
inhabitants and is predominantly rural.

Flg 8 2. Location of S|d| Boulbra site W|th|n the coastal plain
of Akermoud

Sidi Boulbra site has a warm Mediterranean climate with dry summer according to the K&ppen-
Geiger classification (Fig. 8.3). The mean annual temperature in Essaouira is 17.8 °C and the average
rainfall is 251.1 mm occurring during the short cold season (October to April). The average of
potential evaporation ranges from 780 mm in the mountains and near the Atlantic coast to 920 mm in
the plain. The decrease of winter precipitation may have resulted in a degradation of the soil moisture
content and a depletion of the groundwater level. The climatic pattern in this area is frequently
characterized by a relatively "cool" dry season, followed by a relatively "hot" dry season, and
ultimately by a "moderate” rainy season. In general, there are significant diurnal temperature
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fluctuations within these seasons. Quite often, during the "cool" dry season, these diurnal temperature
fluctuations restrict the growth of plant species.

Climate diagram

Temperature

Pluviometry e Temperature ... Number of rainy days

Fig. 8.3. Climatic diagram of Essaouira city located at 45 km
south of study area

The geological map of the study area (Fig. 8.4) shows that the geological formations consist in
Tertiary and Quaternary sedimentation. The sedimentary units consist mainly in detrital deposits of
Upper Miocene, Pliocene and Quaternary ages, which overlay uncomfortably the middle Miocene bed
rock.

The Triassic deposits crops out in the Eastern and Southern parts of the region, and marl
sediments of Lower Cretaceous to Cenomanian overlie the Jurassic layers composed by carbonate
rocks, with presence of Senonian gypsy marls covered by the Plio-Quaternary detrital deposits of
sands, conglomerates and sandstones (Duffaud et al, 1966). The geological structures delineate a
syncline bordered by the Hadid and Kourati diapirs, of Triassic age, outcropping east and south.
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Fig. 8.4. Geological map of study area (extract from the geological map of Morocco, 1985)

In this area, the groundwater constitutes a vital water source for the population. The reservoir
water is used for water supply and development of agriculture. The pumping of the water from
reservoirs is ensured either by motor-driven pumps or by tanks. The groundwater is intensively
pumped for aforesaid purposes, which increases its vulnerability to salinization and affects its quality
(Fadili, A. et al, 2015).

From the hydrogeological point of view, two main aquifers constitute the system (Fig. 8.5):

v The Mio-Plio-Quaternary upper aquifer represents an unconfined aquifer which is mainly
composed of sand, sandstone and conglomerates, whose thickness ranges from 15 to 65 m and a
hydraulic conductivity by porosity of about 3.2*102 m/s. This aquifer provides the bulk of the water
supply to the population. It’s crops out between the sea level and 300 m above sea level (a.s.l).

v The Cenomanian-Turonian lower aquifer is mainly calco-dolomitic. This carbonate
formation represents a confined and discontinuous aquifer at a depth of more than 80 m. However, it
becomes unconfined and outcrops locally at the Jbel Hadid and Jbel Kourati Mountains between 300
and 600 m a.s.l. The thickness ranges from 80 to 180 m. This carbonate formation has high porosity
and permeability due to fissures and karstification. This aquifer is tapped by many boreholes with
artesian flow.
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of Akermoud in 2017-2018

The piezometric head survey of the Plio-Quaternary upper aquifer, shows a groundwater flow
direction ESE to WNW from Jbel Hadid and Jbel Kourati mountains toward the Atlantic Ocean, which
constitute the natural discharge area of the aquifers (Fig. 8.6).

The major drainage axis appears along the river beds, which have good permeability and
constitute an appropriate site for numerous pumping wells. This structure represents the area where the
risk of salinization of the groundwater by seawater intrusion is high, in particular in the coastal areas
fringe.

The piezometric map reveals that the upper aquifer is recharged by recent flood water
infiltration in the plain of Akermoud and by direct infiltration of rain water through the local carbonate
outcrops of the basin and partially from vertical leakage of the lower aquifer.

8.3. Method and sampling analyses

In order to improve the management of the water resources, to better understand the
hydrological functioning and to define the relationship between sea water and groundwater of the
aquifers system in the coastal plain of Akermoud, an investigation of the sources and dynamics of
groundwater is being conducted with geochemical tracers (Major and trace elements) and
environmental isotopes including 320, §°H, *H, **C and *H/*He.

Two sampling campaigns for the geochemical and isotopic analyses were carried out during
august 2017 and during November 2018. A total of 23 samples were collected from Sidi Boulbra NPP
area (Fig. 8.7 and Table 8.1). The pumping method was used for collection of water samples. The
measurements of pH, temperature and electrical conductivity (EC) were performed in the field. Water
samples were collected in 1000 ml polyethylene bottles with poly-seal caps for major elements after
the stabilization of pH, E.C and temperature.

Chemical analyses and isotopic measurements were determined in the Isotope Laboratories of
the National Centre for Nuclear Energy, Science and Techniques, (Morocco). Analytical error as
inferred from the balance between cations and anions did not exceed 5%. The noble gases analysis
(®H/*He) was conducted in the IAEA Isotope Hydrology Section Laboratory (Vienna, Austria). Major
elements (CI, SO, NOs, Na*, Mg?, Ca?* and K*) analysed using ion liquid chromatography
(HPILC, Dionex DX100). The overall detection limit for ions was 0.04 mg/L and HCOsz
concentrations were analysed by titration using 0.1 N HCI acid. The ionic balance for all samples is
within £ 5%. Trace elements were performed using Inductively Coupled Plasma Mass Spectrometer
(ICP-MS X-Series 2).

Stable isotope ratio (**0/*°0, 2H/*H) analyses were performed by using the Laser Absorption
Spectrometry measurements LGR DLT 100 (Penna et al., 2010). Analyses are reported in %o versus
VSMOW standard (Vienna-Standard Mean Oceanic Water).
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Six groundwater samples were selected to be analysed for Carbon-14 dating activities.
Precipitation of BaCO; from groundwater samples was done in the field. *C activities were
determined by scintillation counting on CsHs (Fontes, 1972; Stuiver and Polach, 1977).
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Fig. 8.7. Sampling points of wells and boreholes in Akermoud coastal plain,
sorted by type of aquifers (defined as water groups, see Table 8.1)

Eighteen samples were analyzed for Tritium content using electrolytic enrichment and liquid
scintillation spectrometry (Taylor, 1976). 3H levels are expressed in Tritium Units (TU). One TU is
defined as the isotope ratio H/*H=10"78. Six samples sb5, sb13 and sb2, sh21, sh29, sh33 along the
flow lines of upper and lower aquifers respectively, were analysed for “C. Results are expressed in
percent modern carbon (pmC), representing the proportion of *4C activity in the sample with respect to
the 1C standard. Standard activity is defined as 95% of the activity of Oxalic Acid | in AD 1950
(Mook et al. 1999), and 120 pmC = 271.2 Bg/kg C. (Table 8.2) presents the “C values of the analysed
samples and their apparent age. The analytical precision of measurement for stable isotope and
radioactive analyses were £0.2 %o for 820, £1%o for §°H, +£0.2 TU for ®H and 0.5 pmC for **C.

8.4. Results and discussion

8.4.1. Groundwater hydrochemical facies

Groundwater hydrochemical facies depend on lithology, residence time and regional flow
pattern of water (Jamshidzadeh and Mirbagheri, 2011). The most known method for determining
groundwater chemical facies is Piper diagram (Piper, 1944).

Chemical analyzes results of sampled water are projected on two ternary triangles, either for
cations or anions, which extend to a third diagram diamond shaped. Results of chemical analyses can
be interpreted to identify groundwater hydrochemical facies as well as the possibility of freshwater
seawater mixture (Arslan et al., 2012; Singhal and Gupta, 2010; Tomaszkiewicz et al., 2014).
Hydrochemical results from groundwater samples of Sidi Boulbra NPP area were plotted in Piper
diagram (Fig. 8.8). The most affected wells by seawater intrusion are the upper aquifer samples, which
are characterized by chloride and sodium water types. As demonstrated in Table 8.1, all wells of this
part of the upper aquifer have high values of ECs, which vary from 1400 to 4200 uS/cm with
dominance of Na*" and ClI- ions. Almost of these wells are located in downstream at about 0.5 km from
the coastal fringe (see Fig. 8.7).
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Table 8.1. In situ measurement, geochemical and isotopic data of groundwater samples in the Sidi Boulbra NPP area (<LOD: below limit of detection)

Aquifer Nom oH Depth | EC T |HCOs |CI NOs- | SO |Na* | K* Ca* | Mg? | 80 (%o 2H (%o °H 4c 13C (%o
type (m) (uS/em) | (°C) | (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/1l) | (mg/l) | (mg/l) | (VSMOW) | (VSMOW) | (TU) | (pmC) | (VPDB)
SB03 |7.23 |39 2200 22.6 |233.01 |407.11|79.14 |188.13|212.11|1.81 |[125.0 |46.34 |-4.3 -24.5 0.78
SB04 |7.86 |43 2570 22.3 |286.73 | 382.93|58.93 | 307.11 | 302.84 | 3.28 |156.6 | 61.50 | -4.36 -23.9 0.63
SB05 |[7.70 |38 2210 22.9 [259.35 | 418.66 | 60.51 | 199.87 | 219.17[1.95 |107.1 |38.24 |-4.34 -23.9 0.84 |53.1 -11.6
SB06 |[7.49 |15 3280 22.9 [250.12 | 805.92 | 66.06 | 274.06 | 508.57 | 7.26 | 168.4 | 79.17 |-4.19 -24.4 0.97
SBO7 |7.57 |20 4220 22.0 [311.18 | 997.86 | 54.54 | 394.10 | 680.01 | 12.01 |126.4 | 75.99 |-4.33 -24.4 0.93
z:(JqE[i)fe(‘arr SB08 |7.65 |40 3220 22.1 |325.76 | 901.62 | 71.73 | 291.84 | 520.69 | 4.64 |121.9 |57.32 |-4.28 -24.5 1.06
SB10 |7.92 |56 2540 22.4 | 222.77 | 404.73 | 75.09 |245.76|226.82|3.36 |181.5 | 61.82 |-4.39 -24.2 0.74
SB13 |7.40 |65 2910 22.0 |256.23 | 589.33 | 49.62 | 404.82|333.25|3.83 |193.8 |58.87 |-4.39 -24.6 0.92 |44.0 -11.8
SB16 |7.80 |32 1379 215 |301.39 | 538.28 | 82.25 |230.45|267.49|17.67 |55.9 |35.24 |-4.22 -24.2 1.36
SB18 |7.40 | 60 3350 22.8 |372.21 | 558.91|67.52 |424.52|428.07|3.60 |720 |36.32 |-4.29 -23.7 1.02
SB30 |7.24 |80 2360 22.1 | 405.75 | 629.86 | 61.73 |371.89|439.55|4.42 |151.9 | 67.31 |-4.48 -25.7 0.75
SB2 7.28 | 160 1351 246 |225.71 | 283.81 |57.2 |232.33|154.96|1.92 |86.1 |34.56 |-5.38 -32.5 <LOD | 54.0 -11.8
SB21 7.21 | 130 2220 24.1 | 262.32 | 362.35|43.4 |347.66|206.92|2.10 |139.0 |55.58 |-5.01 -30.1 <LOD |51.6 -11.3
SB22 7.91 | 84 2480 24 253.84 | 459.21 1455 |256.28|229.61|3.14 |151.3 |55.94 |-5.15 -31.3 0.24
SB23 |7.82 |94 1993 23.5 |268.43 | 350.39 |40.8 |168.20|199.23|1.66 |113.2 |35.81 |-5.19 -31.9 <LOD
SB24 | 7.94 | 126 2410 23.8 |239.17 | 460.52 | 46.2 |246.33|240.17|2.37 |136.3 |50.97 |-5.08 -30.7 0.75
Lower SB25 |7.88 | 126 2140 247 | 225.74 | 415.43129.7 |206.86|212.20|1.83 |120.6 | 48.23 |-5.36 -33.2 0.69
aquifer SB27 8.03 | 130 2420 24.6 |228.87 | 429.66 | 32.2 |388.14 |232.55|2.32 |168.6 |60.18 |-5.43 -33.5 0.47
SB28 | 7.85 | 140 2440 24.2 | 242.83 | 425.12|37.3 |389.9 |224.28|3.47 |144.2 |50.13 |-5.18 -31.4 <LOD
SB29 |7.39 | 175 1107 24.4 | 249.60 |275.82 412 |[271.8 |160.58|2.19 |955 |55.77 |-5.33 -32.1 <LOD | 28.6 -11.7
SB31 7.18 | 150 2140 22.1 | 39151 | 441.37|315 |326.7 |281.83|4.44 |136.2 |78.13 |-5.34 -32.9 <LOD
SB32 7.29 | 75 1798 21.8 | 241.56 |415.40 |42.2 |[248.1 |209.17|2.26 |143.8 |48.35 |-5.05 -31.2 <LOD
SB33 |7.36 | 136 1722 23.5 |259.33 | 401.24 {435 |215.1 |208.23|2.62 |129.2 |45.10 |-5.17 -31.6 0.22 64.3 -11.2




Cations diagram indicates a water mixture between different aquifers and shows enrichment in
Na* and K* passing from lower aquifer towards the upper aquifer. In addition, anions diagram
suggests a migration of points to the chlorinated pole, which can be a consequence of seawater
intrusion effect.

However, lower aquifer wells are primarily freshwater characterized by abundance of calcium,
magnesium and bicarbonate ions with ECs, which range from 1100 to 2480 uS/cm (see Table 8.1).
These wells are located in the East and the upstream parts of the area (recharge zone).

In the Piper diagram, it seems clear a hydrochemical evolution of groundwater samples from
Sidi Boulbra NPP area, towards more Cl-Na (Fig. 8.8).

@ Upper aquifer
© Lower aquifer

o X : “51’00\" Vi g
100 Ca 0% o CI+NO3 100

Fig. 8.8. Piper diagram of groundwater samples from Sidi Boulbra NPP area

Generally, we can classify the sample points in the piper diagram into 6 fields:

Type 1. Ca-HCOg;

Type 2. Na-Cl,

Type 3. Ca-Mg-Cl;

Type 4.Ca-Na-HCOg;

Type 5. Ca-Cl,

Type 6. Na-HCO:s.

In the present study water types were confined to the 2 and 3 types. Majority of the samples (52%) are
plotted in the Na-Cl field and (48%) of the samples showed Ca-Mg-Cl type.

To better understand the hydrochemistry and comparing the water types, Chadha’s diagram was
plotted (Fig. 8.9). In order to define the primary character of groundwater, the rectangular field is
divided into eight sub-fields, each of which represents water types as given below in Table 8.2,
Chadha (1999).

LALLLS

Table 8.2. Geochemical classification and hydrochemical parameters of groundwater (D. K. Chadha, 1999)

Classification groups Notations

Fields Water types

1 Alkaline earths exceed alkali metals

Alkali metals exceed alkaline earths

2
3 weak acidic anions exceed strong acidic anions
4

Strong acidic anions exceed weak strong acidic
anions

©

® 5 Alkaline earths and weak acidic anions exceed

both alkali metals and strong anions, respectively.
(Ca-Mg-HCO;s type, Ca-Mg-dominant HCOs type,
@ HCOz-dominant Ca-Mg type)

-20 40 6D 6 Alkaline earths exceed alkali metals and strong
acidic anions exceed weak acidic anions

(Ca-Mg-Cl type, Ca-Mg-dominant Cl type, Cl-
@ dominant Ca-Mg type)

Milliequivalent percentage

Q ©®

3 (€O +HEOS) -(Cl + 50,21 >

7 Alkali metals exceed alkaline earths and strong
acidic anions exceed weak acidic anions

(Na-Cl type, Naz2SOs-type, Na-dominant Cl type,
— (Cal + gy — (Mas + k=) — Cl-dominant Na type)

Millizquivalent percentage 8 | Alkali metals exceed alkaline earths and weak
acidic anions exceed strong acidic anions
(Na-HCOs type, Na-dominant HCOs type, HCO3
dominant Na type)
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Fig. 8.9. Geochemical classification and hydrochemical parameters of groundwater
from Sidi Boulbra NPP area (D. K. Chadha, 1999)

The tracing study of ion based on the Chadha diagram indicated that there is an interaction
between the alkaline earths and alkali metals that originate from soil or rock interactions with strong
acidic anions exceed weak acidic anions in groundwater as shown in Fig. 8.9. All the samples from
lower and upper aquifer are confined to 6 and 7™ fields respectively. A majority of the samples from
upper aquifer are plotted in the 7" field, representing the Na-Cl type of water and the samples from
lower aquifer are plotted in the 6" field which represents a Cl-dominant Ca—Mg type waters. This is
exactly similar to the results obtained from the piper plot diagram.

8.4.2. Hydrogeochemistry and controlling processes
8.4.2.1. Groundwater mineralization processes

To emphasize and to identify origin and processes contributing to groundwater mineralization,
some plots of relations between major elements are presented.

The graph (Fig. 8.10, a) presents a correlation between K* and NOs™ concentrations, and shows
nitrate enrichment with respect to potassium accompanied by simultaneous increase of both ions with
a correlation coefficient of 0.69. This result is due to K* fixation and NOjs release by the aquifer
matrix (Nasher et al., 2013; Fadili et al., 2015), which reveals that groundwater contamination by
nitrate ions as a consequence of human activities (Dutta et al., 1997; Kumar et al., 2006; Reddy, 2013;
Fadili et al., 2015). Such findings are in agreement with literature ones, where nitrates ions are mainly
generated by anthropogenic activities such as leachate, wastewater and agriculture activities (Park et
al., 2005; Kass et al., 2005; Nasher et al., 2013; Reddy et al., 2013).

In addition, correlation between calcium and sulfate is plotted in Fig. 8.10, b, which shows two
groups.
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Fig. 8.10. Correlations between analyzed major elements: (a) K* vs NOg", (b) Ca?* vs SO,*
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The first group represents sample points plotting near the 1:1 line (gypsum dissolution line) and
showing a simultaneous increase of calcium and sulfate ions. This pattern indicates the same origin of
the mentioned ions which is the likely dissolution of gypsum and or anhydrite. Similarly, positive
correlation between Ca?* and SO.% with a correlation coefficient of 0.53 implies that gypsum
dissolution, present in cretaceous formations, can be further source of these elements in water (Awad
etal., 2011; Lachaal et al., 2011; Marimon et al., 2013; Ledesma-Ruiz et al., 2015).

As confirmed by Fig. 8.11, the points representing the both aquifers samples fall either on, or
just above 1 : 1 stoichiometric equilibrium line Ca?* vs HCOs". The abundance of carbonate rocks
(sandy limestone of Cretaceous age) and the erosion rates in the central area of Sidi Boulbra NPP site,
suggest that the dissolution of carbonate minerals may potentially add significant amounts of Ca?* and
Mg?* to the groundwater of the lower and upper aquifers. The Mg?*/Ca?* ratio in these groundwaters
is maintained at around of 0.43 to 0.96. This pattern is consistent with an equilibrium control
governed by calcite mineral (Appelo and Postma, 1993).
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Fig. 8.11. Relationships between Ca?*, Mg?* and HCO3"

8.4.2.2. Use the relationships between major elements and Cl- to determine the origin
of groundwater salinity

In order to determine possible mixture with seawater, Fig. 8.12 performs a correlation between
major elements and CI- ions, which can characterize salinity origin and form a mixture tracer (Ako et
al., 2012; Re et al., 2013; Xing et al., 2013).

The positive linear correlation indicates freshwater-saltwater mixture (FW-SW) (Mercado,
1985). Besides, major elements show different behavior with respect to FW-SW mixture line.
Magnesium and calcium indicate enrichment, while bromides, sodium, sulfates, and potassium
present depletion with respect to the mixture line. However, Ca?* ions are in the upper side, whereas
Na* ions are in the down side of freshwater-seawater mixing line. This result is due to cation
exchange under seawater intrusion effect, which leads to Na* ions fixation in opposition to Ca?" ions
release by the aquifer clayey matrix as shown in Eq. (1) (Giambastiani et al., 2013; Srinivasamoorthy
etal., 2013; Han et al., 2014).

. N . S
Na +§Ca X = Na A’+2Ca (1)
Furthermore, K* ions depletion is the consequence of its exchange with NOs ions in the aquifer
matrix as was demonstrated in Fig. 8.10, a.
Bromide ions show also depletion with respect to mixture line, suggesting that this element is
provided from evaporation process rather than FW-SW mixture (Giambastiani et al., 2013).
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Magnesium ions are abundant in carbonate and dolomite minerals that characterize coastal
Akermoud aquifers. Their excess can be explained by its exchange with Na* under seawater intrusion

effect.

Sulfate ions show depletion for most sampled wells. Such depletion is commonly observed in
aquifers affected by saltwater intrusion (Andersen et al., 2005; Giambastiani et al., 2013).
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Fig. 8.12. Plot of major elements (Ca?*, Mg?*, K*, Na*, SO.>, Br’) as function of chloride ion (in meg/L)
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8.4.2.3. Use the major elements ratio to trace source of groundwater salinity

Na*/Cl- ratio can characterize seawater presence in water table. Ratios lower than 0.86
characterize salinization associated with seawater intrusion (Vengosh et al., 1997; Askri, 2015). In
this study, most groundwater samples have a Na*/Cl" ratio which range from 0.77 to 1.08, with a
decrease trend versus Cl- increase (57% of samples have a Na*/Cl" ration < 0.86 and 43% of samples
have a Na*/Cl ratio > 0.86) (Fig. 8.13, a). This result may be due to seawater intrusion influence
mainly in coastal fringe (Vengosh et al., 1997; Mondal et al., 2008; Singaraja et al., 2014).

