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Abstract

Groundwater is an increasingly important source of water for many parts of the
world. Redox sensitive elements, like uranium, chromium, arsenic, and vanadium, a re
known to occur naturally in some groundwater systems, and may pose human health
risks in populations that use groundwater as their major drinking water source. This
dissertation characterizes factors affecting the occurrence of redox sensitive elementsn
different aquifer systems, including hydrogeology, geochemistry, and anthropogenic
effects. It also addresses the capccurrence of these elements in the groundwater
resources, which may be associated with greater health risks than exposure to individual
elements alone.

The first three chapters of this dissertation focus on uranium occurrence in
groundwater from different parts of India. Groundwater overexploitation has caused
massive groundwater depletion and raised concerns for water and food security in
India. Fieldwork in India combined with retrieving available data show that uranium is
a widespread problem in groundwater across India, with concentrations greater than the
World Health Organizations provisional guideline of 30 pg/L, mostly found in se miarid
alluvial aquifers, as well as granitic and metamorphosed granitic crystalline aquifers.
High concentrations of uranium in groundwater from the semiarid parts of

Northwestern India is also associated with extensive agricultural activities. A detailed
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3C) data show that redox conditions, bicarbonate concentrations, and salinity have
interconnected effects that control groundwater uranium concentrations, and that
geochemical processes associated with irrigation under arid and semiarid conditions
further intensify the groundwater uranium concentrations. An in -depth investigation of
the groundwater chemistry from Rajasthan shows that in addition to uranium,
groundwate r used for drinking without any treatment contains multiple inorganic
contaminants at levels that exceed both Indian and World Health Organization drinking
water guidelines. The processes affecting Rajasthan's groundwater quality are common
in many other groundwater resources from arid areas worldwide, and the lessons
learned from evaluating the mechanisms that affect the groundwater quality in this
study are universal and can be applied for other parts of the world.

The last two chapters of this thesis address redox sensitive elements in
groundwater form North Carolina, USA. Uranium, chromium, vanadium, and arsenic
are all known to occur in North Carolina groundwater at health -relevant concentrations,
with the highest concentrations of all elements occurrin g in fractured igneous and
metamorphic formations from the Piedmont region. Arsenic occurs most frequently in
suboxic to mixed redox character groundwater, whereas uranium, vanadium, and
chromium occur mostly in oxic groundwater. Occurrences of arsenic, and to a lesser

extent uranium, increase with pH, likely reflecting desorption from clay minerals on the



aquifer rocks, while higher chromium and vanadium levels were measured in near -
neutral pH and oxic groundwater, reflecting greater sensitivity to redox ¢ onditions. Due
to similar geochemistry, vanadium and chromium co -occur most frequently. There is not
enough health data to quantify the risks associated with such element co-occurrence,
and there are large gaps between the current health recommendations ard enforceable
drinking water standards . This is especially true for chromium given that hexavalent
chromium, which is the predominant dissolved species of chromium in natural
groundwater, is not regulated. Using a large complied dataset of measurments for
chromium and hexavalent chromium in drinking water wells across North Carolina , |
demonstrate that most chromium in North Carolina occurs as the more toxic hexavalent
chromium, presenting greater risks to human health. Several approaches to predicting
chromium occurrence in NC groundwater are explored to help target future monitoring
efforts and highlight areas of higher risks for occurrence and co-occurrence of these

contaminants in groundwater resources of the Piedmont region of Eastern U.S.
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1. Introduction

Globally, groundwater is an important source of fresh water for human
consumption, agriculture, and industry (Wada et al., 2010). As population increases and
demand for water grows, surface water availability and quality decrease in turn causing
groundwater resources to become more valuable. This necessitates accelerated
groundwater exploitation, putting greater pressure on what is in many areas an already
strained resource. In addition to declines in water availability th rough over-exploitation,
the quality of groundwater is a critical factor in its usability. The occurrence and
behavior of redox sensitive elements (RSE), such as uranium, chromium, vanadium, and
arsenic in groundwater is of particular interest because of their potential threats to
human health. Here | study the different factors which control the occurrence and co -
occurrence of RSEs in groundwater from two different aquifer and climate settings;

Northwe stern India (Punjab, Rajasthan, Gujarat) andthe Eastern U.S. (North Carolina).

1.1 Studied Aquifers

| study two main aquifer systems, a semiarid system in Northwestern India, and
a humid system in North Carolina, USA (Figure 1 and Figure 2). In Northwest ern India,
the aquifers are primarily composed of Quaternary alluvial sediments that extend along
the states of Punjab, Rajasthan, and Gujarat, in addition to a few localized hard rock
aquifers in Rajasthan and Gujarat. The alluvial aquifer in Punjab is made of very thick

(>300m) Quaternary sediments derived mostly from the erosion of Himalayan systems
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(Water Resources & Environment Directorate and Central Ground Water Board, 2018).
In Rajasthan, alluvial aquifers in the study areas tend to be much shallower, with aquifer
thickness increasing towards the Thar Desert in the west, and northward towards
alluvial aquifers are underlain by metamorphic basement of Archean to Proterozoic age,
and in the west by sandstone and igneous or metamorphic rocks of late Neoproterozoic
to Early Cambrian Age. These formations are occasionally water bearing as well. In
Guijarat, the alluvial deposits are mostly derived from weathering of ig neous and
metamorphic rocks of the Delhi Supergroup, with some aeolian influence, and are
underlain by a succession of Tertiary sedimentary formations with productive oil and
gas reservoirs (Gupta et al., 2005). The alluvial aquifer in Gujarat is very thick (=500 m),
with alternating sand -silt and clay layers. In the northern district of Sabarkantha, wells
were sampled in aquifers made of rocks of the Aravalli and Delhi supergroups. In the
southcentral district of Rajkot, wells from weathered and fractured basaltic aquifers
(Deccan Traps) were sampled. In contrast to the alluvial aquifers in Eastern India,
regional anisotropy in these alluvial aquifers is often low, and despite the presence of
silt and clay lenses in most aquifers, downward percolation of r echarge is significant
(Bradley and Phadtare, 1989; Sinha et al., 2013; Lapworth et al., 2015; Dijk et al., 2016;

Joshi et al., 2018).



Intense abstraction has led to severe groundwater table declines in many parts of
the country, especially in the northwes tern Indian states of Punjab, Haryana, and
Rajasthan (Rodell et al., 2009; Central Ground Water Board, 2012, 2013; MacDonald et
al., 2016). In 2013, the Indian Central Groundwater Board estimated that groundwater in
the majority (66% to 70%) of blocks (Indian administrative division above village) in
these three states was either critically or over exploited (Central Ground Water Board,
2013). At the same time, parts of northwestern India that import surface water through
canals are dealing with water loggi ng issues, even in arid, previously groundwater
deficient areas (Central Ground Water Board, 2012, 2013; MacDonald et al., 2016; Asoka
et al., 2017). Overexploitation of groundwater and the use of imported surface water,
combined with reported changes in precipitation patterns induced from climate change,
have raised concerns about future water sustainability in India, particularly in the arid
and semi-arid northwestern areas (Rodell et al., 2009; MacDonald et al., 2016; Asoka et
al., 2017). In addition to concerns about declining groundwater quantity, groundwater
from these aquifers suffers from myriad quality issues, such as high salinity and
concentrations of uranium, fluoride, and nitrate (Agrawal et al., 1999, 1997; Brindha and
Elango, 2013a; Handa, 195; Jacks et al., 2005; Singh et al., 2003). Nitrate pollution is
widespread in Indian shallow groundwater and is associated with urban wastewater,
industrial effluents, and intensive agriculture (Agrawal et al., 1999). High concentrations

of fluoride are most often reported in arid to semiarid areas of Northwestern India, or in



certain types of hard rock aquifers (Agrawal et al., 1997; Jacks et al., 2005). This is very
similar to uranium, which has been most studied in the semiarid alluvial aquifers of

Punjab (Alrakabi et al., 2012; Bajwa et al., 2017; Kumar et al., 2011; Saini and Bajwa, 2016;
Singh et al., 2003), but which has also been found in hard rock aquifers, mostly in the

southern aquifers of India (Brindha et al., 2011a, 2011b; Brindha and Elango2013a).
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Figure 1: Geologic map of the Northwestern Indian states studied in this dissertation
Punjab, Rajasthan, and Gujarat.

In North Carolina, the groundwater occurs in fractured rock aquifers in the
Mountain and Piedmont R egions of the state (the west and central parts of the state,
respectively, Figure 2), and in unconsolidated aquifers towards the coast. While the

salinity of groundwater from aquifers away from the coast tends to be quite low,
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concentrations exceeding hedth guidelines for uranium, arsenic, chromium, and
vanadium have all been reported in well water, particularly from the central Piedmont
region (Dinwiddie and Liu, 2018; Kim et al., 2011, Pippin et al., 2003; Vengosh et al.,
2016; Vinson et al., 2009). Arestimated 3.9 million residences in North Carolina rely on
groundwater as their primary source of drinking and domestic water (Dieter et al.,
2017). Individuals and families not supplied by public water rely almost exclusively on
self-supplied groundwater through private wells, and are independently responsible for
monitoring the water quality of their own wells.

The highest concentrations of arsenic in North Carolina groundwater have been
reported in the Piedmont, specifically in areas underlain by rock s from the Carolina
Slate Belt, though detectable (>1pug/L) concentrations of arsenic have been found across
the region (Pippin et al., 2003). Several other factors have been reported to be associated
with high arsenic concentrations, including wells that a re deeper, wells that are closer to
transition zones and faults, and wells with higher pH and alkalinity. High
concentrations of uranium in North Carolina groundwater have been reported form the
Rolesville Granite in the eastern part of the Piedmont, where it was significantly
correlated with pH, bicarbonate, calcium, and sulfate (Vinson et al., 2009). High
concentrations of hexavalent chromium (>10 pg/L) found by the North Carolina
Department of Environmental Quality during monitoring of private wells near  coal ash

ponds were originally thought to be caused by leaking of these ponds. However, further



investigation revealed that the hexavalent chromium is most likely naturally occurring,
related to mafic geology in the Piedmont, and that it is much more comm on in North

Carolina groundwater than previously realized (Vengosh et al., 2016).
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Figure 2: Map of North Carolina divided into three important geographical regions:
the Mountains, Piedmont, and Coastal Plain. Aquifers in the M ountain and Piedmont
regions are crystalline, whereas aquifers in the Coastal Plain are primarily
unconsolidated sedimentary material.
1.2 The Geochemistry of Redox Sensitive Elements

The solubility of RSEs in groundwater is largely governed by pH and redo x
conditions. Uranium is most soluble under oxidizing conditions as hexavalent uranium

(U(VD)). However, even under oxidizing conditions, U may adsorb on to mineral

surfaces, especially near neutral pH in absence of strong complexing agents. Certain



complexing agents, especially carbonate, have been shown to greatly inhibit adsorption
and enhance solubility, which increases U concentrations in bicarbonate-rich
groundwater. Ternary complexes between alkali earth metals, especially calcium,
carbonate, and theuranyl ion have been shown to be especially important factors
controlling uranium speciation in groundwater. Uranium in groundwater is most
commonly associated with granitic and granitic -related aquifers, as well as arid to
semiarid systems (Brindha and Elango, 2013b; Coyte et al., 2018; Dekkers et al., 1989;
Frengstad et al., 2000; Guo et al., 2016; lwatsuki and Yoshida, 199 Warner et al., 2011)
Therefore, the combination of aquifer lithology and favorable geochemical conditions
are the key factors for U occurrence in groundwater resources.

Chromium occurs in nature as either trivalent chromium (Cr(lIl)) or hexavalent
chromium (Cr(VI)) forms. Cr(lIIl) occurs as a cation, which tends to form insoluble
hydroxides, while Cr(VI) occurs as a soluble oxyanion, either as CrO:z below pH ~6.5 or
HCrO s above pH ~6.5. Elevated Cr(VI) concentrations typically occur in alkaline and
oxic groundwater, and have been associated with aquifers composed of mafic and ultra -
mafic rocks (Fantoni et al., 2002; Gough et al.,1989; Kazakis et al., 2015; Manning et al.,
2015) Significant sorption of Cr(VI) occurs at pH less than 7, especially on to iron oxides
and hydroxides (McNeill et al., 2012; Rai et al., 1989). Fe(ll), organic matter, and SZan
all serve as reductants or Cr(VI), and Mn oxides are important oxidizers of Cr(lll) to

Cr(VIl) (Johnson and Xyla, 1991; McNeill et al., 2012; Oze et al., 2007; Rai et al., 1989;



Trebien et al., 2011). The combination of Cr and MnO sources in the aquifer rocks as well
as the suitade geochemical conditions can result in occurrence of Cr in the form of the
toxic hexavalent chromium in groundwater sources.

Vanadium occurs as trivalent, (V(lIl)), tetravalent (V(IV)), or pentavalent (V(V))
species in natural water, with V(V) being the most soluble as the oxyanion species
H2VO4«. The occurrence of V in groundwater depends on the precipitation/dissolution of
V bearing mineral phases, adsorption/desorption, and chemical transformations
(changes in oxidation state) under varying redox and pH conditions. At pH less than 6,
under suboxic conditions, V(V) may complex with organic matter and be reduced to
V(IV), while still being mobile (Wanty and Goldhaber, 1992). High V concentrations
have been reported for groundwater from California under o xic and alkaline conditions,
derived from mafic and andesitic aquifer rocks (Wright et al., 2014; Wright and Belitz,
2010).

Arsenic is unusual among the RSEs studied here, as it may occur in high
concentrations under both reducing and oxidizing conditions. Under reducing
conditions, arsenite (As(lll)) predominates as the uncharged HsAsOz° at low pH and the
oxyanion H 2AsOs and higher pH conditions (pKa~ 9.3)(Johnson et al., 2000). Under oxic
conditions, arsenate (As(V)) is the main species, which is composel of HsAsO4, H2AsO«,
HAs O+#, and AsO+* with pKa dissociation constants of 2.3, 6.8 and 11.3, respectively.