Additionally, the use of bromide anion contents is an essential complement to chloride
measurements in order to explain the salinity anomalies in groundwater. Chloride (CI") and Bromide
(Br’) ions are considered as conservative elements in groundwater, which not participate either in ion
exchange or redox reactions and not form insoluble precipitate (Davis et al., 1998; Daniele et al.,
2011). Therefore, ratio (CI/Br’) can be used as a tracer to identify groundwater salinity origin (Alcala
and Custodio, 2008; Dror et al., 1999; Lorenzen et al., 2012; Giambastiani et al., 2013; Hofmann and
Cartwright, 2013). However, constant and aligned CI/Br- ratio with seawater ratio indicates that CI-
and Br ions have a marine origin. The CI"/Br ratio upper than 300 can be related to anthropogenic
sources such as industrial wastewater or agricultural fertilizers. Low ratio values, less than 50, are due
to precipitation contributions (Whittemore, 1988; Davis et al., 1998; Alcala and Custodio, 2008).

Fig. 8.13, b, which presents CI/Br ratio of sampled groundwater, indicates values ranging from
213 to 946 with an average of 546 above seawater ratio level. These values demonstrate human
activity contribution in groundwater salinization. Lorenzen et al. (2012) and Giambastiani et al.
(2013) suggest, for such ratio, evaporate dissolution, salts present in the soil, and mixture with
brackish or salt seawater as further sources of these elements.

Decreasing of CI'/Br- ratio versus seawater (272.17) can originate in marine aerosols (Duce and
Hoffman, 1976) and also partly in percolation of seepage water through the bromide-rich organic
horizons of soils (Gerritse and George, 1988).
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Fig. 8.13. Ratios of Na*/CI" vs ClI" (a) and CI/Br vs CI" (b) in sampled groundwater of Sidi Boulbra site

8.4.2.4. Use the ionic deltas for identification of groundwater salinity source

lonic deltas calculation allows identifying hydrochemical processes in the water table via the
comparison of major element concentrations and theoretical mixture composition. This calculation,
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can confirm ion exchange process within the aquifer (Andersen et al., 2005; EI Yaouti et al., 2009;
Daniele et al., 2011; Giambastiani et al., 2013). Seawater percentage determination for each sample
using chloride concentration in seawater and freshwater is the first step for ionic deltas calculation.
This percentage is determined the following Eq. (2) (Appelo and Postma, 1993, 2005):

Clsample— Clfresh (2)
Clsea— Clfresh

Uhsea =

where Clsampie 1s sSample chloride concentration, Clsesn is freshwater chloride concentration and Clsea is
seawater chloride concentration.

Seawater percentage, which is used in the calculation of theoretical mixture concentration for
each ion (i) resulting from seawater and freshwater mixture, is given in Eqg. (3):

Imixture = Yosea * Isea + (1 - %sea)* Ifresh, (3)

where isa is the ion (i) concentration in seawater, and isesn is the ion (i) concentration in freshwater.

However, ionic delta (A) for each ion (i) is the difference between concentration of
conservative mixture (imixure) and measured concentration for each sample (isampie) @s shown in Eq. (4)
(Fidelibus 2003):

A= !.5:.1?':_'_1{5— Imizturs . (4)

Where A is positive, groundwater is enriched by ion under consideration, while negative value
indicates ion depletion relative to theoretical mixture (Andersen et al., 2005).

Obtained results indicate that most samples from upper and lower aquifers, present Na*, K* and
Br deficit with respect to theoretical mixture, while Ca®* and Mg?* present a main excess for all
samples (Fig. 8.14). In coastal aquifers, subject to seawater intrusion, ion exchange process is of great
significance in the modification of groundwater chemical concentrations (Andersen et al., 2005;
Appelo and Postma, 2005; Daniele et al., 2011 Giambastiani et al., 2013). As well, clays, which form
the groundwater matrix, are the expected ions exchanger, organic material layers found in the aquifer
have also a higher ions exchange capacity (Appelo and Postma, 2005; Giambastiani et al., 2013).
Moreover, the excess, relative to theoretical mixture, of SO.* in all groundwater samples can be
interpreted as a new dissolution of precipitated gypsum according to (Gomis-Yagues et al. 2000 and
Daniele et al. 2011).

8.4.2.5. Seawater intrusion estimation

Regarding human uses, mixing only 2% seawater in a freshwater aquifer exceeds organoleptic
objectives for the upper limit of chloride (water tastes salty). If the mix exceeds 4%, the water
becomes mostly unusable, and if the mix exceeds 6%, the water can only be used for cooling and
flushing purposes. In this context, an estimation of average seawater contribution to collected samples
was carried out using Cl- and Br-, two halides known for their conservative behavior in groundwater
(Flury and Prapitz, 1993). Assuming that there were no contributions other than fresh groundwater or
seawater, and that both anions behave in a conservative way, the seawater contributing fraction to a
particular sample can be computed according to Eq. 5 (Appelo and Postma, 1993, 2005):

™m

sample — Myrezn

see  Mfresh (5)

feea =

m

118



5 0 r r r r r r
g P N7 1 2 3 4 5 g
3 © 30 @ shd 0® © o o ©
2 - ~
A N © oe ‘ ®
4 20,5 A
5 ® E o ®
O OI T T T T T D
10 1 @ 3 e 5
00 @ 6 @
7 .O' ®
; L@ ©
. _ 4
Distance from ocean coast (k) Distance from ocean coast (km)
@Upperaquifer @ Lower aquifer ©Upperaquifer ®Lower aquifer
0,02 5
- @
sh7 4 1 @ @
001 9 °
shid 3 4 (]
o ®
. D b6 S > [
i) 0 T T T T T r r 2 2 1
< =
1 20 3 40 3 & 7 - o . ® o
0,01 0 @ o ® Do o @
CIPY T 0 —— 9
@ : (@]
® e ) 1 N
0,02 - :
Distance from ocean coast (km) Distance from ocean coast (kin)
@Upperaquifer @ Lower aquifer ©Upper aquifer @ Lower aquifer
8 6
@ ® L]
o ®
5 P Sooa © ® O]
| ° °3 & “1e © ® ° o
o4 9 & & %o
=1 =l @
® L 2 {9 @ ]
2 .
] 0 T T T T T T T
0 1 2 3 4 5 5} 7 8 o 1 2 3 4 5 & 7 3

Distance from ocean coast (ki) Distance from ocean coast (ki)

@TUpperaquifer @Loweraquifer @Upperaquifer @®Loweraquifer

Fig. 8.14. lonic deltas of analyzed sample in function of distance from the ocean

Where, m is the molar concentration of the anion tested (CI- or Br’) in the sample, freshwater (f)
or seawater (S). However, some increase in groundwater salinity in the aquifer is expected as a
consequence of the recirculation of groundwater (pumping for irrigation purposes and infiltration of
irrigation return flows).

The intrusion rate of marine water estimated based on the chloride conservation equation
(chloride mass balance) Eg. (2), proves that the contribution of seawater to upper and lower aquifers
ranges between 1.3 and 5.1% at about 8 km from the Atlantic coast. The wells located at a distance
less than 2 km to the coastal fringe, are the most affected by seawater intrusion. It is significant in the
wells located at Sidi Boulbra NPP site (eg. sh6, sb7 and sb8) (Fig. 8.15).
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Results obtained for both CI- and Br anions were in reasonable agreement given the
uncertainties of this estimation, with a slope of 1.6 and a regression coefficient of 0.87, as depicted in
Fig. 8.16, a. The mean of both estimates is used as a measure of seawater contribution. According to
this estimate, 83% of the studied wells and boreholes presented seawater contributions below 2%,
while 17% surpassed this threshold (Fig. 8.16, b).
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Fig. 8.16. Agreement in the proportion of seawater estimation with CI- and Br- tracers (a). Histogram
of seawater proportion in the sampled production wells and boreholes in Sidi Boulbra NPP aquifers system (b)

It is notable that 2% of seawater in freshwater implies about 14 mmol L of CI, two times
higher than the Moroccan guideline value for drinking water (300 mg L™ or 8 mmol L?). Three
samples contained at least 4% seawater (sb6, sb7 and sb8) located in the area of Sidi Boulbra NPP,
being severely affected not only for drinking purposes but also for irrigation of most crops (Ayers and
Westcot, 1992). These seawater contributions are expected to increase since measures against
groundwater overexploitation are lacking in the study area.

8.4.3. Isotope data

Isotope geochemistry techniques are valuable tools in investigating many problems in
hydrology and evaluating hydrogeological and hydrochemical controlling mechanisms in any
groundwater system (Clark and Fritz, 1997). They provide significant insights into water origin,
recharge circumstances (time and location), water flow directions and residence times, augmenting
evidence provided by the major ions (Geyh, 2000).
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8.4.3.1. Stable isotopes 820 and 6°H

8.4.3.1.1. Origin of recharge

Stable isotope compositions of samples representing the upper aquifer are within the range
from —4.5 and —4.2%o and between —25.7 and —23.7%o for 8*%0 and &%H, respectively. The stable
isotope compositions of groundwater in the lower aquifer fluctuate between -5.4 to —5.0 %o for
oxygen-18 and between —33.5 and —30.1 %o for deuterium (see Table 8.1).

The mean isotopic composition of the sampled groundwater from the upper aquifer system is
similar to local precipitation recorded in the Sidi Boulbra NPP station (—4.4 for %0 and —25 %o for
82H) (Fig. 8.17). This similarity in isotopic composition between upper aquifer groundwater and local
precipitation indicates that the groundwater has been recharged under climatic conditions, which are
similar to those prevailing at present in the region (Carreira et al., 2018) (see Fig. 8.17).

On the other hand, the samples representing the lower aquifer are relatively more depleted in
heavy isotopes than the mean weighted values of ¥O and ?H observed at the Sidi Boulbra NPP
station. This in turn suggests that the individual aquifers of the studied plain have been recharged at
altitudes higher than elevation of the local rainfall station of Sidi Boulbra NPP (E =27 ma.s.l.).
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Fig. 8.17. Stable isotope composition of groundwater samples in Sidi Boulbra NPP area

The different isotopic concentrations found between the two aquifers systems are due to the
different recharge altitudes. The main recharge area of the Plio-Quaternary upper aquifer is located on
Sidi Boulbra area plain, while recharge of the Turonian lower aquifer probably takes place in Jbel
Kourati and Jbel Hadid Mountains (elevation range from 242 to 725 m a.s.l.). Considering the §'%0
altitudinal gradient (G) of 0.27 %¢/100 m (Bouchaou et al., 1995; Qurtobi et al., 2010), the lower
aquifer recharge altitude (Ra) is estimated according to the following equation.

100 = (d180mean local rainfall — d180groundwater)

G . (6)

RA=E+

where E is the elevation of the local rainfall station of Sidi Boulbra (E = 27 m a.s.l).

The calculated values, ranging between 280 and 440 m a.s.l., which coincide with the elevation
of the aquifer outcrops in the Jbel Kourati and Jbel Hadid Mountains.

It seems that mountain recharge is not available for the coastal groundwater of the upper
aquifer and thus the water resources of this aquifer system are more limited for predominantly local
recharge. At the same time, the source of groundwater in the lower aquifer system is derived from the
lateral groundwater flow originated in the Mountains. This contribution is favored by the high
permeability and soil structure in this area.
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8.4.3.1.2. Origin of salinization

In groundwater salinization studies, it is common to try to identify a relation between the
isotopic and hydrogeochemical groundwater evolution along the flow paths i.e., in dissolution
processes the stable isotope concentration of the water remains invariable, while the water salinity
increase is noticed. A different trend is observed when seawater intrusion is occurring or has occurred,
with a parallel isotopic and mineralization enrichment. This unique characteristic enables the
identification of the main processes based on isotopic and geochemical data (Araguas-Araguéas and
Gonfiantini, 1989; Edmunds and Droubi, 1998; Carreira et al., 2014).

Plotting the oxygen-18 concentration as function of the chloride concentration, (Fig. 8.18, a), a
clear trend in the seawater/freshwater characteristics is found for the samples with the highest
mineralization of upper aquifer, which clearly indicates that the salinity is derived from seawater
intrusion.

On the other hand, we observed a good correlation between nitrate and 520 values (Fig.
8.18, b). This correlation could indicate that the increase of the salinity is derived from slightly
evaporated agricultural return flow.
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Fig. 8.18. Variations of 830 values (%o) vs chloride concentrations (mg/L) (a), and §'80 values (%o) Vs nitrate
concentrations (mg/L) of groundwater investigated in this study (b)

8.4.3.2. Radioactive isotopes (*H and *C)
8.4.3.2.1. Tritium

For several decades, tritium has been regarded as being the simplest and most convenient tracer
method for determining young groundwater ages (Dulinski et al., 2003). The occurrence of tritium in
groundwater indicates the extent of migration of modern post-1950s recharge, but its use is limited by
its short half-life (12.43 years) (Edmunds and Smedley, 2000; Zuber, 1986; Szabo et al., 1996;
Plummer et al., 1998). Tritium content in groundwater depends primarily on the initial atmospheric
concentration at the time of recharge and the radioactive decay that has occurred since infiltration
(Maduabuchi et al., 2006).

The measured ®H contents varied between 0.63 TU and 1.36 TU for the upper aquifer, while for
the lower aquifer they ranged from 0 to 0.75 TU.

As it is shown on 3H/*0 diagram (Fig. 8.19), most of the groundwater samples have very low,
mostly zero tritium levels, which indicate that both the vertical and lateral recharge process are longer
than about 30 years (Clark and Fritz, 1997).

The lack of high tritium activities in groundwater suggests that the 1960°s tritium peak
(Schlosser et al., 1988; Mook, 1980; Michel, 2005; Plummer, 2005; Yechieli et al., 2001) has already
depleted in that groundwater system.
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8.4.3.2.2. Radiocarbon

Radiocarbon, with a half-life of 5,730 years, allows the determination of water residence time
over timescales to 30,000 years (Clark and Fritz, 1997). As “C is involved in many geochemical
reactions, a detailed understanding of the origin of dissolved inorganic carbon (DIC) is required to
convert the measured C activities into the ages (Clark and Fritz, 1997).

Radiogenic isotope measurements were carried out only on a few selected wells and boreholes
samples of the different aquifers. Measured activities of “C in analyzed water samples are within the
ranges of 44 to 53.1 pmC and 28.6 to 64.3 pmC for the upper and lower aquifer, respectively (see
Table 8.1).

In general, all analyzed samples are characterized by the high 1“C activities (higher than 50% of
modern C) excepting sample sb 29 representing the lower aquifer at 175 m depth (see Fig. 8.7). Its
low activity (28,62 pmC) is probably due to the substantially thicker clay beds in the lower aquifer,
which hinder the flow of infiltration water and increase the age of groundwater. On the other hand, the
relatively high 1C activities provide the presence of waters of recent infiltration.

High C activities remain in good agreement with low 8*C values (Fig. 8.20) ranging from —
11.76 to —-11.64 and from —11.78 to —11.19 for the upper and lower aquifer, respectively, indicating
domination of the soil-derived CO,. This supports that the 6*3C content becomes depleted due to
water-plant CO; interaction as the groundwater equilibrate with isotopically light CO- incorporated by
C4 plants that have 3*3C values of —17 to —9%o VPDB (Cerling et al., 1991; Romanek et al., 1992;
Vogel, 1993).
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We use a Mixing line that represents a theoretical closed system mixing between modern DIC
derived from soil CO, (AMC~120 pmC; &'C~21%0 PDB) and marine carbonate rock DIC
(**C~0 pmC; 8*3C~0%o). Groundwater samples along this line are hypothesized to reflect the mixing
between a biogenic end member and a mineral end member under a closed system, and thus are
modern, whereas deviation from that mixing line is modeled to **C decay and thus residence time of
the groundwater.

Most of our samples are located below this mixing line, indicating radioactive decay and
therefore a long residence time. However, sb2 is located along this line and can be attributed to
modern age recharge.

8.4.3.2.3. Estimation of Mean Residence Time

The determination of groundwater Mean Residence Time (MRT) is possible after an evaluation
of the contribution of different carbon sources and isotopic exchange processes (Le Gal La Salle et al.,
1996). The reliability of radiocarbon in estimating groundwater residence times depends on an
accurate estimate of the initial *C activity (A) of the total dissolved inorganic carbon (TDIC) at the
time of recharge and the assumption that the groundwater is closed to addition or removal of DIC in
the saturated portion of the aquifer (Love et al., 1994; Darling et al., 2006).

In order to assess the initial activity (Ao), correction models are necessary for groundwater
showing several sources of the TDIC. During previous decades, thorough *C correction models have
been proposed (Ingerson and Pearson, 1964; Tamers, 1975; Evans et al., 1979; Fontes and Gamier,
1979; Salem et al., 1980 (IAEA); Eichinger, 1983). Most of these models indistinctly take into
account the geochemical interactions occurring in both unsaturated and saturated zones and consider a
mixing between biogenic CO; and “C-free carbonates (Darling et al., 2006). These models are based
on different mixing reactions: models of purely chemical mixing (Tamers, 1975); isotopic mixing
(Ingerson and Pearson, 1964) and models of chemical mixing and isotopic exchange (Fontes and
Gamier, 1979; Evans et al., 1979; Mook, 1980; Salem et al., 1980; Eichinger, 1983).

Groundwater ages have been calculated and compared using six correction models: Pearson
(Ingerson and Pearson, 1964), Evans (Evans et al., 1979), Eichinger (Eichinger, 1983), IAEA (Salem
et al., 1980), Fontes and Garnier (Fontes and Gamier, 1979) and Tamers (Tamers, 1975). These
models are based on the chemical evolution and/or isotope dilution of *C/*2C derived from soil CO;
through interactions with the matrix carbonates. It is highlighted that ages proposed by Fontes and
Garnier in equilibrium, (1979) and the IAEA (Salem et al., 1980) are globally in good agreement and
provide almost similar ages.

According to these correction models (Table 8.3), groundwater sampled from Sidi Boulbra
lower aquifer have typical apparent older ages of 4,000 to 10,000 years BP with a mean value of
6,300 years BP. This indicates the relatively old orgin of the water, resulting from a long groundwater
flow path probably linked to the low permeability of the clayey levels, and/or from a mixture with
deep old water of Jurassic (sb29), recharged during the early Holocene (<10000 YBP).

Table 8.3. Calculated ages [years BP] of selected groundwater samples in Sidi Boulbra NPP area

Aquifer | Sample | d**C [%o Acltj(\éity Unc?;rgcmd e ;c;eMOdel IAEﬁg,\eAOdel M[efzna?sge
type ID PDB] [pmC] [yearg BP] A [years +lo Ao [years tlo pr]
[pmC] BP] [years] | [pmC] BP] [years]

Upper SBO05 -11.76 43.97 8300 103 7056 -36 109 1472 -36 7264
aquifer SB13 -11.64 53.07 6745 101 5334 -387 108 5839 -387 5587

SB2 -11.39 64.32 5155 96 3295 -219 103 3898 -219 3596
Lower |SB21 | -11.29 | 5157 6982 96 | 5106 | -268 | 103 | 5736 | -268 | 5421
aquifer | gpog | -11.72 | 28.62 11849 102 | 10518 | -40 | 108 | 10994 | -40 | 10756

SB33 -11.78 53.95 6609 104 5401 -32 110 5920 -32 5661
MRT of all analysed samples 6381
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The relative old age of the groundwater sampled from the upper aquifer may be a result of
mixing between modern and Late Holocene waters (Clark and Fritz, 1997; Ma et al., 2009).

According to these data, the studied aquifer system of Sidi Boulbra NPP site is recharged by
modern infiltration waters at the Oligocene-Miocene outcrops. This observation is also consistent with
the *H data contents (~0 TU).

8.4.3.2.4. Flow velocity

The calculation of the transit velocity of water between two drillings A and B (Fontes et al.,
1979) can be estimated according to the following equation:

L
Te— T4, 7

where L is the distance between drillings A and B in meters; (Tg - Ta) is the difference between *C
mean ages of samples from drillings A and B in years BP.

Assuming a predominantly horizontal flow and a conservation of the initial isotopic marking
during the transit of water in the reservoir (Huneau 2001, Fontes 1979), the flow velocity (Table 8.4),
is calculated for several intervals along the presumed flow direction (from SB13 to SB5 for the upper
aquifer and from SB2 to SB29, SB2 to SB21 and SB2 to SB33 for the lower aquifer).

The mean transit velocity in the Mio-Plio-Quaternary upper aquifer, composed mainly of sand,
sandstone and conglomerates was 1.88 m/year. Whereas, in The Cenomano-Turonian lower aquifer,
mainly calco-dolomitic was 0.72 m/year. These values were obtained taking care of differences
between *C mean ages of samples from drillings SB2, SB5, SB13, SB21, SB29 and SB33 and
distances between them.

Mean transit velocity is about 1.01 m/year, which is a specific value to both aquifers located in
the sedimentary layers of Sidi Boulbra NPP area. Obtained results are presented in Table 8.4.

Transit velocity =

Table 8.4. Mean transit velocities of studied aquifers

Presumed Transit time Distance between Supposed_ Mean tr_ansn
Flow direction (Year) sampling points (m) Flow velocity velocity
(mfy) (mly)

Upper | sp1310 SB5 1678 3150 1.88 1.88
aquifer

SB2 to SB29 7160 2940 0.41
Lower - I'spo 10 SB21 1824 2340 1.28 0.72
aquifer i '

SB2 to SB33 2064 4320 0.48

8.4.4. Noble gas analyses

For noble gas isotope analyses, five water samples of about 40 cm?® were collected in copper
tubes with metal pinch-off clamps at both ends. All water samples were shipped to the Isotope
Hydrology Laboratory (IHL) at the IAEA, Vienna (Austria), that houses two large sector static mass
spectrometers for precise determination of noble gas isotope abundances dissolved in groundwater.

Concentrations of Ne, Kr, Ar and Xe in groundwater originate from the atmosphere, and
usually serve for determining the temperature at the water table at the time of recharge after correcting
for the so-called air excess and altitude (Mazor, 1972; Herzberg and Mazor, 1979; Heaton and Vogel,
1981; Stute and Schlosser, 1993, 2000; Aeschbach-Hertig et al., 1999). If the dependence of surface
air temperature on altitude is known, noble gases can also be used for determining the altitude of
recharge (Zuber et al., 1995; Manning and Solomon, 2003).

The temperature of recharged water derived from the concentrations of noble gases is usually
called the noble gas temperature (NGT). Noble gas temperatures were mainly studied for well-known
large groundwater systems to obtain paleoclimatic information (e.g. Stute and Deak, 1989; Stute
et al., 1993; Clark et al., 1997; Beyerle et al., 1998), or to confirm the pre-Holocene origin of water
dated by other methods (e.g. Blavoux et al., 1993; Clark et al., 1997, 1998; Zuber et al., 2000).
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Due to insufficient data to estimate the NGT for groundwater in Sidi Boulbra NPP site, we
attempted to estimate groundwater ages using amounts of tritium and tritiogenic *He (*He produced
by tritium decay).

Tritiogenic *He was determined for each sample using a recharge temperature, excess air and
terrigenic helium as determined by the (CE Aeschbach model) (Table 8.5). Because of very low
tritium contents, the ages obtained from samples with <1 TU of tritium and/or <3 TU of tritiogenic
®He showed significantly large uncertainties, making it impossible to treat these ages in a quantitative
manner. Nevertheless, the *H/*He results would indicate that groundwater within the Sidi Boulbra
NPP site aquifers includes some younger component recharged within the last 50 years considering
the analytical uncertainty of the age determinations. Ages determined by noble gases *H/°He range
from 45 to 47 years, and the age of the calendar of recharge of these groundwater is 1972 with an
initial content of tritium that ranges between 1.29 to 3.19 TU (Fig. 8.21).

Table 8.5. T-*He ages

Tritiogenic Initial Tritium T-3He age .| Age in Calendar
Name | T (TU) 3He (TU) (TU) (years) Date of Sampling Year
SB2 0 3 3.19 45 18/07/2017 1972
SB4 0.63 0 0.20 0 19/07/2017 2018
SB13 0.92 2 2.01 45 19/07/2017 1973
SB21 0.1 1 1.29 47 20/07/2017 1970
SB33 0.22 0 0.22 0 14/11/2018 2019
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Fig. 8.21. Calculation of “Initial Tritium” and its comparison with tritium input curve
(based on iNoble ver 2.6 model)

When mostly old groundwater is examined, as it is done in this paper, tritium often acts as a
marker of admixed young groundwater.

8.5. Conclusion

A multi-tracer approach including the application of isotope techniques, noble gas isotopes,
notably ®He and “He, reveals a groundwater mixing scheme in the Sidi Boulbra aquifer system, which
was not accessible by traditional tracer methods alone.

Stable and radioactive isotopes (8°H, 8'80; °H, *H/*He, 5°C and *C), together with physical
and geochemical data, were used in the determination of the origin of groundwater salinization and
geochemical evolution processes in coastal aquifers of Sidi Boulbra site located in the north of
Essaouira sedimentary basin. In this region, groundwater degradation occurs by salinization increase
to different concentrations and in relation to different origins. The main quality issues for the
groundwater resources are related to seawater intrusion and/or brine dissolution at depth.
Anthropogenic pollution ascribed to agricultural activities is another source for groundwater
degradation, affecting mainly the shallow aquifer (Fig. 8.22).
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Various isotopic age indicators show groundwater ages ranging from 4,000 to 10,000 years BP
in the Cretaceous lower aquifer. This observation is also consistent with *H data that is below the
detection limit (~0 TU). The Cretaceous lower aquifer contributes to recharge the Plio-Quaternary
upper aquifer via a network of faults, leading to the observed pattern of mixed water types. The
finding of mantle helium signature in shallow aquifer generally supports the assumption of the deep,
permeable faults in the area of the Sidi Boulbra NPP site area (Fig. 8.23).

The isotopic results together with the geochemical data provided an effective label for tracing
the mineralization origin and groundwater degradation processes.

This joint approach provided a better understanding of the variable nature of groundwater
mineralization, which can help to optimize the use of groundwater resources in coastal regions. The
results of this study can be used to guide alternative management practices enabling mitigation of the
overexploitation and deterioration in water quality, thus leading to sustainable groundwater use.
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Fig. 8.22. The data generated within this project revealed several sources of salinity: (i) Sea water intrusion
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Fig. 8.23. Cross section showing the proposed groundwater flow scheme in the Sidi Boulbra NPP site system
aquifer with major and supposed faults. The upper Plio-Quaternary, lower Turonian aquifers and Jbel Hadid-
Kourati mountains are shown in brown-orange, green and sky-blue colors, respectively. Water from deep
aquifer (red arrows), ascends along the Fault and admixes into shallow aquifer. Young waters are coming
directly from recharge areas (Mountains and plain with blue arrows) and/or from irrigation water return (orange
arrows). Water from lower aquifer (red arrows), ascends along the Fault and admixes into upper aquifer.
Seawater intrusion has increased salinity in downstream, where one third of the samples showed significant
seawater contribution and a significant exchange processes affected major cations
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9. STUDY OF GROUNDWATER DYNAMICS AT AND AROUND CHASHMA NUCLEAR
POWER PLANT COMPLEX AT CHASMA, PUNJAB, PAKISTAN

N. IQBAL, A. GHAFFAR, S. BUTT, M. ASIM

Isotope Application Division, Pakistan Institute of Nuclear Science and Technology (PINSTECH), Islamabad,
Pakistan

Summary

The study was conducted on alluvium aquifer around Chashma NPPs to investigate the impact
of NPPs operation on groundwater system. Stable isotope, major ion chemistry and organic
compounds signature suggested recharge from canals, lake and river. Organic signature further
explained most probable recharge sources for individual locations. Groundwater residence time using
Tracer LPM, CFCs and noble gases isotopes was in the range of 14-59 years and was in good
agreement. UA, CE and NGT models suggested recharge temperatures from 9-30 °C and absence of
denitrifying or anoxic conditions. The real and filtration velocities of groundwater were found to be
22.2 cm/day and 10.94 cm/day respectively in south-west direction and in-situ effective porosity of the
aquifer was 49.3%. The hydraulic conductivity of the aquifer was estimated using grain size analysis
that varies from 48-278 m/day with an average value of 139 m/day. The flow pattern suggested that
the south-western region of the study area was susceptible to contamination in case of any leakage.
Hydro-geochemical facies, hydro-geochemical processes and rock weathering phenomena were
clarified using Piper diagram, Gibb’s diagram and bivariant plots respectively. Predominantly
Ca— Mg —HCO; water type, water-rock interaction, silicate weathering and evaporative enrichment
are the leading phenomenon controlling groundwater chemistry. A preliminary conceptual
hydrological model is developed, which may help for the development of a groundwater flow and
contaminant transport model for the study area. The study also revealed that the NPPs operation did
not impose any adverse impact on groundwater system.

9.1. Introduction

Pakistan, like many other developing countries, is suffering from a 20-30 % shortfall of
electricity demand. Because of limited water resources for power generation, it relies on oil/gas fired
power plants to meet its growing energy requirements. However, economic, environmental and
political pressure along with surging prices of imported oil cost are the major constraints to resolve the
power crisis. Nuclear power generation is one of the available alternatives for clean, safe and
environmentally friendly modes of electricity generation. Pakistan first nuclear reactor started its
operation in 1972 at Karachi. However, two nuclear power reactors, i.e., C1 and C2 have been
operational since 2000 and 2011 respectively. At the same site, two new Nuclear Power Plants (NPPs)
C3 and C4 made operational recently will continue their power generation for the next 40 years.
Hydrological assessment and changes in different parameters (recharge and discharge sources/areas,
flow paths, interactions between surface and/or groundwater bodies, dynamics) is utmost important in
the vicinity of any NPP because any accidental release of highly toxic/radioactive materials can spread
in the environment through surface and groundwater systems. Baseline data of most hydrological
parameters was generated during the site selection and construction of C1 and C2 reactors.

This data was compiled by the Isotope Hydrology Group, PINSTECH in 1992-1993 and 2005—
2007 for C1 and C2. In these hydrological studies at the sites of the operational NPPs commonly used
isotopes and conventional techniques were employed. After a long-term operation of these NPPs, there
was a need to reinvestigate and evaluate the changes in various hydrological parameters and
groundwater dynamics using advanced isotope techniques.

Participation in this CRP was an opportunity to investigate the changes in hydrological
parameters of operational NPPs using common isotopic and conventional hydrology tools along with
newly developed techniques e.g., noble gases isotopes and Emerging Organic Compounds (EOCs) for
development of a groundwater conceptual model.
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Among the numerous applications of noble gas geochemistry, the study of noble gases (He, Ne,
Ar, Kr, and Xe) dissolved in groundwater can enhance understanding of surface and groundwater
dynamics by providing indications of flow paths, connectivity between aquifers, and water residence
times [Andrews J. N. and Lee D. J., 1979; Bottomley D. J. et al., 1984; Torgersen T. and lvey G. N.,
1985; Stute M. et al., 1992; Bethke C M. et al., 2000]. Being conservative tracers, the concentration of
Ne, Ar, Kr, and Xe in the groundwater system and recharge areas is considered to be a function of
temperature (T), pressure (P) (altitude of recharge area), salinity (S), and excess air (EA). Therefore,
noble gas temperatures (NGTSs) are regarded as a robust indicator of past climate as well (Kipfer R. et
al., 2002).

Emerging Organic Compounds (EOCs) are being employed for identifying processes and
sources for transport, occurrence and fate of the contaminants in subsurface systems [Glassmeyer S. T.
et al., 2005; Stuart M. E. et al., 2014]. EOCs including Persistent Organic Pollutants (POPs) and
organic hydrocarbons are very conservative in nature. Due to their hydrophobic nature and non-
polarity, adsorption of EOCs on soil particles is minimal or ignorable. Being conservative nature of
organic compounds, the signature of recharge source must have similarity with groundwater reservoir
under recharge. The water coming through different geological strata/formations must have different
organic signatures in case of non-point source. EOCs can be effectively used as supporting technique
to strengthen the existing isotopic tools to estimate groundwater recharge and interconnectivity. This
tool may be very effective where the isotopic signatures of multiple recharge sources are very similar
and can provide strong evidences for more reliable results. Signatures of organic compounds can
provide valuable information on the recharge mechanism and to differentiate the recharge of
groundwater for a particular area.

Contaminant transport is the key hydrogeological parameter for site evaluation of any nuclear
installation. This may not only provide the deriving mechanism to predict the fate of radionuclides
transport in case of a nuclear accident, but also evaluate the vulnerability to human population in terms
of groundwater contamination. Assessment of radionuclides contamination and transport in
groundwater is imperative to estimate the groundwater flow velocity and flow direction. A
combination of a very common radioactive tracer technique was also introduced to estimate in-situ
effective porosity. These results will help to understand the changes in groundwater system in the
vicinity of NPP site since the last study and will provide basic information that may be used to predict
the fate of radioactive contaminants released into groundwater in case of an accident and/or during
normal operations. Moreover, the findings of this study will also be useful to develop guidelines for
better hydrogeological characterization and management of local and regional groundwater systems in
the vicinity of nuclear power plants and to fulfill the safety requirements of Pakistan Nuclear
Regulatory Authority.

9.2. Objectives

The Overall Objective of the study is to explore the use of Isotope Hydrology tools, like Noble
gases isotopes, together with conventional nuclear tracers (e.g., 0, 2H, *C, °H) for better
understanding of hydrogeological conditions and prediction of radioactive contaminants released into
groundwater in the vicinity of NPPs in case of a radiological accident and/or during normal operations.

9.2.1. Specific Objectives

v Impact of nuclear power plants operation on groundwater parameters for the assessment of
radiological hazards

v Enhanced technical knowledge for better characterization of groundwater at and around the
NPP site

v Dating of fast moving and old groundwater using modern techniques of noble gases and
other isotope tools.

v A conceptual groundwater flow and contaminant transport model of the NPP site.
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9.3. Study Area

The study area tectonically lies within the Mianwali Re-entrant, representing part of the
northwest-ward dipping Punjab platform. It is located near the Chashma Barrage on the left bank of
the river Indus in the Mianwali District, about 32 km south of Mianwali and 280 km south-west of
Islamabad. The project site comprises Chashma Nuclear Power Plant Complex and the area in its
V|C|n|ty covering total area of about 400 km?. Initially a rectangular strip of approxmately 260
km=area situated between geographical coordinates from Latitude 32°17 NV to 32°28 N and
Longitude 71°21 E' to 71933 E \as sampled and defined as the “PrOJect Area/Study Area”
Taking into consideration results of the first sampling, study area was extended to about 400 xm*

between geographical coordinates from Latitude 32°15 N to 32733 | and Longitude
71°18 E o 71°36 E

3245+

32.35-

T
713 71.35 714 71.45 75 71.55 716

Fig. 9.1. Location Map of study area

The study area (Fig. 9.1) is located on the left bank of the river Indus, downstream of the
Chashma Barrage, and extends from Chashma Barrage up to Harnoli and Piplan in the south. While
the river Indus itself flows along the western boundary of the project area.

The sub-soil regime in the study area can be recharged by the local rains, the river Indus (higher
reaches contributing to downstream sites), Thal canal system, Chashma Barrage reservoir and
Chashma-Jhelum Link Canal.

9.3.1. Hydrogeology of study area

The study area makes a part of the upper Thal Doab, interfluding between rivers Indus and
Jhelum. It is underlain by unconsolidated Aeolian and alluvial deposits of quaternary age. The Aeolian
deposits in the study area are mainly composed of fine sands. These deposits overlie the alluvial
sediments in the form of sand dunes. Due to development of agriculture, sand dunes are gradually
disappearing and now exist in patches. The exploratory bore holes (160 to 366 m), drilled by WAPDA
and PAEC in and around the study area bottomed in alluvium. Hence no definite information is
available regarding the total thickness of alluvial deposits. However, deep bore holes drilled by
WAPDA in the Punjab reveal that unconsolidated sediments have been deposited on semi-
consolidated Tertiary rocks or on a basement of metamorphic and igneous rocks of Precambrian age
and their thickness is generally more than 300 m.
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The alluvial sediments were deposited in a subsiding trough by the present and ancestral
tributaries of the river Indus. The trough was developed due to orogenic movements in the Himalayan
Ranges. Contemporaneous filling and subsidence of the trough gave rise to a thick accumulation of
alluvial sediments which generally exceed 300 m. In accordance with the mode of deposition i.e. by
large streams in constantly shifting courses, the alluvial complex is heterogeneous in both vertical and
lateral extent. The drilling indicates that the sand formations are intercalated with lenses of silt and
clay of variable thickness and aerial extent [NESPAK, 1992].

9.3.2. Climate of the area

The climate of study site and its surroundings is generally arid and hot, with a long, hot summer
season and cold, dry winters. Summer lasts from May to September and winter lasts from November
till February. June is the hottest month with average temperatures of 42 °C (highest recorded
temperature 52 °C); in winter, December and January monthly average temperatures can be as low as
310 4 °C. The average rainfall during 20002016 in the district was about 385 mm. The study area is
about 200 m above mean sea level, and is located in the direction of north-east, at a distance of about
1,120 km from the Arabian Sea. Towards the west and immediately on the right side of the river Indus
are the hills of the Khisor range with an average elevation of 950 m above mean sea level. These hills
are devoid of any vegetation. On the north of the site, the land is generally flat and extends up to the
foot-hills of the salt range. High mountain ranges lie farther to the north and north-west of the area,
which provide an effective barrier, during the winter, to cool-air-masses moving southward from
central Asia.

9.4. Materials and Methods

Water samples were collected from the surface bodies, pre-existed hand pumps, boreholes and
tube wells located in the area under investigation. Temperature, EC, pH and dissolved oxygen (DO)
were measured in-situ. The main concern during sampling, transport and storage was to avoid isotope
fractionation through evaporation or diffusive loss of water vapor, and/or isotope exchange with the
surroundings as well as with the bottle material. These effects were minimized by using appropriate
collection methods and bottles.

Three sampling campaigns were launched, during March 2017 (Pre-monsoon), September 2017
(Post-monsoon) and December 2017 (transition period). In the pre-monsoon sampling campaign 42
water samples were collected for tritium, stable isotope (Deuterium & Oxygen-18) and major ion
chemistry, whereas 52 and 54 water samples were collected during September and December
sampling campaigns, respectively for the analysis of tritium, stable isotope (Deuterium & Oxygen-18),
CFCs and major ion chemistry (Fig. 9.2). All the bottles were marked individually with waterproof
marker (project code, location, date, sample number); the information was cross-referenced with the
field notebook.
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Fig. 9.2. Location of water samples (a - Pre-monsoon, b - post-monsoon, ¢ - Transition period)
9.4.1. Stable isotope analyses

Stable isotope (*8
O and 2H) analysis was carried out as per the IAEA Standard Operating Procedure for the
Liquid-Water Stable Isotope Analyser on Los Gatos Research (LGR) Liquid Water Isotope Analyzer.

9.4.2. Tritium analysis

Tritium analysis of water samples was performed by Liquid Scintillation Counter (LSC),
Quantulus-1220 followed by electrolytic enrichment. The uncertainty in measurement was about 0.8
TU. All the samples were distilled on a routine basis to remove impurities. One gram Sodium peroxide
is added to250 ml distillate and solution thus prepared is transferred to electrolysis cells for
electrolytic enrichment. All the 20 cells were placed in a specially fabricated refrigerator and
connected in series. A total charge of 700 AH was passed to get about 14-15 ml of enriched sample.
The refrigerator is set to maintain a temperature of 0+1 °C around the cells. Three spikes were
included in each run of electrolysis to determine the degree of enrichment. The average enrichment
factor is about 16.

On completion of electrolysis, the electrolyte was neutralized by adding four gram Lead
Chloride. The samples were again distilled to recover the sample water. Eight ml of enriched sample
was taken in 20 ml polyethylene vial and 12 ml scintillation cocktail (Ultima Gold LLT) was added to
it. The contents of the vial were mixed up thoroughly by vigorous manual shaking. A batch of samples
comprising 3 background samples, 3 standard samples, 3 enriched spikes, 3 un-enriched spikes and 17
enriched samples having unknown tritium concentration were placed in the LSC. Unquenched
standards of tritium supplied by Packard Instrument Co. were used to measure and optimize the
counting efficiency of LSC. All the samples were counted for a preset time of 50 minutes and the
whole batch was cycled 10 times.

Finally counting data was statistically evaluated and processed by excel template to calculate
the tritium activity (TU). This template comprises the calculation of the mean background count rate,
net count rate of enriched spike, net mean count rate of standard and net count rate of enriched
unknown samples.

9.4.3. Emerging Organic Compounds (EOCs)

In order to evaluate EOCs signatures, 25 samples including four reference samples from
available recharge sources in the area were collected for analysis. The major recharge sources included
Chashma Jhelum Link Canal (CJL), Thal canal (TC), Chashma lake and river Indus. Organic
compound signatures of all samples were compared with the reference samples to identify recharge
sources.
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Samples were filtered through 0.25 pum filter paper using vacuum assisted filtration assembly.
Organic compounds in water samples were extracted/pre-concentrated by using solid phase extraction
(SPE) techniques using C-18 cartridges under optimized extraction conditions and concentrated
through visidry (drying with inert gas purging technique). Extracted samples for organic compounds
were scanned using GC-MS and DB-5 column under optimized heating condition of injection port,
column and MS detector temperature. The EOCs signatures of surface water sources and groundwater
samples were developed under the same extraction and analytical conditions on GC-MS. Then the
EOCs signature is compared to identify the recharge sources and interconnections between surface
water and groundwater.

9.4.4. Noble gas isotope analysis

Twenty four groundwater samples for Noble gas isotope analysis were collected from a study
site in copper tubes provided by IAEA according to IAEA SOPs. The collected samples were sent to
IAEA, Vienna for NG isotopes analysis in March 2019.

The Nobel Gas Temperature (NGT) values were calculated using two different models. The
Un-fractionated Air (UA) model which assumes that groundwater has equilibrated at 100% relative
humidity and any excess noble gas derived from the incorporation of air bubbles has atmospheric
composition (Stute M. and Schlosser P, 1992), and the Continuous Equilibration (CE) model of
(Aeschbach-Hertig W. et al. 1999) which allows for partial dissolution of trapped air, thereby leading
to noble gas fractionation. Mean Residence time (age) in years was calculated applying a total
dissolution model considering the recharge temperature and excess air parameters.

9.4.5. Radon concentration around NPPs

The radioactivity of water samples collected around the NPPs was measured using RAD-7.
Twenty water samples were collected in 250 ml vials from different sources i.e. bore holes, tube wells,
canals, hand pumps as well as the outfalls of power plants. The water samples were collected in a vial
from selected borehole/well using an electric pump, so that the accurate radon content of water in deep
water is measured. The activity of Radon gas was estimated with RAD-7 detector as per standard
protocol.

9.4.6. CFCs analysis

Field sampling for CFCs was carried out during September and December 2017. Forty
groundwater samples were collected for CFCs during the sampling campaigns. The sampling bottle
was purged according to the USGS National Field Manual. The bottle was placed into a 3 liter SS
beaker and then inserted the end of the copper tubing from the pump all the way into the bottom of the
sampling bottle. The sample was allowed to pass into the bottles and continued to overflow the bottle
while it's sitting in the outer beaker until one liter of water has flushed through the bottle from the
bottom. Tapped the bottle to dislodge air bubbles and tightly capped the bottle while submerged in
water.