As(V) tends to adsorb at near neutral pH values. Elevated As concentrations have been



reported in different types of aquifers, including igneous ( volcanic and granitic) and
sedimentary (sandstone and delta) (Anawar et al., 2003; Chowdhury U K et al., 2000;
Guo et al., 2016; Merola et al., 2015; Nicolli et al., 1989; Rango et al., 2010; Smedley et al.,
2002; Smedley and Kinniburgh, 2002) The aquifers of the major delta systems in
southeastern Asia are cases where arsenic occurs at high concentrations reducing
aquifers (Anawar et al., 2003; Chowdhury U K et al., 2000; Nickson et al., 1998; Smedley
and Kinniburgh, 2002). High concentrations of As have also been reported in oxidizing,
usually alkaline groundwater, which is more similar to U, Cr, and V (Del Razo et al.,
1990; Nicolli et al., 1989; Robertson, 1989; Smedley et al., 2002; Smedley and Kinniburgh,
2002)

Other factors may affect the occurrence of the studied RSEs in groundwater.
Hydrology and hydrogeology play an important role in RSE occurrence in groundwater
by controlling groundwater depth, recharge, evaporation, groundwater flow and
residence times. Other factors may be drivers of broader geochemical change, for
example, a drop in water table levels that leads to the oxidation of deeper parts of the
aquifer. Finally, while here | am considering RSEs in groundwater that are ultimately
geogenic in nature, all four of the studied elements can also have multiple

anthropogenic sources.



1.3 Element Co-occurrence

The exposure to drinking water resource containing multiple contaminants may
pose combined and enhanced risks to human health beyond the effects of exposure to a
single contaminant. The exact health implications of any particular co -occurrence
combination are difficult to determine, and can be made even more opaque by the
existence of multiple conflicting health standards for a single element, as is the case of
Cr(VI). Still, there is value in quantifying the co -occurrence of RSEs with reference to the
health guidelines of the individual elements. Co -occurrence may be made more likely by
shared source and similar geochemistry, as is the case for chromium and vanadium, or
by the widespread nature of an anthropogenic contaminant, like nitrate, in an area that
also happens to have geogenic contamination. This latter case can be made more
pronounced if one contaminant affects the solubility of another, as has been suggested
for the link betwee n nitrate and uranium (Finneran et al., 2002; Moon et al., 2007; Nolan
and Weber, 2015; Wu et al., 2010). In this thesis, | evaluate the factors that control the
occurrence of the selected RSEs in different hydrogeological settings of Northwestern
India and North Carolina and the possible co-occurrence of these elements that further

increase the health risks of exposure to geogenic contaminants in drinking water.

1.4 Research Objectives

This thesis aims to 1) assess the factors which control redox sensitiveelement

occurrence in groundwater, and 2) describe their co-occurrence and factors affecting
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their co-occurrence in two diverse hydrogeological settings of Northwestern India and
North Carolina, with special emphasis on the occurrence chromium and uranium . The
following five chapters strive to fulfill these aims as follows.
Chapter 1: Introduction
Chapter 2: Characterizes the occurrence of uranium in Indian groundwater at
concentrations greater than World Health Organization provisional standards,
and explores likely causal factors (Coyte et al. 2018).
Chapter 3: Investigates the controls on groundwater uranium concentrations in
arid to semiarid unconsolidated aquifers, using data from northwestern India
(Coyte et al. in review).
Chapter 4: Describes theco-occurrence of multiple contaminants in groundwater
from Rajasthan, India, and drivers of water quality (Coyte et al., 2019).
Chapter 5: Studies the occurrence of hexavalent chromium in North Carolina
groundwater, and explores different strategies to p redicting its occurrence
(Coyte et al., 2020).
Chapter 6: Identifies factors leading to the occurrence and co-occurrence of Cr,
U, V, and As in North Carolina groundwater, and explores different ways of

guantifying co -occurrence (Coyte and Vengosh, 2020).
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2. Large-scale Uranium Contamination of Groundwater
Resources in India

(Reproduced with permission from Environmental Sc ience & Technology Letters, 2018,
Volume 5, Pages 341347 Copyright 2018 American Chemical Society; Supplementary

Material in Append ix A.)

2.1 Introduction

India, the world's second most populous country, extracts over a third of
worldwide groundwater resources, over 90% o f which is used for irrigation (Dalin et al.,
2017) Intense abstraction has led to severe groundwater table declines in many parts of
the country, especially in the northwestern Indian states of Punjab, Haryana, and
Rajasthan(Rodell et al., 2009; Central Ground Water Board, 2012, 2013; MacDonald et
al., 2016) In 2013, the Indian Central Groundwater Board estimated that groundwater in
the majority (66% to 70%) of blocks (Indian administrative division above village) in
these three states was eithe critically or over exploited (Central Ground Water Board,
2013) At the same time, parts of northwestern India that import surface water through
canals are dealing with water logging issues, even in arid, previously groundwater
deficient areas(Central Ground Water Board, 2012, 2013; MacDonald et al., 2016; Asoka
et al., 2017) Over-exploitatio n of groundwater and the use of imported surface water,
combined with reported changes in precipitation patterns induced from climate change,

have raised concerns about future water sustainability in India (Rodell et al., 2009;
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MacDonald et al., 2016; Asoka et al., 2017)Yet, water quality issues are perhaps even

more pressing. High concentrations of salinity, fluoride, and nitrate are widespread in

groundwater reso urces throughout the country (Handa, 1975; Agrawal et al., 1999;

Central Ground Water Board, 2012). Groundwater arsenic problems have been reported

in the delta aquifers of West Bengal and Bangladesh, as well as along the IndeGangetic

Basin aquifer into Pakistan (Nickson et al., 1998; MacDonald et al., 2016)There are also

reports of high uranium in groundwater, particularly in Northwestern India, which is

the focus of this study.
AUEOPUOZUwWUT Ul ECwO0OwWI UOEOQwT 1 EQUT wEOOI Uwi uodld

radiological properties. Epidemiological and toxicological studies have examined the

link between uranium prevalence in water and chronic kidney disease (CKD) and

demonstrated that uranium exposure through drinking water is associated with

nephrotoxic effects (Zamora et al., 1998; Kurttio et al., 2002; Pinney e#l., 2003)

Consequently, the World Health Organization (WHO) has set a provisional guideline

value of 30 eg/L for uranium concentrations in drinking water (World Health

Organization, 2011), which is consistent with the U.S. Environmental Protection Agency

(United States Environmental Protection Agency, 2012) drinking water standards.

#1 Ux DUl wUT PUOWUUEODPUOWPUWOOUWPOEOUET EwPOwUT T w!