9.4.7. Major ion chemistry

All the samples collected from the study area were analyzed for physico-chemical parameters
(EC, pH, temperature) in the field and for major ions Na, K, Ca, Mg, Cl. HCOs, COs;, SO4 analysis
were performed in the laboratory. Chloride contents were determined by Titration (AgNO3) method.
Carbonate and bicarbonate contents were determined by the titrimetric method. Sulfate concentrations
were determined Dby spectrophotometric method wusing Hitachi 220-A Double Beam
Spectrophotometer. All the major cations were analyzed using Thermo Scientific, ICE-3000 Atomic
Absorption Spectrophotometer (AAS).

9.4.8. Groundwater dynamics

Twenty-four (24) boreholes around NPPs site were constructed and investigated to monitor
water table fluctuation over a period of one year and to determine the general groundwater flow
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direction in the study area. Portal elevations and horizontal coordinates of all the boreholes with
reference to a benchmark were determined to correct the values of hydraulic heads accordingly. Water
depths from the portal of each borehole were measured using a depth meter. Measurements were
plotted on a map of the area and contour lines were drawn connecting points of equal elevation. These
lines represent equal pressure between connected points and are called equipotential lines (Fetter C.
W., 1990).

Water table contour maps of the study area were generated with respect to the temporal
variation in static water level from which the major and minor flow directions were delineated. After
assessment of general flow direction a setup for groundwater real and filtration velocities was
constructed at the central place between NPPs site and the river Indus (anticipated discharge area). The
setup comprising a set of boreholes for multi-well technique and a borehole for point dilution
technique (PDT) to determine local groundwater flow direction and velocity. The setup for multi-well
technique comprised of an injection borehole at the center and two semicircles of satellite boreholes at
200 cm and 500 cm, which were used as detection boreholes. The semicircle pattern was selected on
the basis of groundwater flow direction estimated from the water table contour map described as
above. The inner semicircle comprises of 07 observation wells from T1 to T7, with each well located
at 26° 45 apart from one another, while the outer semi-circle has 09 monitoring wells from T8 to

T16,20°30" apart from each other (Fig. 9.3).
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Fig. 9.3. Schematic diagram of experimental setup for groundwater dynamics

About 280 mCi lodine-131 (**!1) in the form of Sodium lodide solution was injected in the
injection well o on 3" November, 2019 at 1645 hours by using an indigenously designed injection
system. Background radiation in air and water was also measured well before the injection of
radiotracer (**!1). Monitoring of radioactivity in all the detection wells was initiated just after the
injection of the tracer and continued until the count rate reached in the limit of three times the standard
deviation (o) in the detection wells. The response of the detectors in the form of CPM was recorded
after every 6 hours

An additional borehole for point dilution technique (PDT) was also constructed at 500 cm
distance from the central borehole in general groundwater flow direction on the rear (North-East)
direction of setup.

The point dilution test (PDT), also called the borehole dilution test, was employed to estimate
the groundwater Darcy velocity (Tazioli G.S., 1973). Radiotracer (**™Tc) with a half-life of 6 hours
was introduced and homogeneously distributed into a confined section of a well, which was
continuously diluted by the groundwater flow and its decreasing concentration is measured over time
by using a scintillation detector housed-in the measuring volume. A Rheometer probe equipped with
multiple accessories such as control unit, data logger, computer, tracer injection system,
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homogenization system and a radiation detection system was employed to determine the filtration
velocity at specified location.

The filtration velocity depends on two variables; the temporal response of the detector and the
extent of distortion of the groundwater flow field caused by the presence of the well.

The concentration of the tracer injected in the measurement volume decreases exponentially
with time. The filtration velocity ‘V¢ of groundwater (2) has been derived from simple differential
equation (1) as given below:

dc _ €Q

dt L_C 1)
o Y Lo

T a-.r:‘”(r:), )

Where Q is discharge through the well, V is the measurement volume, F is cross-section of

measurement volume, Co is tracer concentration at t=0, C is tracer concentration at time t, & is the
convergence factor for water flow lines due to construction of borehole.

For a well screen of inner radius “R:” and the measurement volume with a height of “h”, the
values of V = m(Ry?h and F = 2R;h substituted as:

) (C) 2. Ve
nl—J]= - %t
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Tracer concentration versus time field data are analyzed by plotting the natural logarithm of the
ratio of tracer concentration (C) at any time to the initial concentration (Co) versus time. The tracer
dilution is caused by water flowing through the test section and the logarithm of this ratio (C/Cy)
exhibits a linear trend, and its slope (m) is equal to the factor “”. Therefore, the filtration velocity “V¢”
can be calculated using equation

g _mXxmx R,
I @)
The value of “a” generally varies between 0 to 8 (Gaspar E., 1987) and it mainly depends on
two key factors; firstly, construction design of the well and secondly, the nature of the porous medium.

Mathematically “a” may be calculated using the equation of Klotz (Klotz D., 1978). Finally, Ve was
calculated by incorporating various design parameters of the experimental wells and the field data in
equation 4.

Porosity, # of a porous medium is mathematically defined as

p= ([—) % 100 %
I"ﬂ

In an isotropic system the flow rate is equal to the product of flow velocity and cross-sectional
area of the flow pipe. The equation Q=AxV is commonly known as the discharge equation, where, Q
is discharge rate, A represent area and V is velocity. By comparison of filtration and real velocity, the
relationship among these two parameters can be written in term of porosity as following

Q=AxV:= A, xV, V=TV, (‘”—)

P!
=T A‘-"L_ _— Volygia
: "\AL " Voliorar
s = V. x Porosity
The experimental setup constructed for groundwater flow direction and point dilution
experiment was also employed to estimate a vital hydrogeological parameter known as effective
porosity. To calculate the effective porosity, experiments of real velocity and filtration velocity were
conducted side by side and their results were subsequently incorporated in a simple mathematical
correlation (Freeze R. A. and Cherry J. A., 1979)
Ve
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141



9.4.9. Hydraulic Conductivity of Aquifer

Soil samples from each borehole were also collected for grain size analysis. Various approaches

exist to relate saturated hydraulic conductivity (K s) to grain-size data. Most methods use a single
. CH

grain-size parameter K = cldia)” sec(Hazen. A., 1982) and hence omit the information
encompassed by the entire grain-size distribution. The formula, which is based only on the single
particle size, is less accurate than the formula, which is based on the entire particle size distribution
and particle shape [Ahuja, L. R. 1989. & Udong, J. 2007]. For estimation of hydraulic conductivity
approach of Salarashayeri and Siosemarde was adopted which incorporate entire particle distribution
K; =10.06 +118.54(d10) — 12.5(d o) — 7.32(d o) (Salarashayeri A. F. and Siosemarde M., 2012).

Hydraulic conductivity or coefficient of permeability was also calculated using simple Darcy’s
law for comparison purposes. Two boreholes on either sides of the experimental setup for filtration
velocity in the direction of groundwater flow were constructed for determination of hydraulic gradient
and hydraulic conductivity was estimated using well known Darcy formula

K="t
|
9.4.10. Compilation of data from Previous studies

Until this time IAD PINSTECH has concluded two major hydrological investigations during
1991-1993 and 2005-2007. The data generated in these investigations and several small scale studies
is used as a baseline for the present investigation.

The  samples collected during 1991-1993 show different ranges for stable isotope
fractions.&*®0 &3*H values for surface water varies from —13.03 to —11.2%o and —90.95 to —88.1%o,
Shallow groundwater from —12.42 to —4.11 %o and —85.57 t0 —23.27%., Deep groundwater from —
11.82 t0 —6.2%0 and —79.8 to —35.5%,, respectively. The §*20 &3*H plot reflects that both shallow
and deep groundwater are mainly recharged mostly from river indus and local surface water bodies,
while a minor population shows mixed recharge either from rain or mixing of evaporated rain with
surface water (Fig. 9.4). Furthermore, tritium data suggested that most shallow groundwater samples
were in the range of 4-40 TU with the average tritium concentration of 23.7 TU indicating relatively
shorter residence time and fresh recharge, while deep groundwater shows mixed trends for tritium
levels with some having relatively lower tritium values as compared to shallow, while the other
exhibits higher tritium values indicating contribution of mixing with post 1950 water and snowmelt
from the glaciers developed during high tritium period respectively.

Shallow: d2H=6.97 d180+ 3.3
R2=0.97
-40 4 Deep: &°H =7.84 580+ 12.7

Pf‘. -50 A
T n ® Shallow
w0 LMWL
70 1 X Rain
80 4 River Index
Linéaire (Deep)
90 - Linéaire (Shallow)
-100 T T T T T |
-15 -13 -11 9 -7 -5 -3
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Fig. 9.4. Plot of & 180 vs & 2H of water samples in the vicinity of Chasma Site (1992)
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Similar trends were observed from isotopic data of water samples (5*%0 &3%H ) collected
during 2005-2007 study except some minor diversities.These minor diversities could be attributed to
the temporal variations in isotopic and hydrochemical Barametgrs caused by local agriculture
activities, weather conditions and atmospheric changes.¢ 30 & §*H values for rain water varies
from —7.37 to —3.10%o and —54.41 t0 —29.71%o, River water from —12.99 to —10.48%o0 and —91.36 to —
65.86, Shallow groundwater from —12.42 to —3.26 %o and —90.57 to —21.27%o, Deep groundwater from
—11.85 to —8.16%0 and —87.52 to 57.98%o, respectively. Tritium values for rain water ranging from
12.3-13.2 TU, for river water 10-19 TU, for shallow groundwater 0.60-20TU and for deep
groundwater 0.80-10.60 TU, respectively. The observed isotopic data (520 &&%H and 3H)
interpreted that the predominant recharge source for the study area is river and canals. Moreover,
tritium data interpretation also indicates similar trends as for the previous study (1991-1993).

Water level contours of study area for 1977 and 1990 (NESPAK, 1992) are also included for
model input as initial conditions and calibration purpose respectively. The water level contours of both
periods show a similar trend of groundwater direction towards river in the direction of west with slight
lowering of water table.

Following conclusions were drawn from the isotopic data:

v There are two sources of groundwater recharge i.e. Indus River System and rain. The deep
groundwater in the study area is mainly recharged by the Indus River System having contribution 70—
90%.

v Major source of recharge for shallow groundwater is the river system having contribution
more than 60%.

v Heavy exploitation of ground water would change the relative contributions of the two
sources of recharge and induced infiltration from the river and canal system will increase.

v Tritium data show that the mean residence time of most of the groundwater varies from few
years to 40 years except some locations having tritium values less than 1 TU, which indicate mean
residence time more than 50 years (IAD-84/CFR/2008).

9.5. Results and Discussion

9.5.1. Groundwater Recharge Mechanism

The control points to interpret the isotopic data of any area in terms of recharge mechanism are
meteoric water line, rain index and river system index in the area under investigation. Extensive
samplings over a long period of time are required to establish these control points or indices. The
weighted average “3'%0: —3.62 %o, 8°H: —19.14%o” of Chasma rain data (2005-2007) was taken as rain
index while average “3'80: —11.38 %o, 8°H: —75.31%0” monthly isotopic data of same period of river
system in the study area was taken as isotopic river index. For Local meteoric water line (LMWL)
shown in Fig. 9.5, it was established during 2005-2007 using actual slope and intercept of all rain
samples (non-weighted), slopes 7.58 and 6.97 were taken respectively as reference. The average
isotopic signatures “8'80: —11.9%o, 8°H: —83.4%0” of River Indus at Basham, 300 km upstream at
altitude of 625 m were also included for reference to compare the isotopic values with some higher
altitude location.

The isotopic data for the collected groundwater samples revealed the relative contribution of
recharge sources such as rain, river and canal. During pre-monsoon season isotopic values for
§'%0 & 6*H in surface water samples varies from —11.07 to —11.31 %o and —71.9 to —72.93 %o, in the
shallow groundwater —6.84 to —12.03 %o and —42.66 to —79.9 %o and in the deep groundwater —10.91
to —11.73 %o and —73.93 to —77.29%., respectively. During post-monsoon season, isotopic values of
5180 and &°H in surface water samples range from —11.52 to —12.62 %o and —79.95 to —84.79 %o,
shallow groundwater varies —8.17 to —11.97 %o and —51.71 to —81.07 %o and in the deep groundwater —
8.9 to —11.13 %o and —59.31 t0 —75.98 %o, respectively. Whereas, transition period with relatively
enriched isotopic values for §'%0 and §°H is characterized with surface water samples varies from —
11.11 to —11.37 %o and —74.6 to —78.34 %o, shallow groundwater ranges from —5.52 to —12.64 %0 and
—32.28 t0 —82.97 %o and the deep ground water extends from —10.53 to —11.49 %o and —69.66 to —
75.58 %o, respectively.
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The 60 vs 8*H plots of three sampling campaigns are shown in (Fig. 9.5). The isotopic data
indicates that most of the groundwater samples are situated marginally above the LMWL and closer to
the river index, which indicates shallow groundwater is mainly recharged by the river and surface
water resources. On the other hand, mixed recharge is associated with the samples located among river
and rain index. Whereas, samples with depleted isotopic values are aligned nearer to the LMWL,
indicating major contribution of river and canal water. A few deep groundwater samples show mixing
of evaporated rains but most of them are predominantly recharged by surface water.
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Fig. 9.5. 8°H vs. 680 plot of water sample: (a) pre-monsoon, (b) post-monsoon, (c) transition period

Seasonal effect reveals that during pre-monsoon, the isotopes are relatively enriched in
comparison to the post-monsoon. This could be attributed to the enrichment of heavy isotope in the
pre-monsoon season (Fig. 9.5, a) by two key factors; temperature effect and the amount effect. Firstly,
Temperature effect derives its roots as lower the atmospheric temperature higher will be the isotope
fractionation, which may lead to the enrichment of surface water with respect to heavier isotopes (320
& &% H) during pre-monsoon season. Secondly, the amount effect which does not contribute
considerably for modification of isotopic values, owing to few rain events in pre-monsoon season.
Conversely, depletion of isotopes (8'%0 and §°H) during the post-monsoon season (Fig. 9.5, b) is
primarily due to heavy rains and high tides condition in river Indus.

Additionally, depletion of isotopic values could be credited to isotopically depleted
snow/glacier melt coming from high mountains of Himalayas contributing to river Indus, which is the
major recharge source for the study area. Similar trends for transition period (Fig. 9.5, ¢) were
observed as temperature is substantially low in winter season, which results in enrichment of surface
water and subsequent enrichment of shallow and deep groundwater in terms of heavy isotopes.
Therefore, it is concluded that river and canal water is the main recharge source for the study area.

9.5.1.1. Spatial variation of £*%0

The spatial distribution of Oxygen-18 (Fig. 9.6) shows exactly similar trends as revealed in
previous studies. The G0 varies with the distance between the sampling station and river/canal
system indicating considerable effect of the canal water to the groundwater. Furthermore, samples
located near to river and canals exhibiting depleted isotopes also signify that the possible source of
groundwater replenishment is river/canals water.

During the dry period river Indus in the vicinity of the study area behaves like a gaining stream.
Only for a short period when the river flows at full swing, it contributes to nearby groundwater.

5180 vs 5%H Pplot (see Fig. 9.5) and spatial distribution of **0 (see Fig. 9.6) clearly indicates this
phenomenon during different seasons.

144



®)

Fig. 9.6. Spatial Distribution of §20: (A) March, (B) September, (C) December, 2017

Overall, spatial distribution of 30 and EC unveiled analogous findings as inferred from the
distribution of both pre and post monsoon season.

9.5.1.2. Emerging Organic Compounds

The signature of organic compounds of water samples 28, 34, 35, 36, 37 and 39 (Table 9.1) had
more than 80% matching of organic compounds with reference sample CJL canal. Location of 28
canal is near the Thal canal but EOC signature indicates CJL canal as its recharge source. CJL canal is
the potential recharge source for these points as organic compounds of each sample have extreme
matching with organic compounds of the canal which also support the finding of stable isotopic data.

The most prevalent organic compounds in the water samples of 1, 2, 5, 7, 12, 13, 18 and 19
suggested the thal canal is the possible recharge source of these sites as maximum matching of organic
signatures were observed between these samples and Thal canal (Table 9.2).

Apart from it some of these samples 21, 24, 27 indicate mixed recharge source of CJL and Thal
canal. Additionally, a large number of significant peaks were obtained in these samples as compared
to the rest of the other samples. This could be credited to the great number of anthropogenic activities
that might be associated with these sites. The EOC signatures of Sample 6 look like the signatures of
Thal canal but have some different peaks that may be due to some anthropogenic activities due to its
location inside a small village.

The samples 35, 36 and 37 are near the river but data suggested here a CJL canal recharge. It
showed that river water may not be following that path. However organic signatures of sample No. 4
and 26 are matching with organic signatures of Chashma lake that shows the lake is recharging this
area.

Organic data validates that rain is not the major recharge source of these locations, rather these
areas are either canal recharged or river recharged. Results showed that 4 sites 20, 23, 30 and 32have
close resemblance with the river (Table 9.3). Organic signatures of sample 23 had close matching with
the river that clearly mirrors off that water here was recharged through the river besides its location on
predicted flow pattern.
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Fig. 9.7. Part of full scan total ion chromatogram of Thal canal and sample No. 1

A portion of full scan total ion chromatogram by GC-MS of Thal canal and sample No. 1 is
given in Fig. 9.7 as an example of organic compound comparison between two samples and the
recharge pattern as predicted by EOCs are given in Fig. 9.8.

9.5.2. Groundwater Residence Time

The mean residence time (MRT) of groundwater is a critical hydrological parameter required
for the groundwater dynamics studies. Tritium, CFCs and Noble gas isotope technique was applied for
determination of MRT.

9.5.2.1. Tritium

Frequency histograms of tritium concentration in surface and groundwater samples collected
during March, September and December 2017 are shown in Fig. 9.9.

The Fig. 9.9 shows frequency histogram of tritium content in water samples of different seasons
over the year. The histogram from Fig. 9.9 (A) to (C) represents the tritium variation during the pre-
monsoon, post-monsoon and transition period in various categories of waters comprising shallow
groundwater, deep groundwater, surface water and rainwater.

In shallow groundwater tritium concentration during various seasons exhibits diverse range,
extending from 2-20 TU. During pre-monsoon, post-monsoon and transition periods, 72% (n=29),
69% (n=25) and 75% (n=30) of the shallow groundwater samples range from 8-14 TU, respectively.
Likewise, 17% (n=05), 25% (n=09) and 20% (n=08) of pre-monsoon, post-monsoon, and transition
period, respectively, exhibit tritium concentration ranges from 2—-6 TU. Whereas, only a few shallow
groundwaters lie in the range of 16-20 TU, with 10% (n=03) of pre-monsoon, 8% (n=03) of post-
monsoon and 5% (n=02) of transition period. Comparing histograms with the spatial distribution
diagrams (Fig. 9.10) it is observable that most of the samples having similarity of tritium
concentration with the surface waters lie near the water channels indicate quick recharge while a
smaller population having lower tritium concentration are relatively farther from surface water
resources have higher residence time. The stable isotope values and the groundwater direction
depicted by water table contours (Fig. 9.16) also supports this finding. Few samples having
extraordinary higher tritium concentration may be attributed to some glaciers-melt in Northern Areas
of Pakistan still having higher tritium and contributing to river Indus.

A few deep groundwater samples were available during each sampling. The temporal trend of
tritium in deep samples depicts almost similar ranges as shallow groundwater samples. During pre-
monsoon, samples generally have low tritium values varying from 2—7 TU (n=03) indicate higher
residence time. One location in post-monsoon and transition period having 14 TU and one location
having 12 TU are medium depth (about 200 ft) boreholes developed by local farmers for irrigation
purposes suggest a few years of residence time and quick recharge.
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Fig. 9.8. Recharge patterns depicted by EOC signatures in study area
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Tritium concentration in surface ranges from 8-10 TU (n=04), 8-16 TU (n=10) and 10-18
TU (n=08) for pre-monsoon, post-monsoon and transition period, respectively, whereas, tritium in
rain samples collected during post-monsoon and transition period shows a value of 8 TU.

The spatial distribution (Fig. 9.10) suggests that some of the deep groundwater samples (16,
36) showing high tritium values (13-18 TU) are located in the southwest of the NPPs and near the
river Indus, which indicate mixing of groundwater with river base flow water. On the other hand,
the majority of the samples located near the CJL and Thal canals exhibit tritium values range from
7-12 TU, illustrate their shorter mean residence time and also suggest their predominant recharge
source is surface water. While, a few samples (1, 9, 17, 18, 21, 23) having tritium concentration
from 1-6 TU, delineate mixed water, designating presence of some fraction of old groundwater with
surface water.
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Fig. 9.10. Spatial distribution of Tritium:
(A) March, (B) September, (C) December, 2017

9.5.2.2. CFCs

Chlorofluorocarbons (CFCs) offer exquisite capability to use them as tracer for dating young
water (<50 Years). The mechanism of groundwater age dating with CFCs is based on Henry’s law of
solubility by measuring concentration of the gas dissolved in water in equilibrium with air. The age
dating using CFCs is subjective to numerous parameters such as recharge temperature, Salinity, excess
air in the water sample and altitude at location of recharge (Cox, S. E., 2003). Transformation of
groundwater age or mean residence time (MRT) to ‘Modeled age’ needs a mathematical model. Thus,
simple lumped parameter model (Tracer LPM) was used to describe distributions of age in a more
precise manner (Fig. 9.11). Tracer LPM approach is very useful because it integrates CFCs data over
large temporal and spatial scales.
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Fig. 9.11. Groundwater mean residence time determined by CFCs and Tracer LPM model

CFCs analysis of collected groundwater samples reveals that CFC-II ranges from 0.02 to 12.96
pmol/kg, CFC-12 varies from 0.13 to 2.63 pmol/kg, and CFC-113 concentrations span from 0.02 to
6.35 pmol/kg.

The groundwater ages predicted by incorporating the experimental data of CFCs (CFC-11,
CFC-12 and CFC-113) range from 29 to 52 years and by Tracer LPM range from 22 to 59 years (see
Fig. 9.11). Overall, the results demonstrated comparable age ranges calculated by both CFCs and
Tracer LPM, which confirms the application of Tracer LPM in groundwater age dating.

9.5.2.3. Noble Gases Isotopes (NG)

UA and CE, NGT models yield average temperatures (Fig. 9.12) range from 9° to 39° C, which
are significant according to mean annual air temperature (MAAT). Wide range of recharge
temperature (9-39) suggested that recharge sources are of mixed nature comprising of surface water
(river & canals) to rainwater. Mean Residence time (age) in years calculated by applying total
dissolution model considering the recharge temperature and excess air parameters is from 14 to 53
years which suggested a young groundwater as concluded by Tritium and CFCs data.
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Fig. 9.12. Recharge temperature and groundwater age using NGT models
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Both the CE and UA models suggested that the amount of *He and “He in samples is a result
from air saturated water (ASW) and dissolved excess air and all He present in the water had an
atmospheric origin (Fig. 9.13) (Saar et al., 2005).
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Fig. 9.13. 3He/*He vs Ne/He plot for origin Fig. 9.14. Solubility equilibrium with infiltration
of groundwater temperature

Almost all samples have high equilibrium gas solubility (Fig. 9.14) which is indicative of no
degassing or gas stripping. Noble gas data suggested absence of denitrifying activities or anoxic
conditions, these findings were supported by chemical data as well.

9.5.3. Assessment of Radon Concentration

The activities of the radon gas by using RAD7 radon detector ranged from 20 pCi/l to 310 pCi/l
with a mean value of 160 pCi/l 9 (Fig. 9.15). Variations in levels of radon concentration appear due to
the locations of the individual sampling sights. Which shows that all values are within the safe limits
(300-10,000 pCi/l) [ICRP 1990] as proposed by the ICRP recommended action limits. thus pose no
threat to the people of the locality.
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Fig. 9.15. Spatial distribution and frequency histogram of Radon concentration around NPPs

Various environmental tracers are commonly used to understand the interconnectivity of surface
water and groundwater. Rivers and canals are key hydrological features nurturing the groundwater of
an area. The response of these surface water sources varied over the period of time, depending on
precipitation pattern and seasonal variation. To identify the recharge and discharge pattern in a
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hydrological system, among various hydrochemical tracer, radon is extensively used because it offers
an inexpensive and time efficient way to understand and estimate the surface water — groundwater
interaction in varied hydrogeological settings.

The radon data of measured surface and groundwater samples was plotted in the form of spatial
plot and frequency histogram (see Fig. 9.15). Frequency histogram shows that radon concentration in
surface water samples ranges from 50 to 100 pCi/L, while a broad range exists in groundwater
samples, extends from 100 to 350 pCi/L.

The spatial plot of radon activity reveals that surface water in the form of canals and lakes has
an influential impact on groundwater recharge of the study area, which is manifested by low radon
concentrations in groundwater samples located near the surface water sources and in the vicinity of
Chashma NPPs. However, samples located in the south-west quadrant of the spatial map indicate
groundwater discharge to the river Indus, which is characterized by relatively high radon values near
the river.

9.5.4. Groundwater Flow Parameters

Based on the described methodology, the general direction of groundwater was guesstimated
towards the river in the south-west direction.
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Fig. 9.16. Groundwater contours showing temporal fluctuation in water table and flow direction
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Fig. 9.17. Water table contours of study area during 1977 and 1992

The water table contour maps (Fig. 9.16) show that groundwater flow direction is
predominantly towards the river in the direction of south-west with minor fluctuation throughout the
year. The flow pattern in the aquifer system therefore suggests that the southern region of the study
area is susceptible to groundwater contamination that may release from NPPs in case of any leakage.

Comparing the present water table contours maps with the maps of 1977 and 1990 (Fig. 9.17.),
similar trends are observed with slight lowering of water table in the area. This lowering may be due
to general scarcity of water or due to heavy abstraction of groundwater for agriculture and domestic
use.

9.5.4.1. Groundwater real velocity

The tracer was first appeared in detection well Ta (see Fig. 9.3) located in the southwest of the
injection well on November 121" 2019 at 1630 hours. The breakthrough time was calculated as 223.8
hours (9.32 days). The monitoring of radiotracer was continued in T4 and all other detection wells in
the inner semicircle. The peak value was observed in Ts on November 19" 2019 at 2230 hours
indicating transit time for maximum activity of 395.8 hours (16.5 days). The groundwater velocity for
water front was calculated as 21.65 cm/day. After the breakthrough in Ta all the wells in the second
semicircle were also continuously monitored for tracer presence. Finally, the tracer appeared in
detection well T1z in the outer circle after 527.8 (21.99 days) hours of injection on November 25™
2019 at 1030 hours, indicating breakthrough velocity of 22.74 cm/day in the same direction as
determined by appearance of tracer in Ta. The appearance of tracer in any other boreholes in second
semicircle was not detected as the count rate remained within {£32) and three times the background
count rate. Table 9.4 summarizes the key events of the described multi-well experiment.

Table. 9.4. Summary of key events during real velocity experiment by multi-well technique
(Injection: November 3™, 2019 at 16:45)

Detection Distance Break Through Transit time Velocity
BH (cm) Hours Days (cm/day)
T-4 200 11/12/2019 16:30 hrs 223.8 9.32 21.65

T-12 500 11/25/2019 1030 hrs 527.8 21.99 22.74
Average Real Velocity 22.2

9.5.4.2. Groundwater Filtration Velocity

The value of “a” convergence factor was mathematically estimated on two key factors, the
construction type of the well and the nature of the porous medium using th A uation of Klotz (Klotz
D., 1978). The estimated value of “o” was 2.75. n (_3

From the field results of tracer tests carried out in PDT well, Co/ was determined and
plotted against time ‘t’ (Fig. 9.18). The Slope of the best-fit lines (dilution lines) having groundwater
flow velocity term, which is represented by equation (3) was determined. Groundwater filtration
velocity was then calculated as 0.0076 cm/min (10.94 cm/day) using the parameters (i.e. a and £1) of
wells in equation (4).
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Using filtration velocity and real velocity in-situ effective porosity is calculated as

Porosity = p=

which is in good agreement with the porosity of medium
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Fig. 9.18. Plot of detector response and In(C/C,) vs time showing dilution rate in PDT well
9.5.4.3. Hydraulic Conductivity of the Aquifer

Hydraulic conductivity of aquifer was estimated by grain size analysis adopting Salarashayeri
and Siosemarde formula [Salarashayeri A. F. and Siosemarde M., 2012] which incorporate entire
range of grain size i.e., d*, d* and d®. Spatial distribution of Hydraulic conductivity is presented in
the form of contours (Fig. 9.19). Hydraulic conductivity of the aquifer around the NPPs ranges from
48 to 278 m/day, indicating an increasing trend from Noth-East to South-West direction.
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Fig. 9.19. Spatial distribution of Hydraulic conductivity around NPPs site
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Hydraulic conductivity or coefficient of permeability was also calculated using simple Darcy’s
law for comparison using Darcy formula

\"
K:Tf

where:
| = hydraulic gradient = (h1-h2)/d = 1.01/1506 = 0.000761,

hl = water table in BH-1 =190.12 m,
h2 = water table in BH-2 = 189.11 m,
d =distance (BH-1 and BH-2) = 1506 m.
Filtration velocity = 10.94 cm/day = 0.1094 m/day.
Hydraulic Conductivity = K = 0.1094 / 0.000761 = 163 m/day.
Thickness of alluvium = > 300 m (NESPAK, 1992).
Transmissivity (T) = K x Thickness of aquifer = 163 x 300 = 48,900 m?/day.
The hydraulic conductivity estimated by both approaches is in good agreement.

9.6. Geo-Hydrochemistry
9.6.1. Physico-chemical characteristics of groundwater

Groundwater of the study area has relatively low TDS as indicated by the EC values of the
collected samples.
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Fig. 9.20. Spatial Distribution of EC

Most of the pre-monsoon samples have electrical conductivity in the range of 220 — 1515

us us
cm with an average of 599 pS/cm, whereas during the transition period it ranges from 213 — 1688 cm
us us
with a mean value of 692 cm and then post monsoon, with EC values ranges of 287 — 1543 cm with
us

an average value of 783 cm.
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The EC data established that there is no considerable difference in TDS contents of shallow and
deep groundwater among three seasons. Moreover, spatial variation of EC (Fig. 9.20) indicates that
most of the shallow and deep groundwater samples fall in fresh water zone with minor seasonal
variation that may be attributed to the transients occurring in water level of river Indus and the
associated canal system. Likewise, pH values of shallow and deep groundwater are similar ranging
from 7.5-8.6 with an average of 8.02, which shows no substantial differences with seasonal variation
and this suggests that groundwater have neutral to slightly alkaline character owing to abundance of

HCO3™ jon in the groundwater system.

On the other hand, spatial distribution pattern of EC (see Fig. 9.20) illustrates that low EC
values are generally found near a watercourse, indicating a major contribution of surface water to the
groundwater recharge. However, a few sampling locations (4, 25, 27 and 37) located along the CJL
canal and between CJL canal and Thal canal possess relatively high EC values. This might be ascribed
to the local waste water originating from household and nearby commercial areas and infiltration of
this waste water to a shallower depth saturated zone could be a potential source of moderately high EC
values.

9.6.2. Hydro-Geo-Chemical facies of groundwater

Hydro-geochemical processes usually have no sharp boundaries in respect of a single source, as
it usually occurs simultaneously depending upon the availability of minerals and equilibrium
conditions required for the specific reaction proceeding. Sustainable water resource management
required information regarding types of water and their underlying phenomena changing the hydro-
geochemistry. For determination of geochemical facies of groundwater, percentage of equivalent
concentration of each cation and anion (milli equivalent/liter) as a function of total cation and anion
concentration respectively was calculated. Piper diagram (Fig. 9.21) is generally used for the
categorization of different types of water constituting an aquifer.

Ca-Mg-HCO;
type

®

- Shallow groundwater
HCO;
Surface water
type + Deep groundwater

Fig. 9.21. Hydrogeochemical facies of groundwater

In the present study Piper diagram successfully explains categorization on the basis of type of
water. It clearly explains the variations or domination of cation and anion concentrations during pre-
monsoon and post-monsoon periods. It is depicted from the piper diagram for each of the season that
almost all the surface water samples and most of shallow groundwater belongs to Ca— Mg — HC0;
type, which is an indicator of surface water as a predominantly recharge source for shallow

roundwater. However, the deep GW samples exhibits mixed behavior as most of them are mixed
a—Na—HCO; type, with a few areCa— Mg — HCO; type water. From temporal variation of
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groundwater types, there is no significant change observed in hydro-chemical facies during the study
period, which specifies that most of the major ions are natural by origin.

9.6.3. Geochemical evolution of groundwater

Groundwater chemistry does not change abruptly during the movement of groundwater until
and unless its interaction occurs with rocks having entirely dynamic chemical characteristics.
Temporal and spatial variation in groundwater chemistry at a specific site is the result of continued
action of evaporation, dissolution, ion exchange and precipitation processes. During the movement of
groundwater, electrical conductivity usually increases results from the multiple processes occurring
simultaneously caused by dissolution, ion exchange and precipitation.

Gibbs plot (Fig. 9.22) is used to determine and discriminate major processes controlling the
groundwater chemistry. The data points on the Gibbs diagram suggests that groundwater chemistry is
principally controlled by rock water interaction and to some extent precipitation is the dominant factor
leading towards shaping the groundwater chemistry.
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Fig. 9.22. Identification of various hydrogeochemical processes using Gibbs diagram
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Fig. 9.23. Binary diagram to identify the weathering phenomena

To identify the dominant mineral in the rock weathering process, bivariate plots of
Cavs HCO; and Ca+ Mg vs HCO; (Fig. 9.23) reveals two main groups. First group indicates
Calcite dissolution with slope equal to unity where majority of the samples are situated above the 1:1
line, which shows an excess of HC0z that can be explained by the dolomite dissolution. The
Ca+ Mg vs HCOz plot indicates that samples lie below the 1:1 line indicating mixed weathering of
carbonates (Calcite) and Silicates minerals (dolomite). Therefore, it can be concluded that most of the
surface water, shallow and deep groundwater is predominantly originated by silicate weathering and
dolomite is the key source of mineral dissolution, whereas calcite dissolution is the secondary source
of ions in the study area.
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9.7. Conceptual Hydrological Model

Due to the importance of groundwater in every field of life, the rational and efficient use of
water resources has become very important. In this context, the use of numerical models as a tool for
the diagnosis, management, and prediction of water behavior in the ground has been gaining
considerable importance in recent years. Mathematical modeling is a dynamic tool that must
constantly be reviewed and updated in a continuous improvement process during the search for
accurate representations of natural phenomena.

A conceptual model should be developed before building the numerical model. A conceptual
model is a hydrogeologist’s mental representation of the groundwater flow system. It is essential to
have field data characterization to support our conceptual model and allow calibration of the numerical
model.

The conceptual model based on findings of present study will help to develop a numerical
model which may facilitate the prediction of water table response and groundwater flow patterns in
future, considering the anticipated groundwater withdrawal in different development options. As
indicated in the modeling scheme (Fig. 9.24), three main components are involved in defining a
conceptual model, i.e. structure, properties and boundary conditions.

Input Data \ Structure Proprieties Boundary Conditions/
* Import shapes, wells, surfaces, v
XYZ polnts, cross-sectlons [—
* Digltize new GIS layers — Define Conceptual Model
* Deflne the Geology: Coverage and Horizons ‘
A * Deflne the Property Zones |

* Deflne Boundarles (recharge, pumping
wells) \
L—

Run Simulation &
Analyvze Results < Numerical Model (VMOD) Define Model Domain
S Tand the Tl Deflne the reglon where you

* Load the flles Into VMOD « Apply a erid
pPply 4 ¢ want to run a model simulation

to run the simulation * Asslgn the conceptual model to the grid
* Load results Into HGB for . Create Input flles for the simulator
visualization

Finlte Elements

Fig. 9.24. Scheme of hydrological modeling (After Seyf-Laye A. M. et al., 2012)

9.7.1. General Approach for development of Conceptual model

For the development of the conceptual model of NPPs site in consonance with the
hydrogeologic conditions, following parameters are used as follows.

9.7.1.1. Type of aquifer and number of layers

The Study Area is underlain by alluvial sands with lenses of clay. These clay lenses are of small
areal and vertical extent and hence, do not impede the movement of groundwater on a regional basis.
Accordingly, the alluvial aquifer behaves as a single groundwater reservoir overlying the older rocks
(Pleistocene to Permian as exposed in Sheikh Badin Hills across the river and in Namal Lake Area,
north-east of Mianwali).

During the course of investigation boreholes drilled upto 183 m (600 feet) depth bottomed in the
alluvium. The exact depth to the impervious layer/bedrock is not known around the NPPs. Although
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bore holes drilled by WAPDA in the south eg. At Kallur Kot encountered alluvial sands up to 1,202
feet (366 m) such specific information is not available for the study area. The depth to bedrock may be
comparatively less under the study area due to the proximity to Sheikh Badin Hills exposed along the
right bank of Indus river. Keeping in view the above factors the aquifer has been treated as a single
layer and under water table conditions. The bottom of the aquifer has been considered as varying
between 4.10 m to 12.83 m above sea level with a constant thickness and sloping in accordance with
the water table gradient.

9.7.1.2. Aquifer Parameters

On the basis of present study and review of the existing data values of some vital aquifer
parameters may be employed as input of the model adopted as below:
Saturated Hydraulic Conductivity (K) = 48-278 (Average: 130.56) m/day
The model area may be divided into three zone with low, medium and high value of K
Effective In-situ Porosity {2} = 49.3 %
Specific Yield (S) = 0.25 [NESPAK, 1992]
Average gradient towards South to South-west = 3.23 E-4 (approximately 1 : 3100)

AN NN SN

9.7.1.3. Components of Recharge and Discharge

The major components of inflows and out-flows (recharge and discharge) has been considered
as below:

e Recharge

i) Infiltration from rainfall

ii) Groundwater flow from adjacent areas particularly from north-east;

iii) Seepage from Chashma reservoir, river and canals; and

iv) Percolation from irrigated fields including return flow from groundwater abstraction.
e Discharge

i)  Abstraction through wells; and

ii) Groundwater out-flow towards rivers/other areas.

Infiltration from rainfall has been considered as 10 percent of the annual rainfall over the area.

The groundwater inflows and outflows are handled by the model from the input data on
hydraulic heads estimated from the water level observation data and aquifer parameters, seepage from
irrigation fields through surface supplies is estimated as 30 percent. Groundwater abstraction may be
splitted into Rabi and Kharif seasons from 1977 to 1990 (NESPAK, 1992). Groundwater abstraction
of Rabi and Kharif seasons for onward periods may be gathered from the irrigation department.

All these components have varying degrees of seasonality which must be incorporated into the
model. The above components may be converted into daily rates for each node and for each stress
period. Within the model area stress period is defined as a period over which all the inflow and
outflow components remain constant.

9.7.1.4. Calibration period

Water level observation data and information on groundwater abstraction are important factors
for the calibration of the model. These data are available to a reasonable extent for 1977, 1990, 2005
and 2020. Hence, for the simulation of groundwater conditions under comparatively observed
conditions and known response of the aquifer to various recharge and discharge components, the
model may be calibrated for the period 1977-1990 and 1990-2005-2020.

Choosing a short stress period such as one month or even more preferable a day would mean
that seasonality could be handled very accurately but model data requirements would be enormous and
the available data may not be suitable, as there is no satisfactory record available on abstractions and
water levels. A stress period of about six months, based on the pumping pattern for Rabi and kharif
may be selected i.e:

Length

Time

m (metre)
day

158



Discharge = Cu m/day
Permeability = m/day
Conductance = sg m/day.

9.7.1.5. Boundary Conditions

Hydrogeologic boundary conditions around NPPs are highly complicated due to the interaction
of the groundwater regimen with various sources of recharge and discharge viz; River Indus, Chashma
reservoir, C-J link, Thal canal etc. it is very difficult to fit all the natural boundary conditions into a
model hence, some simplifications have to be made for simulation of groundwater conditions within
reasonable margin of error.

The boundary conditions for the model area are shown in Fig. 9.25. Fig. shows two sets of
cell/nodes viz. variable head cells and fixed head cells (Chashma reservoir and Indus river). Fixed
head boundary cells are denoted with blue color.

9.7.1.6. Model Domains

The project site is located in the vicinity of Chasma complex which covers an area of about
40 km? which may be taken as area of interest. Initially a rectangular strip of approximately 260 km?

area around the complex situated between geographical coordinates from Latitude 32°17 N to

32°28 N and Longitude 71°21 E to 71°33 E may be defined as the “Project Area/Study Area”
or model area.

-

Legends
Constant Head
Canal
Outfall

Fig. 9.25. Boundary conditions for model inputs
9.8. Conclusions

The study was conducted for hydrological re-assessment and changes in different parameters
like quality, recharge and discharge patterns, flow paths, surface water-groundwater interaction and
dynamics using conventional, common isotopic techniques and emerging techniques as a result of
several year operation of NPPs.

» The physico-chemical parameters and major ion chemistry suggested that the general quality
of both shallow and deep groundwater is suitable for domestic and drinking purposes. Hydro-

geochemical analysis identifies Ca— Mg — HCOz type as the predominant water type in the study
area, which specifies fresh water recharge to the aquifer system. Stable isotopes of Hydrogen and
Oxygen concluded that canals, river and Chashma lake are the main recharge source for the study area
except a few locations with enriched G0 values, indicating either contribution of irrigation return
flow or mixed with evaporated rain water. EOCs signatures in groundwater not only validated the
findings of the stable isotope but also pinpointed the most probable recharge sources for individual
locations.
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» Gibbs plot suggested water-rock interaction and silicate weathering as controlling
phenomena of groundwater chemistry and principal weathering phenomenon of rock weathering
respectively. The two key factors, evaporative enrichment and contribution of high-altitude rain, were
identified as the governing phenomena for seasonal variation in isotopic signatures of both shallow
and deep groundwater.

» Groundwater age predicted by the Tracer LPM, CFCs and NGT was in good agreement,
which determined groundwater age in the range of 14-59 years. Tritium concentration in the majority
of samples range from 5 to 13 TU, revealing that most of the groundwater samples have fresh recharge
and are classified as young water. Although, a few samples located near the river Indus exhibits
relatively high tritium (15-19 TU), suggest a major contribution of glacier melt with high tritium from
Himalayas.

+ UA and CE, NGT models yield recharge temperatures ranges from 9°¢C to 30°C, which
suggested that recharge sources are of mixed nature. Noble gases isotope data also suggested that there
are no de-nitrifying activities or anoxic conditions and the findings were defended by chemical data as
well.

» The water table contours indicated that the groundwater generally flows towards the river in
south-west direction which is also verified by multiwall trace experiment. The flow pattern in the
aquifer system therefore suggested that the south-western region of the study area is susceptible to
groundwater contamination that may release from NPPs in case of any leakage.

« A combination of very common point dilution and multiwall radioactive tracer technique
was also introduced to estimate in-situ effective porosity. The findings of experiment revealed that the
real and filtration velocity were 22.2 cm/day and 10.94 cm/day, respectively, whereas the estimated in-
situ effective porosity of the aquifer is 49.3 %, which is in good agreement with the porosity of fine to
medium sand.

» The hydraulic conductivity of the aquifer varies from 48 to 278 m/day with increasing trend
from Noth-East to South-West direction in the study area. The average hydraulic conductivity was
found to be 139 m/day

» Organic compounds data suggested that main river, lake and canals water coming through
different geological conditions have different organic signatures. EOCs signatures also segregated the
sampling points recharged through lake, passing by canals, river water, interlinked and having mixed
recharge. The overall flow direction in the area as indicated by EOCs was from Chasma Lake and
crossing Thal and CJL canals and ultimately curved towards Indus River. Organic signatures of
groundwater samples supported the finding of isotopic and chemical data and provided additional
information in terms of groundwater recharge and direction.