Specification, though the Atomic Energy Regulatory Board has set a radiologically based

limit of 60 W g/L for uranium in drinking water (Atomic Energy Regulatory Board, 2004).
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Uranium also bioaccumulates in crops irrigated with water containing uranium, though
the magnitude of enrichment depends on multiple factors, such as soil and crop type
(del Carmen Lamas, 2005)

Elevated concentrations of uranium have been observed in groundwater
worldwide from both anthropogenic (e.g., uranium mining, nuclear disposal sites) and
geogenic sources (e.g., high uranium source rocks, like granites)(Abdelouas, 2006; Alam
and Cheng, 2014; Nolan and Weber, 2015; Guo et al., 2016n addition to the uranium
sources, other factors such as oxidéon state, water-rock interactions, and the formation
of soluble aqueous complexes are important factors controlling uranium occurrence,
speciation, and mobility in groundwater. Though uranium has two primary oxidation
states, +4 and +6, it is most soluk# as uranyl ion (UO2?%) in the oxidized +6 form.
Uranium may be mobilized from aquifer rocks through uranium -bearing mineral
dissolution and adsorption/desorption processes with clay minerals, iron oxides, and
organic matter (Borovec, 1981; Giammar and Hering, 2001; Wazne et al., 2003; Bednar et
al., 2007; Alam and Cheng, 2014)Water chemistry also plays an important role, as
uranium forms stable complexes with several different ligands (Langmuir, 1978).

4 UE Oa ONE E UE O Gardludingténiary Epledies, are particularly important as
these highly stable and mobile complexes promote uranium desorption from the solid

phases(Dong and Brooks, 2006; Alam and Cheng, 2014; Vercouter et al., 2015)
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While previous studies of uranium in Indian groundwater have focused on
relatively small geographic areas and regions, here | present, for the first time, evidence
that uranium contamination in groundwater is widespread in India, and occurs at
EPIi i1 Ul OUwOET OPUUETI UwbOwOEOa wlOi w( OEPEZUWEZUDI |
and chemical analysis of well water in Rajasthan (n=226) and Gujarat (n=98), combined
PPUT WEOOxDPOI EWEEUEwWI UOOwxUI YPOUUWUUUEDTI UwUOwUI
groundwater ( Figure 3, Table Al). The new dataset represents a variety of hydrological
settings, aquifer types, and land uses. With these tools,| show known and likely

uranium distribution in Indian aquifers, and suggest mechanisms that may control

uranium occurrences in these groundwater settings.
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Figure 3: Major geological formations and uranium concentrations.  A: Distribution of
major geological formations in India that compose local aquifers, combined with
identified districts in India where uranium in groundwater has been reported to

exceed (red zane) or not to exceed (blue zone) the World Health Organization
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provisional drinking water guideline value of 30  pg/L. B: Distribution of uranium
concentrations in groundwater collected in this study, together with the major
geological formations and ident ified districts in in Rajasthan and Gujarat, where
uranium content in groundwater has been reported to exceed (red zone) or not to
exceed (blue zone) 30 pglL.

2.2 Materials and Methods

I examined the inorganic water chemistry of 324 wells in the states of Rajasthan
and Gujarat (Table A2). Water samples from wells were collected prior to any treatment
systems and were immediately filtered and preserved in high -density polyethylene,
airtight bottles following United States Geological Survey (USGS) protocol s (United
States Geological Survey, 2011)Temperature, pH, and specific conductivity were
measured in the field. Samples were filtered in the field through 0.45 -micron filters for
dissolved anions. Trace metal and cation samples were similarly filtered and preserved
with Optima nitric acid to pH < 2. Samples were kept in coolers and shipp ed to Duke
University for analysis. Major anions were measured by ion chromatography using
Dionex IC DX-2100 and major cations were measured by direct current plasma optical
emission spectrometry. Bicarbonate was determined via titration to pH=4.5 in
dupli cates. Nitrate was analyzed via QuickChem Method 10-107-04-2-D: Nitrate/Nitrite
in Waters by Hydrazine Reduction. Trace elements including uranium were analyzed by
a VG PlasmaQuad-3 inductively coupled plasma mass spectrometer (ICP-MS) calibrated

to the NI ST 1643e standard.
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A subset of groundwater samples was analyzed for 234J/238 activity ratios at the
University of Texas El Paso U-series Isotope Analytical Laboratory. 30 g of each water
sample were evaporated in a Class100 clean room for measuring 234J/238 ratios.
Samples were then processed using conventional cation exchange chromatography.
Uranium isotopic ratios were measured on a Nu -plasma MC-ICP-MS. Measured
234)/238) jsotope ratios were converted to (24J/238) activity ratios using the decay
constants of 24J and 238U (Akovali, 1994; Cheng et al., 2000)

Complied data on uranium concentrations in groundwater in India was
generated using search engines to identify peerreviewed or other published rep orts
studies. All statistical analyses were preformed using R v.3.3.1 (The R Foundation) using
rank correlation and Wilcoxon rank sum test). Uranium speciation indices were
calculated using the USGS PHREEQC software and Lawrence Livermore National Lab
Thermodynamic Database with formation constants for ternary uranyl carbonate
complexes with Ca, Mg, and Sr added manually, and assuming a pe value of 4(Dong

and Brooks, 2006)

2.3 Results and Discussion
2.3.1 Uranium Distribution in Groundwater Resources

| find that 75 of the 226 wells tested in Rajasthan, and five of the 98 wells tested

in Gujarat exceeded the WHO provisional health guideline (Figure 3). Integration of our
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new data and results from previous studies shows a wide distribution of areas
throughout India in which groundw ater with uranium exceeding 30 W g/L occurs (Figure
3; Table A1). Our list of previous studies includes 68 studies covering 16 states and 61
districts. Of these, nine districts with U>30 ug/L are located in southern and
southeastern parts of India, which are primarily composed of aquifers associated with
crystalline basement rocks (Archean granites and early Proterozoic metamorphics)
(Central Ground Water Board, 2012) (Table Al). The other 26 districts reporting U>30
pg/L are located in northwestern India ( Figure 3), and are associated primarily with
alluvial aquifers, which were formed from the erosion of Himalayan rocks (Bonsor et al.,
2017)(Table Al).

Findings from these reports are consistent with our new results (Figure 4; Table
A2), which find instances of U>30 |g/L almost exclusively in groundwater from alluvial
aquifers and aquifers associated with crystalline basement rocks (metamorphic rocks in
Rajasthan sites, mixal metamorphic and granitic rocks in Gujarat sites) ( Figure 3 and
Figure 4). Other aquifers sampled during this campaign, including Paleozoic sandstone
and limestone aquifers (referred to as consolidated sedimentary aquifers), and Deccan
basalt aquifers had significantly lower uranium concentrations ( Figure 4; seestatistical
analysis in Table A4).