» The NPPs operation did not impose any destructive impact on groundwater regime as there
is no significant change in groundwater quality and flow patterns in the vicinity of study site except a
slight lowering of water table which may due decline in river flow, rainfall patterns and/or increased
water abstraction for regional agriculture activities.
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Annexure A

Table 9. 1. Mass to charge ratio (m/z) of organic compound recharged by CJL canal

CJL Canal CP-28 CP-34 CP-35 CP-36 CP-37 CP-39
55.03 55.03 55.03 55.05 55.03 55.04 55.02
57.06 57.06 57.05 57.08 57.05 57.06 57.05
59.05 59.06 59.05 59.07 59.06 59.06 59.06
61.03 61.03 61.03 61.05 61.03 61.04 61.02
62.07 62.08 62.08 62.09 62.07 62.08 62.07
63.06 63.06 63.06 63.08 63.07 63.07 63.05
70.02 70.02 70.01 70.03 70.02 70.03 70.01
71.07 71.07 71.07 71.08 71.07 71.08 71.07
73.04 73.04 73.04 73.05 73.04 73.04 73.02
75.05 75.04 75.05 75.06 75.04 75.05 75.03
83.06 83.08 83.05 83.04 83.04 83.06 83.06
86.96 86.95 87.23 86.98 87.00 86.96 87.02
89.05 89.06 89.06 89.07 89.05 89.06 89.05
90.09 90.09 90.10 90.10 90.10 90.10 90.09
91.08 91.08 91.08 91.10 91.08 91.09 91.07
98.05 98.05 98.06 98.07 98.06 98.06 98.04
114.04 114.07 114.04 114.07 114.06 114.07 114.05
116.07 116.08 116.09 116.08 116.09 116.08
131.04 131.04 131.04 131.03 131.05 131.04 131.03
177.06 177.06 177.06 177.06 177.05 177.04

Table 9.2. Mass to charge ratio (m/z) of organic compound recharged by Thal canal

Thal Canal] CP-1 CP-2 CP-5 CP-7 CP-9 CP-12 |CP-13| CP-18 |CP-19
61.04 61.02 61.02 61.05 61.04 61.03 61.07 61 61.08 | 61.07
70.02 70.05 73.07 73.07 73.07 73.06 73.09 |73.06| 73.09 |73.09
83.05 83.05 83.05 83.05 83.05 83.05 83.07 |83.05| 83.07 |8323
89.05 89.05 88.99 89.07 89.05 89.09 88.97 |89.01| 89.04
98.07 98.07 98.09 98.01 98.04 98.06 98.11 |98.08| 98.06 |98.13
101.04 | 101.03 101.03 101.05 101.04 101.04 101.06 [101.06| 101.07 |(101.11
122.07 | 122.06 122.07 123.62 122.07 124.36 121.33 |122.23| 122.88 |(122.08
131.04 | 131.04 131.05 130.98 130.96 131.16 130.99 |130.93| 131.1 |131.18
149.02 | 149.07 149.01 149.03 149.02 149.05 149.02 |148.88| 149.18 |(148.96
177.12 | 177.06 177.07 177.07 177.07 177.05 177.07 |[177.05| 177.03 |(177.04
198.45 197.34 198.23 197.95 198.03 198.24 198.27 |218.96
207.69 | 209.91 209.85 209.69 209.88 209.67 209.18 [209.22| 209.34 |266.06
228.60 | 248.54 316.02 228.46 228.39 228.56 228.72 228.38 |315.08

Table 9.3. Mass to charge ratio (m/z) of organic compound recharged by Indus River
River CP-20 CP-23 CP-30 CP-32
55.03 55.05 55.05 55.03 55.04
57.06 57.06 57.08 57.06 57.06
59.06 59.06 59.07 59.06 59.06
61.03 61.04 61.05 61.03 61.02
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62.08 62.08 62.09 62.07 62.08
63.06 63.07 63.08 63.06 63.06
70.02 70.03 70.04 70.02 70.02
71.07 71.07 71.09 71.07 71.07
73.03 73.04 73.06 73.04 73.04
75.03 75.06 75.07 75.05 75.04
83.07 83.06 83.08 83.07 83.07
87.05 87.05 87.08 87.09
89.06 89.06 89.07 89.05 89.06
90.09 90.10 90.11 90.10 90.10
91.08 91.08 91.10 91.08 91.08
98.06 98.06 98.08 98.06 98.06
114.06 114.05 114.06 114.05 114.06
116.07 116.08 116.10 116.07 116.09
131.04 131.03 131.06 131.04 131.04
177.05 177.07 177.07 177.05 177.07
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UKRAINE

New Safe Confinement (NSC or Arch) was moved over the Shelter Object in November 2016.
Complex NSC-SO
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OF THE AQUIFERS IN THE VICINITY OF THE CHORNOBYL NUCLEAR POWER PLANT
USING INDICATORS

M. I. PANASIUK?, I. O. KOVALENKO?, N. V. SOSONNA! M. G. BUZYNNY 2

LInstitute for Safety Problems of Nuclear Power Plants of the NAS of Ukraine, 36-a, Kirova st., Chornobyl,
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Abstract

An analysis of the radioactive contamination of groundwater (°*H, %Sr) at the industrial site of
the Chornobyl Nuclear Power Plant was carried out. As a result of monitoring of the tritium
volumetric activities and analysis of its distribution halos, the direction of groundwater movement near
the 3" and 4™ units of the Chornobyl Nuclear Power Plant was estimated. To assess the filtration
parameters, an indicator bromide-ion in the form of NaBr was introduced into the aquifer.

The mathematical modeling of migration of the unsorbed indication on the way of filtration
flow of the first from the surface alluvial aquifer underground waters was completed. The imitation
modeling was performed to justify the use of isotope or indicator methods to obtain reliable data on
aquifer parameters, in particular, the permeability coefficient. Three-dimensional geo-filtration model
was used and the verification of received predictive results with the results of the field observations
was completed.

The Visual Modflow 2011.1 software package was used as a tool to determine the filtration
parameters of the aquifer.

Keywords: 3H, ®Sr, mathematical model, groundwater, mass transfer indicator, bromide-ion,
permeability coefficient, Shelter object.

10.1. Introduction

Determination of levels and formation mechanisms for groundwater contamination by *H, *Sr,
uranium and transuranium element (TUE) at the industrial site of the Chornobyl nuclear power plant
(ChNPP) was being conducted since 1996. In 2018-2020, this work was financed by the IAEA grant
under the Coordinated Research Project CRP F33.0.22.

New Safe Confinement (NSC or Arch) (Figs. 10.1 and 10.2) was moved over the Shelter object
in November 2016. Observation research of wells is still carried out, despite the fact that some of them
got inside the Arch (see Fig. 10.1). Also, within the framework of monitoring of radioactive and
chemical contamination sources of the environment are studied: water accumulations (block waters or
unit — derived) inside the Shelter object, 4th Unit of the ChNPP, and into the aquiferous
communications (see Fig. 10.2).

The objective of this work is to analyze the distribution of radioactive isotopes in groundwater
and develop methods for assessing hydrogeological parameters. The assessment of hydrogeological
parameters was carried out comparing the conditions of migration of isotopes and indicators in the
aquifer and the results of mathematical modeling.

The complex methodology for assessing the parameters of aquifers consisted in mathematical
modeling of the groundwater movement in such a way that the predicted results (concentrations,
trajectories and propagation rates of indicators or radioactive isotopes) coincide with the data of actual
field observations of propagation (Br- or 3H) in the aquifer.

10.2. Site description

Industrial site of the ChNPP has a developed aquifer relevant to alluvial sands of the first above
the floodplain terrace of the Pripyat river (see Fig. 10.2). The aquifer thickness ranges from 26 to 28
m.

The alluvial aquifer is underlain by a layer of impermeable marks, with a thickness of 6—-8 m.
The pressure flow underground water of Buchak aquifer is spread underneath.
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After decommissioning of the cooling pond (2014-2015), the direction of groundwater
movement changed from the North to the North-East. Discharge of radioactively contaminated
groundwater occurs in the riverbed of the Pripyat river and in the residual lakes on the site of the
former cooling pond (Fig. 10.3).
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Fig. 10.2. Hydrogeological section of the Arch complex base — the Shelter Object

. Hidroisogypsum map of Quaternary aquifer 10km of Chornobyl Exdusion
. Zone as of 04.10.2017

Lakes on the site of J
former Pond-Cooler

Fig. 10.3. Direction of groundwater flow (shown by arrows) after decommissioning
of the cooling pond

A peculiarity of the anthropogenic and hydrogeological conditions for the SO site location is
arrangement of 424 concrete piles of the Arch foundation, which overlap the aquifer by half of its
power, and could have probable impact on change in the chemical composition of groundwater (see
Fig. 10.2).
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In Fig. 10.2, the accumulations of highly active water masses inside the premises of the
destroyed fourth unit of the ChNPP so-called “block waters”, which are sources of radioactive
contamination of groundwater are mapped with cyan color. In particular, block waters are a source of
tritium entering the aquifer.

10.3. Materials and methods

The analysis of the distribution of radioactive isotopes in groundwater was carried out by taking
water samples from observation wells. The activity of 3H, %Sr, $3’Cs, U, 238 239+240py 241Am and the
concentration of the main ions are determined in groundwater samples in the laboratory.

The permeability coefficient of aquifers is one of the main parameters of soils, which
significantly affects the accuracy of forecasts of changes in radio-hydrogeological conditions of the
territory and the radiation situation in the environment. High accuracy of forecasts is the key to the
effectiveness of management decisions on the non-proliferation or minimization of groundwater
radionuclides spreading in the environment and protection of groundwater from pollution. A
permeability coefficient, which is equal to 30 m/day for the entire thickness of the alluvial aquifer, at
the territory of ChNPP, was determined in 2014, according to two pumping water from wells
(Panasiuk M. 1., 2014). However, the first unconfined aquifer consists of sandy layers, ranging from
dusty to medium sized, from medium-sized to large ones with gravel and pebble inclusions and thus
possibly having varying filtration properties.

Therefore, the determination of the permeability coefficients of individual sandy layers was
proposed to be carried out using input of artificial tracer (bromide-ion as NaBr) or isotope (tritium)
with the involvement of mathematical modeling of migration processes (Kovalenko 1., 2020).

The essence of the method includes:

1) Preliminary mathematical modeling of the launch and propagation of an indicator (for
example, sodium bromide) or an isotope (for example, tritium);

2) Preliminary modeling is performed for different values of the permeability coefficient;

3) Introduction of the indicator into the aquifer;

4) Observing the movement of the indicator with groundwater;

5) Mathematical modeling of the movement of the indicator with groundwater for different
variants of the permeability coefficient;

6) The coefficient of permeability of sediments will correspond to the coefficient of
permeability adopted in the model in variant, when the results of mathematical modeling coincided
with observations of the movement of the indicator with groundwater.

A 3D geofiltration model created with Visual Modflow 2011.1 was used for modeling.

Thus, it is possible to determine the filtration parameters in individual intervals of the aquifer, in
which the indicator migrates (Kovalenko 1., 2020; Panasiuk M. L., Lytvyn 1. A., 2017).

Sodium bromide is used as an indicator.

10.4. Results and discussion
10.4.1. Analysis of the distribution of radioactive isotopes in groundwater
10.4.1.1. Strontium-90

In recent years, in several observation wells located downstream the groundwater flow from the
SO, there has been a significant increase in the content of **Sr by 200-500 times, as well as uranium
and TUE by 2-12 times (Panasyuk M. I., Litvin I. A., 2017). In this, for individual wells, the
concentration of *°Sr increases to values 700-2,100 Bg/l. (Fig. 10.4).

According to our research, the mechanism for the formation of high volumetric activity of *Sr
is associated with the formation of a highly alkaline medium in groundwater (Matrosov D.,
Shevchenko A., Nosovskyi A., Panasiuk M., 2018). Also, high volumetric activity of *Sr in
groundwater is associated with high concentration of calcium—ion.
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Fig. 10.4. Visualization of 3D model halo of distribution of %Sr volumetric activities
in groundwater near the Shelter object complex

It is known from literary research that the degree of ®Sr sorption from alkaline medium can
reach 60-100%. But, according to our data it appears opposite. In the Fig. 10.5, the dynamics of the
values of the pH (top graph) and the ®Sr volumetric activity (bottom histogram) during the
observation period of 1996-2017 is represented. On the graph, depending on the pH values, three
periods marked with Roman numerals and different colors are identified. As can be seen from the Fig.
10.5 with pH values of the groundwaters mainly in the range of 7.5-8.5 (period 1), ®Sr volumetric
activities in the underground waters are generally in the range of 6-8 Bg/l.

pH values of groundwater, mainly in the range of 8.5-9.5 (period Il), the maximum plot of the
distribution of ®*Sr volumetric activity is reduced to an interval of 2-4 Bg/l. However, at pH higher,
basically, 9.5 (period I11), the most frequent values of ®Sr volumetric activity increases sharply to 40—
60 Bqg/I, with a maximum of 160-340 Bq/I.
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Fig. 10.5. Dynamics of pH values and ®Sr volumetric activity in the samples of water obtained from 2-T

well. At the top are numbers of periods and subperiods and the average pH for each selected subperiod
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The reason for reducing of %Sr concentrations at pH in the range of 8.5-9.5 (period 1) is that,
at pH 8.3-8.5 the hydrocarbonate ions in part turn into carbonate ions, which, in turn, form with the
calcium and strontium ions insoluble compounds, that could fall out from the solution of groundwater
into the precipitations.

A similar pattern is traced through wells 4-T" (Fig. 10.6), 1-2A, 1-1A, and others.
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As can be seen from Fig. 10.7, in well 4-T', at pH values in the range of 7.5-8.5 (period 1),
volumetric activity of ®Sr in groundwater mainly is in the range of 20-35 Bg/l. At pH in the range of
8.5-9.5 (period I1) *°Sr volumetric activity decreases to an interval of 1-2 Bg/l. When pH values reach
values higher than 9.5, values of volumetric activity *Sr increases to 300-400 Bg/I, with a maximum
of 650-680 Bg/l (Kovalenko I. O., Panasiuk M. 1., Skorbun A. D. et al.).
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Fig. 10.7. Dynamics of pH values and volumetric activity ®Sr in the samples of water from 4-T" well.
Numbers of periods are at the top

As shown in (Panasiuk M. 1., 2014 ; Kovalenko 1., 2020; Panasiuk M. I. et al., 2017; Matrosov
D. et al,, 2018), according to the research of the phase differentiation of *°Sr in samples of
groundwater from the well 4-I" (Fig. 10.8) for the period Il in comparison with the periods I and I1,
growth of ®°Sr volumetric activity is characteristic in the ion-dispersed (soluble) form from 53-54 to
91-98% of the total volumetric activity of ®Sr in the sample.

Decrease portions of ®Sr in coarse-dispersed phase from 38-41% (periods I-11) to 1-8% and
colloidal phase from 9.5% (periods I-I1) to 0.6-0.7% (period I11) unambiguously points to process of
desorption of radioactive strontium from the surface of particles of sandy soils of the alluvial aquifer.
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Fig. 10.8. Phase distribution of °Sr in samples of groundwater from a well 4-I"

Thus, obviously, with the high pH-value (9.5-12.5) *°Sr forms complex compounds, which are
poorly absorbed by sandy soil of the alluvial aquifer.

High pH-values are formed because of a contact between the groundwater and concrete bases of
constructions. In case of pH-value increase up to 9.5-10 through concrete corrosion of the piles
foundation of the NSC (see Fig. 2), that blocks a part of the aquifer, it is possible to register
considerable growth in volumetric activity of *°Sr, U and TUE.

Nevertheless, the fact of °Sr volumetric activity decreases with pH-value of the groundwater in
the range of 8.5-9.5 (Il period) seems to suggest that artificial sustaining in the aquifer of these pH-
values can slow the spread of ®Sr by flow of the groundwater beyond the industrial site of the ChNPP.

10.4.1.2. Tritium

Tritium as a “natural” indicator was used to estimate conditions for entering “unit-derived
waters” into groundwater (Fig. 10.9 and 10.10). It is also used within this research. Tritium is detected
in considerable amount only in “unit-derived waters”. The content of high concentrations of tritium
downstream from the Shelter object indicates for sure the locations of radioactive contamination of
groundwater resulted by entering of contaminated waters and the leakage of the Shelter object.

After the moving of the Arch in November 2016, the access of precipitation to the destroyed
ChNPP 4th unit was stopped. This led to the fact that the flow of water containing high concentrations
of radionuclides from the destroyed unit to the environment was stopped. That's why tritium
concentrations in groundwater samples decreased from 900-1,100 to 30-50 Bg/l (Fig. 10.11 — 10.14).
Also, in full accordance with the change in the direction of movement of groundwater from north to
northeast, the direction of the halation of tritium distribution has changed. In the C-10 well, which is
located in the northeast direction from the destroyed 4th unit, at the end of 2018, an increase in the
volumetric activity of tritium from 2 to 30 Bg/l was recorded (see Fig. 10.12, Table 10.1).

Fig. 10.13 shows that well 9-3A recorded an increase in the volumetric activity of tritium from
17.1 Bg/l in 2018 to 235.7 Bg/l in 2020 (Table 10.1). Groundwater flow direction of the halation of
tritium distribution did not change in 2020 as compared to 2018.

Thus, the use of the isotope method made it possible to determine the conditions (sources) of
radioactive contamination of groundwater, the direction and speed of groundwater movement.

The change in the direction of movement of groundwater led to a change in the direction of
impact of the Shelter object on radioactive and chemical contamination of groundwater. To control
new ways of spreading pollutants, it was necessary to change the system of observation boreholes.

The locations of the new boreholes were selected taking into account the results of the analysis
of changes in the halo of tritium migration, and mathematical modeling of the spread of radioactive
contamination under unit 4. Observation boreholes location installed along the path of the proposed
new pathways for pollutants. New clusters C-10K, C-11K, and C-19K (Figs. 10.15) consist of three
wells, the filter intervals in which are installed in the upper, middle, and lower parts of the aquifer.
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Table 10.1. Volumetric activity of tritium in samples from observation wells
in the vicinity of the ChNPPUnit 4

Sampling Dates/Concentration®H, Bq/1
Well No.

24-25.04.2018, 09.06.2018 08-11.10.2018 05-25.06.2019 14-16.07.2020
1-2A 31 31 10 -
1-3A 38,7 2,3 12,7 12,5
1-4A 58 4 6 52
16-1A 4,4 0.8 - -
16-2A 36,5 22.6 - 21
31-1A 54 4 2 31
4-2r 10,4 2.8 10 -
4-3A 54,2 53.2 20 21,7
8-1A 2,7 - 3,9 -
9-2A 2 2.7 5.4 -
9-3A 32,6 17.1 - 235,7
C-10 2,1 30,6 14 9,2

In the upper part of the aquifer in 2020-2021 in samples from new wells C-11A and C-19A
increased concentrations of *H (9.9-83.3 Bg/l) were observed (see Fig. 10.14). This indicates that the
change in the direction of groundwater movement in 2014-2015 led to a change in the direction of
movement of radionuclides with groundwater. However, the existing network of wells did not control
the spread of radionuclides under the SO due to the lack of observation points in the area between
wells C-10 and 31-1A (see Fig. 10.1). Therefore, new well clusters were drilled in this area.

The relatively high concentrations of *H (see Fig. 10.14) in water samples from new wells
indicate the correct choice of location and design of new observation wells.

10.4.2. Hydrochemical conditions

Hydrochemical investigations are carried out to determine the levels and conditions of aquifer
pollution, to determine the areas of influence of chemical pollutants sources into groundwater as well
as formation mechanisms of high radionuclide concentrations. As it is known and as mentioned above,
the chemical composition of groundwater can have a significant impact on the migration capacity of
radionuclides.

10.4.2.1. Impact of the Shelter object on groundwater chemistry

The SO is a significant source of nitrates (NO3’) (Fig. 10.16), nitrites (NO), ions Na* and K* in
groundwater, and as a result, there is an increase of mineralization in the process of groundwater
flowing under the complex NSC-SO. If we take into account that the composition of saw suppressing
solution, which is fed into the middle of the SO, includes nitroxide hydolinium, then there is nothing
remarkable in such distribution of nitrates. According to the data of mass-spectrometric analyses, the
underground waters also contain gadolinium.

The study of the effect of the SO is performed by comparing the chemical composition of
groundwater samples from wells (13-3A, 5-1A, 14-2A, C-24) that are located upstream (before the
S0) and downstream (behind the SO) of the groundwater flow.

Observation well blocks (1-2A and 1-3A, 4-2G and 4-3A, 8-1A and 1-4A, 9-2A and 9-3A 16-
1A and 16-2A) are located downstream of groundwater, i.e., north and northeast of the SO (see Fig.
10.1). According to these wells observe changes in the chemical composition of water that flows out
of the Unit 4 (SO) and compare with the results of chemical analyses of water samples from wells,
which are located in front of the SO.
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Fig. 10.15. Section and mutual placement of new observation wells,
structures of the NSC — SO complex and Unit 3 of the ChNPP
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10.4.2.2. Analysis of changes in the chemical composition of groundwater by means of
Piper and Durov diagrams

The analysis of Piper and Durov diagrams (Fig. 10.17) shows that in the chemical composition
of underground water that passed the filtration process under the NSC-SO the concentration of sodium
and potassium ions increases and the volume of calcium ions decreases. Also, the impact of the NSC-
SO complex is manifested in the increase of pH value to the strongly alkaline medium too.
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of the groundwater flow from the NSC-SO complex and downstream of it

10.5. Developing methods for assessing hydrogeological parameters

10.5.1. Conditions for introducing the indicator into groundwater to determine the
parameters of aquifers

Within the framework of this project, activities for determination of input places and kinds of
tracer were carried out as following: conducting measurements of groundwater levels on observation
wells; water table contour mapping for determination of general groundwater movement direction;
analysis of observation wells location; analysis of depths and structures of observation wells; sampling
of groundwater and determining the background concentrations content of various supposed tracers
(tritium, bromide ions, chlorine ions) in it; selection of indicator material; sampling of groundwater
and determining in it the background concentration of tracer; selection of observation wells located in
the same line of stream of groundwater flow for tracer input and for monitoring of its spreading.