Though the alluvial aquifers from our study sites in R ajasthan and Gujarat are

composed of similar rock materials, there are key differences between their

19



hydrogeological settings. The alluvial aquifers of Rajasthan are primarily unconfined,
similar to other alluvial aquifers in No rthwest India, such as Punjab (Bonsor et al., 2017)
In contrast, the alluvial aquifers o f Gujarat often have clay confining to semi-confining
layers, which retards direct recharge to deeper parts of the aquifer in some areas.| were
able to obtain specific depth information for wells from Gujarat, which was unavailable

in Rajasthan. Well depth in Rajasthan may be qualitatively inferred from the types of the
wells. The Rajasthan dataset contains 87 hand pumps, which are limited to about 90m in
depth, and 13 dug wells, which are similarly shallow. Thus, | conclude that most of the
investigated wells from Gujarat are deeper than those from Rajasthan. Both of these
factors likely contribute to lower concentrations of uranium in the Gujarat Alluvium
groundwater samples compared to the Rajasthandataset (Figure 3 and Figure 4), due to
redox controls on U solubility. A large number of studies have reported elevated

uranium in groundwater in  Punjab (Table Al), where the alluvium aquifers are similarly

unconfined.
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Figur e 4: Boxplot of uranium concentrations by geology, and uranium versus
bicarbonate. A: Boxplots of uranium concentrations of groundwater from different
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versus bicarbonate concentrations in groundwater sorted by aquifer lithology. See
Table S6 for Spearman correlations sorted by aquifer s.

2.3.2 Controls on Uranium Occurrence

Bicarbonate complexation and oxidizing conditions are two of the most
important chemical factors controlling uranium concentrations in groundwater
(Langmuir, 1978; Giblin et al., 1981, Elless and Lee, 1998; Dong and Brooks, 2006;
Katsoyiannis et al., 2006; Alam and Cheng, 2014)and appear to be the key factors for the
alluvial aquifers in Northwestern India. The accumula tion of bicarbonate in the
T UOUOGEPEUI Uwl O1T ECET UwUT 1 wi OUOEUDPOOWOI wi T T 6awu
which results in elevated uranium concentrations in the groundwater. This process is
evidenced by the correlation between bicarbonate and uranium in groundwater from
most of the aquifers in Rajasthan and Gujarat (Figure 4, Table A6). Thisis consistent
with speciation modeling conducted with PHREEQC, which predicted that uranyl
carbonate species, especially tenary complexes with Ca, are the predominant uranium
complexes in groundwater from the Alluvium aquifers ( Table A7).

Additionally, previous studies have observed massive groundwater table
declines in many areas in the unconfined alluvial aquifers of northwe stern India
(Central Ground Water Board, 2013). This hydrogeological condition likely prom otes
oxic conditions, which favor uranium occurrence as a soluble complex and migration
into deeper parts of the aquifer. Although neither oxidation -reduction potential nor
dissolved oxygen were directly measured, relatively low concentrations of both iron and
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manganese, and high nitrate concentrations further support our hypothesis of oxidizing
conditions in the shallow U -rich groundwater ( Table A2).1 observe a statistically
significant decrease in U concentration with depth in the Gujarat alluvial aquife rs, and
anomalously high U values at depth may be explained by recharge from shallower parts
of the aquifer (Figure A3).

In the crystalline basement aquifers, high uranium source rock may play a role in
uranium concentrations as previous reports have shown high uranium in a variety of
crystalline basement formations throughout India (Singh and Vallinayagam, 2009;
Brindha and Elango, 2013) Although the alluvial aquifers are not composed of
unusually high uranium material (~3 ppm, comparable with t he global crustal average)
(Hu and Gao, 2008; Singh et al., 2018}hey are primarily made up of silicate minerals,
which are subject to hydrolysis under the influence of carbonic acid to produce
groundwater of th e Na-Ca-bicarbonate chemical type, thus promoting the formation of
UOOUEOI wWUUEOAONEEUEOOEUI WEOOxOI BRI Ub w

Other studies have linked U mobilization to nitrate. It has been suggested that
agricultural activities which may lead to nitrate contamination (e.qg. fe rtilizer application,
soil cultivation) also increase pCO:- through increased biological activity and/or that
nitrate itself participates in redox reactions, which in turn lead to the biotic or abiotic
oxidation of U(IV) to U(VI) (Osmond et al., 1983; Chabaux et al., 2008; Hu and Gao, 2008;

Nolan and Weber, 2015; Singh et al., 2018)Nitrate concentrations were high in our
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study groundwat er, with 41.7% of tested wells above the WHO drinking water
guideline of 45 mg/L for nitrate13 (Figure A1). Nonetheless, correlations between

uranium and nitrate were either weak or not s ignificant ( Table A5).

2.3.3 Uranium Isotope Variations

Uranium isot opes variations. The uranium isotope data suggest multiple end
members and evolution pathways for U. Most of the study groundwater has 234J/238
activity ratio (AR) >1.0 (Figure 5, Table A3), which indicates disequilibrium between the
dissolved 221J and 23®U nuclides (Chabaux et al., 2008) It has been shown that such
disequilibrium is derived from either direct recoil processes, in which 234 is displaced to
the mineral surface or directly into the ambient groundwater, or preferential release of
234 from damaged mineral lattice sites, causing selective enrichment of 24J in the
agueous phase overz#J (Osmond et al., 1983; Andersen et al., 2009)n the Gujarat
alluvium, the data show a decrease in U concentration and increase in234J/238U AR with
depth (Figur e A3), which reflects decreasing U solubility as conditions transition from
oxidizing to reducing with depth. Deep groundwater with lower U contents would be
affected by recoil, resulting in higher 234J/238J AR (Chabaux et al., 2001; Vigier et al.,
2005) In contrast, | observed groundwater with both high U and high AR in Rajasthan
(Figure 5), which is atypical for groundwater. It is possib le that this is due to oxic
leaching, with loosely bound 234U being preferentially released. This is consistent with a

water table drop in the shallow wells of Rajasthan, in which newly oxic conditions
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would preferentially mobilize 234U during the early st ages of chemical weathering to
produce high AR and high U (Andersen et al., 2009) In this case, further weathering

would result in bulk U mobilization from the rocks and lower the AR in associated
groundwater. The combined high U and AR could therefore reflect the water table
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Figure 5: 234J/238 activity ratios versus uranium concentrations in groundwater from
the all uvial aquifers in Rajasthan and Gujarat. The blue line represents secular
equilibrium in which the  234J/238U activity ratio ~1. The 234U/238J activity ratios >1
observed in most of the investigated groundwater indicate selective  234J chemical
mobilizatio n and/or physical recoil from the aquifer rocks.

25



2.3.4 Broader Implications

Many of the high -uranium groundwater | tested also suffered from other water
guality problems, such as high salinity, fluoride, and nitrate, which make them
unsuitable for human co nsumption. Still, a great number of these wells are being used as
primary drinking water sources (defined here as sources of water that serve as the
exclusive or nearly exclusive source of drinking water for more than one household)
because of the lack ofE OUT UOEUDPYI whPEUI UwUOUUET UB ww( OwlENEU
basement aquifers, 45 out of 121 primary drinking water wells | tested exceeded the EPA
and provisional WHO guideline of 30 p g/L for uranium. In Gujarat, where people have
greater access ¢ alternative sources of drinking water such as canal water or RO
desalted water, only 3 of 68 tested primary drinking water wells had urani um
concentrations exceeding 30 |g/L. Alluvial aquifers and aquifers associated with
crystalline basement together save more people and land area in India than all other
aquifer types combined.6 Based on the correlationsl observed between uranium and
bicarbonate (Figure 4; Table A6), and the fact that about 50% of wells| sampled in these
aquifers with bicarbonate concentrations above ~410 mg/L had U>30 |g/L, | suggest that
groundwater reliant areas with bicarbonate concentrations above this threshold should
be targeted for future uranium monitoring. Bicarbonate is easy to measur e, and is

already a part of regular groundwater monitoring efforts. Additionally, areas with
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aquifers composed of known high uranium rocks should also be targeted for
monitoring.

Some studies have reported high rates of Chronic Kidney Disease (CKD) in India
(Rajapurkar et al., 2012) and the possible link between uranium in drinking water and
CKD in India is worthy of future research. Additional research should investigate the
possible role of human activities such asirrigation and fertilizer application on the
concentration of dissolved U in Indian aquifers. As groundwater becomes an
increasingly important source of water around the world (Dalin et al., 2017) it is
important to understand how human activities can affect and limit its suitability for
future use. The findings reported in this study will hopefully lead to measures such as
including a health -based uranium standard in the Bureau of Indian Standards Drinking
Water Specification, establishing adequate and systematic monitoring systems to
identify at risk areas for uranium exposure, and exploring prevention and treatment

options to mitigate the large -scale uranium problem in India.

3. Geochemical factors controlling uranium occurrence
in groundwater from arid to semiarid regions: The roles
of salinization and freshening

(Supplementary Material in Appendix B)

3.1 Introduction

Groundwater is an important source of water for domestic, agriculture, and

industrial utilization, and represents the vast majority of accessible global freshwater

27



(Shiklomanov, 2000; Doll et al., 2002; Bain et al., 2014)n arid and semiarid
environments, groundwater often suffers from a variety of quality problems which can

be caused by natural processes and/or human activities(van Weert et al., 2009; Vengosh,
2013; Foster et al., 2018)ncluding high concentrations of uranium (Jurgens et al., 2010;
Vinson et al., 2011; Nriagu et al., 2012; Wu et al., 2014; Guo et al., 2016; Burow et al.,
2017; Coyte et al., 2018; Rajapakse et al., 201®ue to the possible nephrotoxic effects of
consuming water with high conce ntrations of uranium, the World Health Organization
has set a provisional guideline for uranium in drinking water of 30 ug/L  (Zamora et al.,
1998; Kurttio et al., 2002; World Health Organization, 2011) Recent studies have also
suggested possible links between adrerse birth outcomes and pre-natal uranium
exposure (Bloom et al., 2015; Zhang et al., 2020; Wang et al., 2020)

Groundwater uranium contamination can be derived from either geogenic or
anthropogenic sources. Geogenic uranium is most commonly found either in
groundwater associated with arid or semiarid climates, or where aquifer rocks have
high concentrations of uranium (e.g. granite) (Ahonen et al., 1994; Jurgens et al., 2010;
Cho et al., 2011; Brindha and Elango, 2013; Wu eal., 2014; Thivya et al., 2016; Burow et
al., 2017; Coyte et al., 2018; Coyte and Vengosh, 2020)ranium is most soluble as the
oxidized U(VI) and in arid and semiarid areas groundwater uranium concentrations are
often closely tied to HCO3s concentrations (Jurgens et al., 2010Nriagu et al., 2012; Guo et

al., 2016; Burow et al., 2017; Coyte et al., 2018Yranium forms ternary complexes with

28



alkali earth metals (especially calcium) and carbonate, which enhances its solubility
(Langmuir, 1978; Dong et al., 2005; Dong and Brooks, 2006)n California and other parts
of the arid western United States, increases in groundwater HCOs concentrations have
been linked to irrigated agriculture specifically (Jurgens et al., 2010; Burow et al., 2017)
It is hypothesized that irrigation increases the pCO 2 above the water table, which leads
to increases ofHCOzs in shallow underlying groundwater, increas ing uranium
solubility, and consequently uranium concentrations. lonic strength and pH can also be
important determinants of groundwater uranium concentrations, though the effects of
ionic strength have been less studied at the field scale(Langmuir, 1978; Barnett et al.,
2000; Rout et al., 2015)Calcite dissolution and precipitation have been proposed as
controlling factors for groundwater uranium concentrations in arid to semiarid
climates; calcite dissolution would contribute calcium and HCOs that would enhance
the formation of uranium soluble complexes (Elless and Lee, 1998; Zheng et al., 2003)n
contrast, uranium co-precipitation with carbonate minerals in super -saturated waters, as
well as associated decreases in carbonate concentrations, would decrease uranium
concentrations in groundwater (Jurgens et al., 2010; Wu et al., 2014)

Because groundwater in arid and semiarid areas often suffers from salinity
problems (van Weert et al., 2009; Vengosh, 2013; Foster et al., 2018he use of imported
surface water for drinking and irrigation is common in many areas (Williams, 1997,

Vengosh etal., 1999; Vengosh, 2013; Furst et al., 2019witching irrigation water to a
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lower salinity water source can lead to aquifer freshening, which induces reverse base-
exchange reaction. Reverse bas@xchange reactions are ion exchange reactions that
follow a chromatographic sequence, whereby first Ce*, then Mg?* exchanges with Na*
on adsorption sites within the aquifer, typically on clay minerals (Appelo, 1994).
Concentrations of other ions are also affected by the freshening process, either through
direct mobilization from the exchange sites, or indirectly through changes in aquifer
groundwater chemistry, such as calcite saturation indices (Shergina and Kaminskaya,
1967; Appelo, 1994; Ravenscroft and McArthur, 2004; Vengosh etla, 2005;
Vandenbohede et al., 2009; Rango et al., 2010; Goren et al., 2011, Vinson et al., 2011)
These changes can have important implications for water quality beyond decreases in
salinity, and while the literature largely focuses on freshening followi ng seawater
intrusion in coastal areas, groundwater systems away from the coast can also be affected
by inland freshening processes.

In this study, | explore the factors that lead to high concentrations of uranium in
groundwater from semiarid areas. Usin g a large dataset of groundwater geochemistry
from alluvial aquifers in northwestern India, | investigate the links between
groundwater freshening, salinization, and uranium concentrations. | hypothesize that
redox conditions, bicarbonate concentrations, and groundwater salinity will be the main
factors affecting groundwater uranium concentrations, but that salinization and

freshening processes will be important drivers of these factors. Widespread irrigation
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made possible by imported fresh canal water increases biological activity within the soil,
and also leads to aquifer freshening, which induces reverse-base exchange reactions and
decreases calcite saturation. The preservation of high concentrations ofbicarbonate
enhances uranium solubility and thus its occurrence in groundwater. In addition, |
hypothesize that groundwater salinity may also be an important factor for enhancing
uranium desorption, thereby playing an important additional role in uranium

contamination in more saline groundwater.

3.2 Study Area

Groundwater data used in this study come from the Indian states of Punjab,
Rajasthan and Gujarat and include both previously published and new data ( Figure 6).
All of the samples in this study represent groundwater from alluvia | aquifers of similar
lithology. Data from each state is generally presented separately due to the large
distances that separate study sites, as well as lack of information about U concentrations
in aquifer solids which may lead to intrastate differences.