As a result of the preparatory work, a bromide ion was chosen and used as a tracer. For the
injection and observation of its spreading there were selected wells 16-1A and 9-3A located in the
same line of stream of groundwater flow.
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On May 24, 2018 the bromine-ion indicator was injected into the well 16-1A (Fig. 10.18).
A sharp increase in the concentration of bromide-ion in observation well 9-3A occurred 20
months after its introduction into well 16-1A (Fig. 10.19).
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Thus, the indicator experiment was successfully completed. And the next step is mathematical
modeling of this indicator experiment.

175



10.5.2. Mathematical modeling

The filtration and capacity parameters of the aquifers were selected after mathematical modeling
of the indicator spread so that the predicted results (concentrations, trajectories and propagation rates
of indicators) coincide with the data of actual observations.

For the simulation, a three-dimensional geofiltration model was created using Visual Modflow
2011.1 and used (Panasiuk M. 1., 2014; Kovalenko 1., 2020).

Simulation mathematical modeling in Visual Modflow 2011.1 is aimed at obtaining the
prognosed trajectory of bromide ion movement in groundwater on slice between wells 16-1A and 9-
3A. These wells are located near the walls of the Shelter object on the first ledge of the cascade wall.
Now they are located under the Arch.

We used to create earlier three-dimentional finite-difference model of the ChNPP site and 30
km territory around it and supllemented with a new data.

To develop the model, the investigated area is divided by the system of planes into elementary,
interconnected, blocks and all filtration hydrodynamic parameters belong to the center of such a block,
called the computational node.

This model covers a rectangular territory approximately 8 km long and 13 km wide (Figs. 10.20
and 10.21). In total, the model consists of three layers, which are divided into 412 columns and 301
rows. It includes data of aquifers, aquitards, permeability coefficients, etc.

Model reproduces a three-layer filtration region, which consists of two aquifers - the upper
unconfined and the lower confined, separated by a weakly permeable layer in the filtration plan.

Visual Modflow 2011.1 lets you simulate, among other things, the movement of indicators in
groundwater, and what has been used (N. I. Panasyuk et al., 2012; N. I. Panasyuk et al., 2011).
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Fig. 10.20. General view of the mathematical model Fig. 10.21. Fragment of a mathematical model,
of the 30 km territory adjacent to the ChNPP used in experiment with tracking
of bromide-ion moving

Sodium bromide was chosen as an indicator for the experiment. We selected 16-1A and 9-3A
wells, located in a single line of groundwater flow, for modeling distribution of the bromide-ion.

According to the results of real observation time for indicator, passing from wells 16-1A to
wells 9-3A is 20 months.

As a comparison, we simulated the movement of indicators with a filtration coefficient of 30
m/day and simulated situations, in which the results more closely match the actual data obtained from
our indicator experiment.

The model contains the permeability coefficient of the entire thickness of the alluvial aquifer -
30 m/day. Figs. 10.22 and 10.23 show the simulated trajectory of the tracer from well 16-1A towards
well 9-3A. The arrows indicate the direction of travel, and the steps between the arrows are 30 days.
Considering the possible modeling error, we can say that the indicator will reach well 9-3A in 2-2.5
months with a filtration coefficient of 30 m/day.

The next step in modeling was the option, in which the indicator will reach well 9-3A in 20
months.
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The results of the indicator experiment modeling (Figs. 10.24 and 10.25) showed that the
permeability coefficient in the upper layer of the aquifer is 1.8 m/day. Difference between the filtration
coefficient of the whole layer is 30 m/day, and 1.8 m/day for the upper layer of the aquifer indicates
the filtration heterogeneity of soil layers that are part of the aquifer. The heterogeneity of the layers is
manifested in different filtration rates. The actual velocity of groundwater movement throughout the
entire thickness (K = 30 m/day) is 55 m/year. And in the upper part of the aquifer (K: = 1.8 m/day),
the actual flow rate of groundwater is about 6 m/year.
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Fig. 10.24. Estimated trajectory of sodium bromide Fig. 10.25. Estimated motion trajectory profile of
(NaBr) movement, injected into the well 16-1A with sodium bromide (NaBr), injected into the well
Kr=1.8 m/day 16-1A with K¢ = 1.8 m/day

10.6. Conclusion

Analysis of the distributions of the volumetric activities of *°Sr in groundwater samples from
observation wells confirmed the previously identified new mechanism for the formation of its high
migration capacity in a highly alkaline environment at pH above 9.5. At pH above 9.5, the volumetric
activity of °Sr in samples from observation wells increases 200-500 times to values of 400700 B/l
due to a decrease in the sorption capacity of soils and the entry of ®°Sr into groundwater during its
desorption from the surface of particles composing the aquifer.
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Studies of the distribution of tritium in groundwater made it possible to apply the isotope
method to clarify the hydrogeological parameters near the 4th Unit of the ChNPP. These parameters
include the conditions for the entry of radioactive contamination from sources into the aquifer, the
direction and speed of groundwater movement, and hence the further spread of radionuclides in the
environment. After the withdrawal of the cooling pond from operation in 2014-2015. The halo of
tritium distribution in groundwater changed from north to north-east in full accordance with the
predicted change in the direction of groundwater movement. The sliding of the Arch over the Shelter
object in November 2016 led to the fact that atmospheric water stopped flowing into the 4th unit of the
ChNPP. As a result, the flow of water containing high concentrations of radionuclides from the
destroyed unit to the aquifer stopped. At the same time, the concentration of tritium in groundwater
samples decreased from 900-1,100 to 30-50 Bg/l.

To assess the impact of the Arch — SO complex on the chemical pollution of groundwater,
samples were taken and the concentration of the main ions (Na*, K*, Mg?*, Ca?" ClI;, SO4*, HCOs’,
COs5%) in them was determined. An analysis of the Pfeiffer and Durov diagrams shows that in the
chemical composition of groundwater that has passed the filtration process under the NSC — SO
complex, the concentration of sodium and potassium ions significantly increases and the amount of
calcium ions decreases. Also, the influence of the NSC-SO complex is manifested in an increase of the
groundwater pH to 11-12, which corresponds to a strongly alkaline environment.

To assess the filtration parameters of individual layers of the aquifer, an indicator method is
proposed using mathematical modeling of the conditions of its distribution with groundwater. The
possibility of its application in real field conditions has been demonstrated. As a result of applying the
above mentioned methodology, the filtration coefficient of the upper part of the aquifer was
determined to be 1.8 m/day. Whereas, the filtration coefficient of the entire stratum of the aquifer was
30 m/day.

Due to the new data obtained on the hydrogeological conditions of the aquifer, the location of
some observation wells was moved to make the observation system and the goals and objectives of
radiohydroecological monitoring coinciding.
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11. USE OF ISOTOPE TECHNIQUES TO CHARACTERIZE GROUNDWATER SYSTEM
IN THE VICINITY OF THE FIRST NUCLEAR POWER PLANT
IN NINH THUAN PROVINCE, VIETNAM (VIE 20481)

NGUYEN KIEN CHINH, HUYNH LONG, TRAN THI BICH LIEN, NGUYEN VAN PHUC

Center for Nuclear Techniques, 217 Nguyen Trai Str., 1t District, Hochiminh City, Vietnam

Abstract

As a part of the Coordinated Research Project F33022 entitled “Use of Isotope Hydrology to
Characterize Groundwater Systems in the Vicinity of Nuclear Power Plants”, this study focuses on
characterizing hydrogeological conditions in the Ninh Thuan province where the first NPP of Vietnam
planned to set up using isotope hydrology tools as the first step to elucidate how radioactive
contaminants would be released by NPP coming into groundwater.

To study, the groundwater samples, surface water, rainwater, air, aquatic plants and tree leaves
were collected and studied for stable and radioactive isotopes to determine their status around the
NPP. In addition, the tracer injection experiment was conducted to determine the infiltration velocity
in the aquifers.

As the study results, groundwater in the study area is of rainwater origin based on its stable
isotopic composition and is modern water due to its high content of tritium and 14C. By using tracer
techniques, the movement velocity of groundwater that ranges from 0.59 cm/day to 1.22 cm/day and
the average infiltration (recharge) rate of precipitation in an unsaturated zone of 0.25cm/day have been
determined. At the same time, tritium and radiocarbon concentration and nuclides, which could escape
from an operating NPP, was surveyed to define their background level in the environment. The
reported average values of tritium and 14C in air, aquatic plants, tree leaf and seawater can be used as
their natural background level.

Keywords: Stable isotope (*H, 20), tritium (®H), radiocarbon (**C), groundwater, tracer
technique, isotope technique, infiltration rate.

11.1. Introduction

In Vietnam, electricity is supplied mainly from hydroelectricity and thermal sources. Although
wind and solar power are being strongly invested, they meet only a small part of total demand. While
hydropower has been fully exploited, thermal power as a major source of environmental pollution is
still an additional source to meet electricity demand. Therefore, meeting the power demand and aiming
at improving the environment projection of nuclear power is a priority.

The national nuclear power plan had been approved by the Vietnamese parliament since 2009,
but it was halted in 2016 for more preparation of infrastructures for the NPP exploitation. Hence
nuclear power is still in the country's plan to develop its energy resources.

Before halting the nuclear power program in 2016 the first nuclear power plant (NPP) in
Vietnam had been planned to be built in Ninh Thuan, a coastal province in the south of the Central
region of Vietnam. Although the NPPs design and operation had followed very strict safety guidelines
there would be possibilities of unforeseen accidents, which would cause the release of radioactive
materials into the environment contaminating groundwater. Even in normal operating conditions there
is always a certain amount of radioactive material released into the environment around the NPPs.
These materials, depending on their fate accumulate over time would cause problems for the
environment and water resources. This study focuses on characterizing hydrogeological conditions in
the Ninh Thuan province where a NPP will be set up using isotope hydrology tools and radioactive
tracer isotopes. This is the first step to elucidate how radioactive contaminants released by NPP
coming into groundwater.

With that goal, as the first study, isotope techniques and tracer injection experiment will be used
to define the origin, recharge source and the interaction with surface water of groundwater, to evaluate
the infiltration rate of rain water in unsaturated zone (groundwater recharge rate) and flow rate of
groundwater in the study area. At the same time, a survey on radiocarbon and tritium content in
seawater, plants, and the air water vapor in the same area will be conducted.
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11.2. Site description

Ninh Thuan is a coastal province in the middle part of Vietnam. Lying from 11°18'14" to
12°09'15" N latitude and 108°09'08" to 109°14'25" E longitude, Ninh Thuan borders on Khanh Hoa
province in the north, Binh Thuan province in the south, Lam Dong province in the west and the East
Sea in the east. With an area of about 3,400 km? and 590 thousand people, it is a province with high
potential for aquaculture, forestry and tourism (Fig. 11.1).

S =
Fig. 11.1. Study area

In term of topography, the terrain in Ninh Thuan province is lower from the northwest to the
southeast with three terrain types: mountains accounting for 63.2% in the northwest and north, hilly
areas with semi-mountain terrain accounting for 14.4% in the north and southwest, and coastal plain
accounting for 22.4% in the province’s center where almost people concentrated.

Dominated by the tropical monsoon regime, there are two distinguished seasons in the study
area. Normally the wet season is short beginning in September and ending in November. The dry
season is long, ranging from December to August. The average rainfall in this area is lower than the
other ones of Vietnam (ranging from 700—-800 mm/year in Phan Rang and gradually increasing with
altitude to about 1100 mm/year in the mountains) while the evaporation is high, from 670 to 1,827 mm
per year. With low rainfall, strong wind and high evaporation Ninh Thuan is the driest area in
Vietnam. The area has an average annual temperature of 27 °C, large energy radiation (about 160
Kcal/cm? per year) and low average air humidity (about 70-75%).

The study area has low river mesh density (0.1-0.15 km/km?). Total river length is about 200
km and Cai River is the main river in this area. Consequently, the surface water, a main source for
water supply in the region, is limited.

In Ninh Thuan, a part of groundwater exists in porous formations which are distributed in the
plain area. Groundwater in the study area can be divided into three aquifers: Holocene, Pleistocene
and Upper Pliocene aquifer. In the existing aquifers, only Holocene and Pleistocene aquifers are
water-rich and Pliocene aquifer is very poor in water and has no exploitation value.

Outcropping on the surface, Holocene aquifer has a distribution area of about 236 km?, and
concentrates mainly in the Cai River Delta area of Phan Rang. The thickness of the aquifer varies from
0.0m to 24.5 m, with an average of 5.2 m. Static water level in the aquifer varies by regions. The
highest is 0.12 m and the lowest is 7.5 m below soil surface, the average value of static water level is
2.20 m.

The Pleistocene layer is widely distributed in the study area throughout the delta of the study
area. The surface part of the aquifer has an area of about 542 km?; the rest is covered by Holocene
sediments. The thickness of the aquifer varies from 0 m to 43.5 m typically 10 m to 15 m. Water level
in this aquifer varies by region too. The highest and lowest values of water level are 0.70 and 10.0 m,
respectively. The mean water level of this aquifer is about 2.1 m below soil surface.
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The lithological composition of the Holocene and Pleistocene aquifers is mainly sand from
coarse to fine, while the Upper Pliocene aquifer is formed mainly by powder and very fine sand. As
being unconfined or partly unconfined aquifer, the source of water in aquifers could be rainwater
which infiltrates into aquifers through aquifer’s outcrop and/or from shallower aquifer.

Figs. 11.2 and 11.3 (Nguyen M. K., 2015) describe the area’s hydrogeological map and two
main cross sections of the study area.

Fig. 11.2. Hydrogeological map of the Ninh Thuan province.
The blue area bounded by the green line is the distribution of water bearing
porous formations in the study area.
The red and yellow line is cross section | and 111

According to cross section Ill-Ill, all aquifers are high in the northwest and low in the
southeast, so the main movement direction of water in the aquifers will be from the northwest to the
southeast. On the other hand, after the cross section I-I, all existing aquifers are higher in the northeast
and southwest and lower towards the center of the study area. Hence the water in the aquifers tends to
flow towards the center, and then flows in the northwest-southeast direction and out into the sea.
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Fig. 11.3. Hydro-geological cross section I-1 and cross section 111-111
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Up to now there are some studies on the effects of NPPs to groundwater but not enough to
provide basic information that can be used for predicting the fate of radioactive contaminants released
into groundwater in case of radiological accident and/or during normal operations. Actually, in almost
all countries around the world groundwater is the most important source of water for supplying.

This study focuses on characterizing hydrogeological conditions in a region where a NPP will
be set up using isotope hydrological tools as well as tracer technique using radioactive isotope. Water
stable isotopes are used for finding out the source of water in existing porous aquifers, tritium and C-
14 are used to date groundwater and tracer techniques are used to determine the infiltration rate of
rainwater as well as to define groundwater movement velocity in the aquifer. At the same time, tritium
and C-14 isotope (which release from NPP) content are also estimated in the air, surface water, sea
water and types of plants to establish tritium and C-14 background for further monitoring and
investigation using isotope techniques.

11.3. Method and sampling

To understand the source of water in existing aquifers, groundwater was sampled in wells that
have almost necessary technical information (coordination, depth...) for stable isotope, tritium and C-
14 analysis. Local precipitation and river water were also collected for stable isotopes and tritium
analysis. Stable isotopic composition of water samples has been used to interpret the source of
groundwater while tritium and C-14 data of groundwater used to assess water age for defining
direction and movement rate of groundwater.

A total of 31 groundwater samples, 44 rainwater samples (monthly and daily) and 14 river water
samples were collected in this study. The collection of water samples was performed in 2016, 2017,
2018 and 2019. Groundwater sampling points are mapped in Fig. 11.4. All collected water samples
were analyzed at the CNT’s laboratory.

To define the background of tritium and C-14 isotopes in the study area, some samples of air,
seawater and plants were collected. Water vapor in the air was condensed for tritium analysis while
CO2 in the air was precipitated into NaCOs by aeration through sodium hydroxide (NaOH) solution
for C-14 analysis. Water in plants was extracted by distillation under vacuum conditions for tritium
analysis. Organic carbon in tree leaf, aquatic plants was also synthesized into C6H6. Tritium and 14C
in seawater were determined in a similar way as groundwater samples.

In this study, 16 plant samples including 11 tree leaf and 5 aquatic plant samples, 5 samples of
seawater and 15 samples of air were taken. All taken samples were analyzed at the CNT’s laboratory
too.

The obtained survey data are used as tritium and 14C environmental background data before
operating the first NPP.
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Fig. 11.4. Groundwater sampling points
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Stable isotope ratios (880, §°H) of water samples were analysed by laser absorption technique
using Liquid Water Isotope Ratio (LWIR) analyser LGR DLT 100 (Penna et al., 2010) with
measurement precision was +£0.15%o for the 880 and +£1%o for the §°H. Analyses are reported in %o
versus VSMOW.

Carbon 14 content of collected samples was determined by liquid scintillation technique.
Organic carbon in plants and inorganic carbon (BaCOs/Na,CO; which was precipitated from
groundwater/air) was synthesized into CsHs before counting by the Liquid Scintillation Analyze
(LSA) Packard 3170 TR/SL to determine C-14 activities. Results of *C abundances are reported as
percent of modern Carbon, pmC (Stuiver and Polach, 1977).

For analysing tritium, collected water must firstly be electrolyzed to reduce sample volume
(tritium enrichment) and was measured by the LSA Packard 3170 TR/SL which has detection limit of
0.3 TU (Taylor, 1976). *H content is expressed in Tritium Units (TU) with 1 TU is defined as the
isotope ratio *H/*H=108,

In this study, the point-dilution method using only one well (Bedmar, 1983) is applied to
determine flow rate of groundwater. According to the method when flowing through a well the
horizontal (filtration) flow component of groundwater will bring tracer substance away, in
consequence, the concentration of tracer will decrease gradually and this decrease depends on this
flow component, structure of well and the stratigraphy of aquifer. Based on that the tracer is initially
injected into the total water column inside the screen part of the well and let it mix well in the water
column. Tracer concentration in this water column is measured time by time then to get the
distribution of tracer concentration in depth. These distributions show the decrease of tracer
concentration by time as mentioned above. Based on the decrease of tracer concentration and time we
can calculate the horizontal velocity of water along the screen stretch. By using this method, the
vertical flow in the well can also be determined if it exists.

The filtration velocity of groundwater can be calculated as follow: The tracer concentration C in
a segment of well with volume V will decrease after time by a horizontal flow rate Q of groundwater
following below differential equation:

dc__cdv_,c
dt VvV dt Vv
Make integral above equation, we have:
Q
C, =Cpe

where Co is initial tracer concentration and C; is tracer concentration at time t in volume V. Then the
flow rate:

vV, C
=—In=2
Q t C, .
Velocity of water through the well will be:

S
2t G (r is radius of the well)

"o 2at C,

Due to the existence of the well distorts pattern of ground water natural flow so that velocity
through the well Vs is higher than real velocity flow in the aquifer V¢ (Darcy velocity) by one factor of
hydraulic dynamic distortion o which is calculated using below formulae (Halevy et al., 1967):

. __BKK,
K,A+ KB

A=K+ Kz){u ([—ﬂ (K, - Kz)[(i)z + (r—ﬂ

with 3 2 s
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B = (K, + Kz){l— (%)2} +(K, Kz){&f - (r—ﬂ

3 2 r-3

In which: K - hydraulic conductivity of the aquifer
K1 - hydraulic conductivity of the well
Kz - hydraulic conductivity of gravel pack
r1 - inner radius of the well
r, - outer radius of the well
rs - radius of gravel pack
To evaluate the seepage and infiltration rate of water in an unsaturated zone, tracer technique
was used. After being injected into soil, the tracer dissolves into soil water and a radioactive water
layer (marked water layer) is formed at the depth where tracer was injected. That marked water layer
will move down with soil water according to piston principle because the soil continuously receives
irrigating and/or rain water. By tracking the position of the marked water layer (the center of
radioactivity distribution at a moment as definition) we can determine the seepage depth and so the
infiltration rate of soil water is calculated based on the displacement depth and time of tracer.

11.4. Results and discussion
11.4.1. Source of groundwater in the area

Isotopic analysis results of groundwater, river water and rain water samples collected in the
study area are listed in Tables 11.1-3.

As listed in Table 11.3, deuterium (H) content in monthly rainwater samples ranges from -60.8
to -1.7 %o with an average value of -36.3 %o and their oxygen-18 (**0) content varies from -8.70 to -
1.01 %o with the average value of -5.91 %o. The equation of the local meteoric water line (LMWL) that
built based on 44 isotopic composition data of daily and monthly local rainwater samples is §°H =
7.47%3%0 + 7.56 with R*> = 0.97. The mean tritium content of rainwater in the study area is 1.08 TU.

Stable isotopic composition of groundwater ranges from -50.4 %o to -17.5 %o for 2H and from -
7.41 %o to -2.55 %o for 80 (Table 11.1). The mean value of deuterium content in groundwater is -37.7
%o and that of 0 is -5.73 %o.

As plotted in Fig. 11.5, the change of ?H and 20O content in groundwater is entirely within the
content variation of these isotopes in collected rainwater and the fresh groundwater samples
distributed along the LMWL. These show that the groundwater in the study area originated from the
rainwater.