Groundwater samples from Punjab were collected from the Malwa Region in
the southern part of the state, and are new data. The alluvium in Punjab is made of very
thick (>300m) Quaternary sediments derived mostly from the erosion of Himalayan
systems (Water Resources & Environment Directorate and Central Ground Water Board,
2018) The aquifer is composed of sequences of highly germeable sand and gravel lenses

interlayered with laterally discontinuous lower permeability silt, clay and caliche
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(secondary carbonate) deposits. In contrast to the alluvial aquifers in Eastern India,
regional anisotropy in these alluvial aquifers is oft en low, and despite the presence of
silt and clay lenses in most aquifers, downward percolation of recharge is significant
(Bradley and Phadtare, 1989; Sinha et al., 2013; Lapworth et al., 2015; Dijk et al., 2016;
Joshi et al., 2018) Well depths in this study ranged from 30 to 300 mbgl (meters below
ground level, median=101 mbgl). Deep wells (>50 m) are the most representativeof
modern construction (Ministry of Water Resources, 2017) Samples from Punjab have
been split into three groups for evaluation (Figure 6). Groups P1 (n=18) and P2 (n=31)
both represent samples form areas of intense agriculture, but group P1 has sulfate
concentrations >100 mg/L, which is likely related to gypsum treatment for sodic soils.
Group P1 samples are mostly from the southwestern part of the agricultural study area.
Group P3 represents urban groundwater samples taken from municipal wells in the city
of Ludhiana (n=12). Punjab is one of the most agriculturally productive regions in Indi a;
despite representing only around 1.5% of the total land area of India, it produces about
hWo wOi wUT 1T wE Radddas atall) 209) TheEstdteurelies heavily on both
groundwater and canal water for irrigation. A set of published groundwater well data
from the non -arid Bist-Doab region of Punjab is also used in this paper for comparison
purposes (Lapworth et al., 2017).

The groundwater data used in this study from Rajasthan have been previously

reported (Coyte et al., 2018, 2019)As the data from Rajasthan represent a unquely wide
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range of salinity, these samples have been split into four groups based on geography
and Total Dissolved Solids (TDS). Groups R1 (h=16) and R2 (n=5) are from western
Rajasthan, with R1 being samples with TDS higher than the state median of 1560mg/L
and R2 being samples with TDS lower than the state median. Groups R3 (n=56) and R4
(n=64) are samples from the eastern part of the state represents samples from the
western part of the state with group R3 consisting of samples with a greater than state-
median TDS and group R4 samples being those with a lower than statemedian TDS.
Samples for which TDS could not be calculated because of missingHCO s data were
assigned to a group based on a calculatedHCO s concentration that would achieve
charge balance. Because of the lower number of samples in group R2, this group was not
included in hypothesis testing. In Rajasthan, alluvial aquifers in the study areas tend to
be much shallower, with aquifer thickness increasing towards the Thar Desert in the
west, and northward towards Punjab in the east (maximum thickness ~200 m in the
study area). Depth data was not collected from wells in Rajasthan, but hand pumps,
which account for about 37% of the sampled wells, can be inferred to be less than 90 m
deep. Aquifer sediments are derived either from tributaries of the Yamuna river, aeolian
dust from the Thar Desert, or weathering of local bedrock (Roy and Jakhar, 2002;
Chaturvedi and Chandrasekharam, 2004)6 w( OwUT T wli EVUUOwW1IENEUUT EOz UwE
underlain by metamorphic basement of Archean to Proteroz oic age, and in the west by

sandstone and igneous or metamorphic rocks of late Neoproterozoic to Early Cambrian
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Age. While the use of imported surface water does occur in Rajasthan, in our study area
it is mostly used for drinking water (Furst et al., 2019; Coyte et al., 2019; Bivins et al.,
2020)

Major ion and U concentration data for samples from Gujarat have been
previously reported (Coyte et al., 2018) but boron concentration data are new to this
study. Samples were taken from alluvial aquifers in the more northern part of the state,
and have been split into two groups for the purposes of this study. Group G1 (n = 29)
represents samples with nitrate concentrations less than 5 mg/L, and group G2 (n=37)
represents samples with nitrate concentration greater than 5 mg/L. Most samples from
G1 are from the more western district of Patan, and most samples from G2 are from the
more eastern districts of Mehsana, Ahmedabad, and Gandhinagar. In Gujarat, the
alluvial deposits are mostly derived from weathering of igneous and metamorphic rocks
of the Delhi Supergroup, with some aeolian influence, and are underlain by a succession
of Tertiary sedimentary formations wi th productive oil and gas reservoirs (Gupta et al.,
2005) The alluvial aquifer in Gujarat is very thick (>500 m), with alternating sand -silt
and clay layers. Most of the groundwater samples from Gujarat come from deeper wells
(range 45 mt 457 m, median = 270 m).

In contrast to the alluvial aquifers in Eastern India, re gional anisotropy in these
alluvial aquifers is often low, and despite the presence of silt and clay lenses in most

aquifers, downward percolation of recharge is significant (Bradley and Phadtare, 1989;
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Sinha et al., 2013; Lapworth et al., 2015; Dijk et al., 2016; Joshi et al., 2018pils
throughout the study area tend to be calciferous to sodic, and various forms of caliche
are common in the alluvium of all three states (Mehta et al., 1962; Sehgal and Stoops,

1972; Khadkikar et al., 2000; Misra et al., 2011; Bwor et al., 2017)
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Figure 6: Map of study area with sample locations, with symbols colored by  group
designations

3.3 Materials and Methods
3.3.1 Field methods

Methods for previously published data can be found in Coyte et al 20 18 and
Coyte et al 2019. New data from 61 wells in the Malwa region of Punjab were collected

in December 2018. Of these, 49 were taken from private domestic and irrigation wells in
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areas with intense agriculture, and 12 were taken from municipal wells in t he city of
Ludhiana, which relies exclusively on groundwater for drinking and domestic water.
Specific conductivity, temperature and pH were measured in the field. Water samples
were collected from well outlets only after field parameter values had stabili zed.
Samples for dissolved anions, cations, trace metals, and dissolved organic carbon were
filtered using 0.45 4 m filters. Cation and trace metal samples were preserved in the field

with Optima nitric acid to pH <2 in acid washed HDPE bottles.