In the other hand, all collected groundwater samples have tritium with minimum content of 0.62
+ 0.26 TU that is higher enough than detection limit (0.3 TU) and have high C-14 concentration with
the minimum value of 80.8 + 3.7 pmC and the maximum value of 102.0 + 3.4 pmC. This means
groundwater is modern (Table 11.1).
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Fig. 11.5. Stable isotope composition of water samples in Ninh Thuan area
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In the other hand, all collected groundwater samples have tritium with minimum content of 0.62
+ 0.26 TU that is higher enough than detection limit (0.3 TU) and have high C-14 concentration with
the minimum value of 80.8 £ 3.7 pmC and the maximum value of 102.0 = 3.4 pmC. This means
groundwater is modern (Table 11.1). Stable isotopic composition of groundwater and river water and
mean isotopic value of rainwater is described in the Fig. 11.6.

As seen in the Fig. 11.6, saline groundwater in the area is the consequence of the mixing
between fresh groundwater and seawater. Indeed, the saline groundwater samples are all located along
the pink line starting from the fresh groundwater cluster and tending to pass through the seawater
group (brown square empty points).
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Fig. 11.6. Stable isotope composition of rain water, groundwater,
river and sea water samples

Surface water (river water) in the area has evaporated. In the Fig. 11.6, surface water samples
(diamond orange symbols) distribute along the line §°H = 4.3*3%%0 - 15.4 (R? = 0.88) that starts from
meteoric water (groundwater) and has a slope of 4.3 showing the evaporation. This means river water
is discharged groundwater and evaporates in a high temperature and low humidity environment, after.
The relationship between groundwater and river water level according to the observation data obtained
from November 2016 to October 2017 at the Cai Phan Rang River and groundwater close to the river
is shown in the Fig. 11.7. This good relation suggests that river water originated mainly from
groundwater too.

The relationship between groundwater and river water level according to the observation data
obtained from November 2016 to October 2017 at the Cai Phan Rang River and groundwater close to
the river is shown in the Fig. 11.7. This good relation suggests that river water originated mainly from
groundwater too.
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Fig. 11.7. Relationship between groundwater and river water level
in the study area
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11.4.2. Groundwater movement direction

All **C content of groundwater samples collected in the study area is reported in Table 11.1.
The 1C content of fresh groundwater samples at the study area were plotted as the Fig. 11.8.

In this map, three samples collected water from fracture rock at 80 to more than 100 m deep that
have lower **C content (G21, 81.8pmC; G22, 76.5pmC; and G24, 80.8pmC, see Table 11.1) and eight
saline groundwater samples were not plotted. According to the distribution of fresh groundwater’s *C
content, although not so clear, a groundwater flow direction drawn as yellow arrows from northwest to
southeast was defined.
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Fig. 11.8. Distribution of **C content in fresh groundwater
at the study area

In a previous study, based on the water level contour lines built on monitoring data (Fig. 11.9)
three flow directions including northwest-southeast, northeast-southwest and southwest-northeast were
determined (Nguyen M. K., 2015).
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Fig. 11.9. Map of groundwater level contours (blue lines)
and groundwater flow directions (blue arrows)

Based on the obtained isotopic data and monitoring data on groundwater level in this area we

can conclude that water in the porous aquifer moves in three directions that are northwest-southeast,
northeast-southwest and southwest-northeast with the main flow direction is northwest-southeast.
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Table 11.1. Isotopic data of groundwater samples

No. | Sample Sampling Coordinate Well depth Cond. 880 | &H 3H C-14
' Code Date X Y (m) (us/cm) (%o) (TU) (pmC)
1 Gl Nov-16 11.8392 108.9071 12.5 94.1 -6.52 -43.1 1.09 97.21
2 G2 Nov-16 11.8225 108.8712 14.0 319.0 -6.73 -44.6 111 97.94
3 G3 Nov-16 11.7600 108.7915 20.5 116.5 -6.81 -44.8 1.03 98.51
4 G4 Nov-16 11.7392 108.8404 16.0 137.0 -5.83 -38.1 0.97 101.92
5 G5 Nov-16 11.7149 108.8317 15.0 336.0 -6.84 -46.8 1.12 101.54
6 G6 Nov-16 11.7092 108.8165 17.0 1639.8 -6.45 -41.7 1.12 99.72
7 G7 Nov-16 11.7011 108.8704 25.0 337.0 -6.12 -41.2 0.82 95.14
8 G8 Mar-17 11.6099 108.7849 13.0 231.1 -5.57 -35.1 1.16 99.33
9 G9 Mar-17 11.7850 109.0730 18.0 116.6 -6.50 -43.1 0.88 99.65
10 G10 Mar-17 11.6736 109.0200 23.0 537.3 -6.54 -44.2 0.92 99.77
11 G11 Jul-18 11.6245 108.9288 20.5 319.1 -6.78 -45.3 0.96 93.89
12 G12 Jul-18 11.5065 108.8786 15.0 158.4 -6.29 -41.7 1.02 98.96
13 G13 Jul-18 11.4676 108.8723 275 684.8 -6.76 -46.0 0.85 96.48
14 G14 Jul-18 11.5566 108.9751 16.0 5049.8 -5.91 -38.6 1.21 100.14
15 G15 Jul-18 11.5286 108.9895 24.0 7690.4 -5.42 -36.2 0.82 99.37
16 G16 Oct-18 11.4942 109.0056 19.0 26600.0 -4.30 -28.2 1.03 99.08
17 G17 Oct-18 11.4180 109.0094 18.0 33610.0 -3.11 -21.1 1.18 99.92
18 G18 Oct-18 11.3826 108.9863 24.5 31600.0 -3.12 -20.0 0.88 97.47
19 G19 Jun-19 11.6587 108.6882 18.5 215.0 -5.90 -38.3 0.85 91.53
20 G20 Jun-19 11.7025 108.7610 25.0 491.9 -6.60 -41.8 0.69 91.13
21 G21 Jun-19 11.8585 108.8178 96.0 257.4 -7.41 -50.4 0.70 81.77
22 G22 Jun-19 11.8597 108.7724 101.0 214.6 -7.60 -49.9 0.62 76.52
23 G23 Jun-19 11.6255 108.8544 35.5 1839.7 -6.05 -39.4 1.08 94.69
24 G24 Jun-19 11.7134 108.9412 80.0 416.6 -7.21 -45.0 0.80 80.82
25 G25 Jun-19 11.7489 109.0290 7.0 197.1 -5.41 -32.9 1.21 95.26
26 G26 Jun-19 11.8310 109.0470 335 920.9 -5.08 -31.5 1.13 92.83
27 G27 Jun-19 11.4812 108.8268 38.0 1325.5 -6.13 -42.7 1.00 92.62
28 G28 Jun-19 11.7186 109.0480 41.5 787.3 -6.79 -42.8 0.85 87.12
29 G29 Jun-19 11.3635 108.8778 30.0 35100.0 -2.70 -21.5 0.82 91.12
30 G30 Jun-19 11.4623 108.9654 57.5 26300.0 -3.86 -26.3 0.71 85.66
31 G31 Jun-19 11.5835 109.1120 36.5 29610.0 -3.36 -25.5 0.90 88.03
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Table 11.2. Stable isotopic composition in river water samples

No. | Sample 3%0 | &H 3H No | Sample | &% | &H 3H No | Sample | &90 | &H 3H
' Name (%o0) (TU) ' Name (%o0) (TU) ' Name (%o) (TU)
1 S1 -5.84 -39.74 1.30 6 S7 -6.15 -40.43 1.20 11 SQ2 -6.10 -40.87 1.02
2 S2 -7.14 -47.26 1.02 7 SL1 -4.43 -33.98 1.05 12 N1 -6.35 -46.32 1.19
3 S3 -6.52 -40.60 1.13 8 SL2 -2.91 | -25.65 0.90 13 N2 -6.53 -42.86 1.33
4 S4 -5.48 -39.32 0.88 9 SL3 -4.87 -37.70 1.15 14 N3 -6.57 -43.26 1.48
5 S6 -6.53 -42.49 1.00 10 SQ1 -4.15 | -36.37 1.26
Table 11.3. Isotopic composition of Ninh Thuan rainwater
No Sample 3%0 | &H Precipitation 3H No Sample 880 | &H Precipitation 3H
name (%o0) (mm) (TU) ' name (%o) (mm) (TU)
1 May-16 -4.14 -20.6 60.1 23 25-Oct-17 -4.46 -26.3 28.9
2 Jul-16 -4.82 -29.3 40.2 24 28-Oct-17 -4.30 -23.8 8.4
3 Aug-16 -6.18 -40.5 107.5 1.40 25 Aug-18 -6.78 -41.5 135.7 1,25
4 Sep-16 -6.70 -39.9 175.6 1.29 26 Sep-18 -7.66 -51.1 153.6 1.15
5 Oct-16 -7.42 -48.2 361.2 0.72 27 Oct-16 -8.16 -53.3 207.6 1.01
6 Nov-16 -4.55 -27.8 75.1 1,52 28 Nov-18 -5.80 -37.2 167.1 1.30
7 Dec-16 -1.01 -1.7 3.4 29 4-Aug-18 -4.84 -31.4 8.4
8 19-Aug-16 -6.11 -39.3 17.1 30 17-Aug-18 -5.28 -33.9 5.6
9 20-Sep-16 -6.52 -45.8 15 31 11-Sep-18 -8.25 -51.0 18.2
10 16-Oct-16 -6.78 -44.0 9.7 32 14-Oct-18 -8.40 -54.8 46.1
11 17-Oct-16 -6.47 -43.9 23.9 33 22-Oct-18 -6.98 -42.5 38.6
12 22-Oct-16 -7.38 -44.6 7.8 34 26-Oct-18 -7.92 -52.1 34.9
13 23-Oct-16 -8.73 -55.3 68.8 35 May-19 -2.39 -4.2 7.2
14 28-Nov-16 -5.01 -31.9 4.48 36 Jun-19 -3.08 -13.3 18.0
15 Jul-17 -4.91 -26.5 92.40 1,82 37 Aug-19 -6.18 -40.5 71.5
16 Aug-17 -6.64 -42.7 84.53 38 Sep-19 -6.68 -39.1 165.6 1.06
17 Sep-17 -8.30 -55.7 173.0 1.31 39 Oct-19 -7.02 -43.1 221.2 1.35
18 Oct-17 -7.51 -49.7 218.0 0.94 40 Nov-19 -8.75 -60.8 428.1 0.59
19 Nov-17 -5.34 -32.4 139.6 1.03 41 15-Jun-19 -3.98 -23.3
20 24-Jul-17 -4.87 -28.9 5.0 42 25-Oct-19 -7.61 -46.1
21 25-Jul-17 -5.41 -33.9 2.5 43 7-Nov-19 -8.85 -58.3
22 17-Sep-17 -4.94 -30.7 2.6 44 26-Nov-19 -7.69 -48.1




11.4.3. Groundwater horizontal filtration velocity

Moving velocity of groundwater is defined by single well techniques using a suitable tracer. To
measure tracer concentration, the gamma rate meter with a scintillation detector (Miniken, Australia)
was used.

Two wells named QT and QS1 located at two sides of the Cai Phan Rang River were chosen for
determining water’s horizontal filtration velocity in the aquifer. These wells were set up for tracer
experiment with clear technical parameters (determined experimentally by technician).

A small amount of 31 solution was introduced into the filter part of the experiment wells. Let
the tracer mix and move together with aquifer water. By monitoring tracer concentration (**!I activity)
we can define the groundwater horizontal filtration velocity as listed in the Table 11.4 below.

Table 11.4. Well name, tracer type, tracer amount, well technical parameters, traced water depth (screen part)
and the groundwater horizontal filtration velocity defined in field experiments

C Tracer Traced water Horizon .
xp. | Tracer a - Vertical
well type amou_nt depth Parameters factor velocity flow
(mCi) (m) (cm/day)
QT 1-131 1.0 From 25m to K=10.01 cm/s 3.035 1.22+0.24 No
35m below Ki=3.00 cm/s
ground surface K>=0.10 cm/s
ri=4.50 cm
r,=4.75cm
r;=8.40 cm
Qs1 1-131 1.0 From 25m to K=0.01cm/s 3.254 0.59+0.17 No
30m below Ki=3.00 cm/s
ground surface K2=10.10 cm/s
ri=3.00 cm
r,=3.25cm
r;=6.50 cm

11.4.4. Seepage depth and penetration rate of water in the soil

The selected tracer experiment site was a plot of about 30 m? in a regularly watered vegetable
farm at the outskirts of Phan Rang town. In this experiment, 31 in the form of Na %I solution was
used as tracer and carrier was non-radioactive Nal solution. To detect positions of the marked water
layer by the soil depth, a well of 60 mm diameter, PVC casing and 180 cm deep was established.
Tracer’s concentration (radioactivity) was measured by the same device as used in the experiment on
groundwater flow rate.

Table 11.5. Positions and displacement of water marked layer over experiment time

Measurement Elapsed time Position of marked Disol b Infiltration rate
date (day) water layer Isplacement (cm/day)
(cm) (cm)

12/05/2019 0 -33.552 0

12/06/2019 30 -37.49 3.94 0.131
02/07/2019 49 -40.40 2.91 0.153
20/07/2019 66 -41.35 0.95 0.056
14/08/2019 90 -54.27 12.92 0.538
11/09/2019 116 -56.84 2 2.57 0.095
26/09/2019 130 -59.88 3.04 0.217
18/10/2019 151 -72.97 13.09 0.623
29/10/2019 162 -82.47 9.50 0.950
13/11/2019 177 -84.76 2.29 0.153
02/12/2019 195 -86.72 1.96 0.109
20/12/2019 212 -87.19 0.47 0.028

3 Position of marked water layer at the **!1 injection dates.
b The displacement is calculated as the difference of the center depth of the two radioactivity distributions
at two consecutive times.
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Firstly tracer and carrying matter were injected into soil. In this experiment, the injection depth
was of 28.0 cm below soil surface and evenly 20 cm from the measuring well center and the first
position of marked water layer at 33.55 cm deep below soil surface was determined.

The seepage experiment lasted 7 months, from May to December. During experiment time,
tracer (with carrier) was added in September when tracer concentration was lower than the detection
limit of the used gamma detection device. 12 radioactive measurements were conducted and the
obtained experiment results are represented in Table 11.5.

The obtained data show that the infiltration rate of water is uneven. That is mainly due to the
difference in the properties and structure of the soil layers. Below the depth of 80 cm, the infiltration
rate is reduced. This may be caused by the water pressure in the saturation zone, but the water still
seeps down.

Thus, with an infiltration depth of 53.64 cm and a seepage time of 212 days, the average
infiltration rate of water in the unsaturated zone is 0.25 cm per day.

11.4.5. Tritium and radiocarbon concentration in environment

To survey the environmental level of nuclides which could be released in NPP operation or by
accident, we collected environmental samples such as sea water, tree leaf and aquatic plants for tritium
and radiocarbon analysis. Some air moisture was collected also for tritium analysis to survey tritium
level in the air.

For sea water, due to high sulphate problem, we use a simple tool designed by the IAEA (Fig.
11.10, right) to collect dissolved inorganic carbon for radiocarbon analysis.

By that tool, ortho-phosphoric acid is firstly added into sea water sample container, acid reacts
with carbonate and bicarbonate and liberate CO, then, generated CO,, supported by peristaltic pump
goes through the descant and is precipitated into Na2COs in a glass bottle containing NaOH solution.

To collect carbon in the air for analysis, we precipitate CO; in the air with the support of an air
compressor (see Fig. 11.10, left). CO- gas at the outlet of the air compressor goes through plastic tubes
to bottles containing NaOH solution and is precipitated to Na,COs.

The obtained carbon is synthesized into benzene before determining the content (activity) of
radiocarbon by liquid scintillation technique.

Fig. 11.10. Inorganic carbon sampler in sea water (left) and in the air (right)

To collect water in tree leaf, aquatic plants we extract water in tree leaf and aquatic samples
using a distillation tool (Fig. 11.11, right). Collected samples are heated up to 105°C in the spherical
glass vase, escaped water vapor is condensed by cooling and sample water flows to the triangular glass
bottle. This system needs to be a closed system.

For analyzing tritium in the air, we use an air dehumidifier to collect needed water amount. In
dehumidifier the air is blown through its chilled system and the water vapor in the air is condensed as
liquid water and is taken for analysis.
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Water in

H Condenser

Water out

Leaf water

tree leaves

Heating up to 105 °C

Fig. 11.11. Water extraction system (right) and air water vor saplr (left)

In this study we collected seawater, air moisture samples, tree leaf (tamarind, neem, cashew,
jujube and vine tree) and aquatic plant (shichito, beach morning glory, duckweed, sea chive and
sargassum-gulf weed) samples for radiocarbon and tritium analysis. Number of samples and their
radiocarbon, tritium content (min., max, average and standard deviation) are listed in the below
Table 11.6. These data can be used as pre-NPP environmental data on tritium and radiocarbon.

Table 11.6. Radiocarbon and tritium content in plants, air and sea

sample type No. of C-14 (pmC) H-3 (TU)
samples | Min. | Max. | Average | Stdev. | Min. | Max. | Average | Stdev.
Air moisture 15 97.9 | 103.7 101.5 1.8 0.72 1.62 1.16 0.27
Sea water 5 90.6 | 93.0 92.3 1.0 0.37 | 0.58 0.46 0.10
Tree leaf 11 97.3 | 102.0 99.9 1.4 0.75 | 1.72 1.12 0.27
Aquatic plants 5 94.6 | 102.8 100.1 3.2 0.81 | 1.37 1.18 0.22

11.5. Conclusion

Research is executed with financial support of the International Atomic Energy Agency, which
forms a part of the Coordinated Research Project F33022 entitled “Use of Isotope Hydrology to
Characterize Groundwater Systems in the Vicinity of Nuclear Power Plants”.

In this study, the regional groundwater system has been characterized:

- The obtained isotopic data (?H, 0, H-3 and C-14) in groundwater and local rainwater show
that groundwater in unconsolidated sediments in the study area is young and recharged directly by
rainwater. The analysis data of stable isotope composition in groundwater and river water in this area
also shows that there is an interactive relationship between groundwater and river water, whereby river
water is mainly discharged groundwater.

- In the aquifer, the water moves in a northwest-southeast direction and drains into the East sea.
In addition, along two banks of the Cai Phan Rang River, groundwater also moves in both directions
northeast-southwest and southwest-northeast, drains into the river and then flows into the sea. The
velocity of water in the aquifer is determined by the single well technique using artificial radioisotope
I-131 as an indicator from 0.59 cm/day to 1.22 cm/day. By tracer technique using 1-131, this study
also determined the average infiltration (recharge) rate of rainwater in the soil (unsaturated zone) was
0.25cm/day.

- At the same time this study also determined the natural radioactivity of tritium and
radiocarbon in the air, sea water and plants. This obtained data are used as their background.

The information obtained is the basis for monitoring and predicting the impact of the NPP's
activities on groundwater and for studying area environment.
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MoHorpadis MICTHTB pe3yNbTaTH CKOOPAMHOBAHOTO nociimHuipkoro mpoekty (CII), mporemeHoro
MiXHapOZHUM areHTCTBOM 3 aTOMHOI €Heprii 3 METOI0 BHBUEHHS BHKOPHCTAaHHS HOBHX 130TOITHUX METOIIB
pa3oM i3 3BHYAHHMH Ui Kpamloi OLIHKK TiPOTCONIOTIYHWX yMOB B TEOJOTIYHMX YMOBAaX MaiilaHYMKiB
ATOMHHX €JIEKTPOCTAaHIIN Ta HaJaHHS OCHOBHO{ iH(poOpMarii, sika Moke OyTH BUKOpPHCTaHA I IPOTHO3YBaHHS
YaCTKU PaJiOaKTUBHHUX 3a0pYIHIOBAYiB, TaKWX SK TPUTIH, IO BUKUIAIOTHCS B TMiA3C€MHI BOIU B pasi
paniornoriunoi aBapii Ta/abo mijg Yac HOpPMaJIbHOI eKcIutyaTamii. 3 MLi€l0 METO B JAeciITH KpaiHax Oyio
MIPOBEJICHO JOCIIIHUIBKI IPOEKTH IIOJ0 XapaKTepPUCTUKM CUCTEMM MiJ3€MHUX BOJ MOONN3y aTOMHHUX
EJICKTPOCTAHIIIH, SKI 3HAXOIATHCS Ha PIZHUX CTafisIX PO3BUTKY. MoHOrpagis MICTUTH 3BITH IHMX AECATH
JOCIIIHUIBKAX TIPOEKTIB Ta MiJICYMOK JIOCSATHEHb OKPEMHX IPOEKTiB. BHKOpHCTaHO pe3yiabTaTH BU3HAYECHHS
izotomie 80, 2H, ¥C, *C, °H, °He, *He Ta 6naropoanux rasis y sosi. byjno Takok BHKOPUCTaHO Pe3yJIbTaTH
TpafuUiHUX TiApoXiMiYHUX aHali3iB Ta posmoAutis *°Sr, ypaHy Ta TPaHCYpPaHOBUX €JEMEHTIB y MiJ3€MHHX
Boxax. Llett C/II1 mae Ha MeTi po3poOKy KepiBHUX IPUHIIMIIIB I BUBUSHHS TiIPOTEOIOTIUHIX XapaKTePUCTHK
MiA3eMHAX BOJ Y MICIEBUX Ta PETiOHANBHUX CHCTEMax MiA3eMHHX BOJ MOOJHM3Y aTOMHHX EIEKTPOCTAHIIHN 3
BHKOPHCTAHHSM 130TOIIiB HABKOJIUIITHEOTO CEPEIOBUIIA Ta TPATUIIIHHAX METOIIB.

Jis BUeHUX Ta iHXKEHEpiB, SKi MPAIfOIOTh Y Taily3i TiAporeosorii, pagioekosnorii Ta 6e3MeKn B aTOMHIN
SHEepTeTHIIl, a TAKOXK JJIS CTYICHTIB Ta acIipaHTiB Teooro-(Qi3ndHuX (aKyIbTeTIB YHIBEPCUTETIB.
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