3.3.2 Analytical Methods

Samples were analyzed for dissolved anions by ion chromatography on a Dionex
IC DX-2100 system. The IC calibration was verified using a secondary Dionex Zanion
standard at varying concentrations. Major cations were analyzed by direct curren t
plasma optical emission spectrometry (DCP-OES), while trace elements were analyzed
by inductively coupled plasma mass spectrometry (ICP -MS) on a VG PlasmaQuad3
system. The DCROES and ICRMS instruments were calibrated to the National Institute
of Standards and Technology 1643f standard, which was used at varying concentrations
before, after, and throughout sample runs. Internal standards of In, Th, and Bi were
spiked into all samples prior to measurement on the ICP-MS. Nitrate was measured by
Flow Injection Analysis on a Hach Lachat at the Duke River Center using QuikChem
Method 10-107-04-2-D (Nitrate/Nitrite in Water by Hydrazine Reduction) and is

reported as NOsVthroughout the text. Dissolved organic carbon (DOC) was measured on
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a TOC analyzer (TOC-V CPH; Shidmadzu, Kyoto, Japan). Charge balances were <10%
difference for all samples for which charge balance could be calculated.
371 wWUUEEOI wb U GHUBE E wia)Wereuatalyied ivtheqdyke
Environmental Isotope Laboratory using a ThermoFinnigan Delta + XL ratio mass
spectrometer via a Conflo Il flow adapter. Raw delta values were normalized offline
against known vs. measured isotope values for internati onal reference waters VSMOW,
VSLAP and IAEA-. ' hut & u¥3 luE Q) wakues are expressed in per mil versus
52, . 60w2UEEOI wbUOUOx1 Uwoi urEdR)weré® dss méasuRrdi®UT EOD E w
the Duke Environmental Isotope Laboratory using ThermoFinnigan De Ita + XL ratio
mass spectrometer. Reference C@pulses are injected automatically before and after the
UBDRWUEOxXx Ol wx1 EOUJ whi valuek & Eabnjled wedd tHenuidrinalized,
offline against known vs. measured values for three carbonate standards that were
analyzed during the run using the same acid reaction (NBS19, IAEA CO8, and Merck
calcium carbonate). The first two are international reference materials and the third is an
POUI UOEOWUUEOGEEUEwWxUI YDPOUU O &Gk 5 éxprésselipeE WET EDOU
mil vs. VPDB. Boron isotope ratios were measured using Thermal lonization Mass

Spectrometry (TIMS) at Duke University. Samples for B isotope analysis were pretreated

with 10% Optima hydrogen peroxide. The !B/'9B ratios were measuredon single Re

A~ s N oA
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Contemporary repeated measurements of NIST SRM 951 standard (n = 23) yielded a
xUl EPUDPOOWOT wyd NUB w
3.3.3 Geochemical Modeling and Statistical Analysis

Speciation and saturation index calculations were carried out using the USGS
PHREEQC software and Lawrence Livermore National Laboratory Thermodynamic
Database(Johnson et al., 200Q)Correlations throughout the paper refer to Spearman
correlations, and pair-wise comparisons between two groups refer to a non-parametric
Mann-Whitney test. For comparisons between multiple groups, a Kruskal -Wallis test
was performed to establish if there is a difference between group medians. If there was,
then a non-parametric Mann -Whitney test with step -down Bonferroni p -value
adjustment (Terpilowski, 2019) was performed to determine which groups were

different. A significance level of 0.01 was used.

3.4 Results
3.4.1 Water Types and Salinity

Full water chemistry data are reported in the supplemental annex. In Pun jab,
groundwater from P1 samples is mostly Na -SQi-HCOs type, from P2 samples mostly
Mg-Na-HCOs type, and from P3 samples mostly mixed cation to Mg-HCOs type (Figure
C1). In Rajasthan, most samples are mixed cation to NaHCOs-Cl type, with the more

saline R1 and R3 group samples tending to be more chloride dominant and the fresher
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samples tending to be more HCO3s dominant ( Figure C1). In Gujarat, most samples were
Na-Cl type, with some group G2 samples being Na-CI-HCOs type (Figure C1).

Salinity as TDS in Punjab ranges from 196 mg/L to 3270 mg/L, with median salinity
being higher in P1 (1300 mg/L) than in P2 (721 mg/L; pvalue < 0.001), and but not
significantly different between P2 and P3 (585 mg/L; p-value = 0.05) Figure 7). In
Rajasthan, salinity ranged widely from 423 mg/L to 35600 mg/L, with groups defined by
both geography and salinity so that in the west, group R1 has a median TDS of 6690
mg/L and group R2 has a median TDS of 884 mg/L, and in the east group R3 has a
median TDS of 2190 mg/L and group R4 has a median TDS of 909 mg/L(Figure 7). In
Guijarat, salinity ranged from 865 mg/L to 5220 mg/L with G1 having higher median

salinity (2500 mg/L) than G2 (1700 mg/L; pvalue= 0.0005)Figure 7).

A. B. C.

e

[y
o
s
1
|
|

TDS (mg/L)

—

o
T
1

=

I I I
P1 P2 P3 R1T R2 R3 R4 G1 G2
Group

Figure 7: Box plots showing TDS ranges (in mg/L) of samples divided by study
groups and state.
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3.4.2 Uranium and bicarbonate

Uranium concentrations in Punjab ranged from 5.2 pg/L to 151 pg/L with higher
median concentrations of U in P1 (66.4 pg/L) and P2 (42.1 ug/L) than in P3 (22.5 ug/L; p
values for both <0.001), but not statistically different between P1 and P2 (pvalue = 0.07)
(Figure 8). In Rajasthan, U concentrations ranged from bebw detection limit to 294
pg/L. Median U concentrations were higher in R1 (59.0 pg/L, p-value <0.001) and R3
(50.7 ug/L, p-value <0.001) than in R4 (9.7 ug/L), but were not statistically different
between R1 and R3 (pvalue =0.21)(Figure 8). Uranium concentrations in Gujarat ranged
from below detection limit to 85.8 pg/L, with higher median U concentrations in G2 (14.5

pg/L) than G1 (0.18 pg/L, p-value <0.001)(Figure 8).
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Figure 8: Boxplots of U concentrations in study groundwater divided by state and
group. The red line at 30pg/L indicates the WHO provisional guideline value for
drinking water.

Punjab HCOs concentrations ranged from 111 mg/L to 912 mg/L, but
median HCO s concertrations were not statistically significantly different between

groups (p-value =0.04)(Figure 9). In Rajasthan, HCOs concentrations ranged from 141
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mg/L to 1900 mg/L, with median concentrations that were not significantly differe nt
between R1 (564 mg/L) and R3 (795 mg/L, pvalue = 0.02) or R4 (412 mg/L, pvalue =
0.02), but which were significantly higher in R3 compared to R4 (p -value <0.001)(Figure
9). Bicarbonate concentrations in Gujarat ranged from 70mg/L to 995 mg/L with

significantly higher concentrations in G2 than in G1 (p -value < 0.001)Figure 9).
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Figure 9: Boxplots of U concentrations in study groundwater divided by state and
group.

Bicarbonate is well correlated with DOC in all three states (Punjab: rho = 0.86;
Rajasthan: rho = 0.76; Gujarat: rho =0.66;-palues for all <0.001). It is also significantly
correlated across all groups (Table C1). Bicarbonate concentrations are significantly
correlated with TDS in all three states (Punjab: rho = 0.72, pvalue <0.001; Rajasthan: rho
=0.60, pvalue < 0.001; Guijarat: rho =0.35, pvalue =0.004) though this correlation is
week and negative in Gujarat. Within groups, correlations between HCO s and TDS are
strongest in the less saline groups (P2: rho = 0.96, ywalue <0.001; P3: rho = 0.85,palue <
0.001; R4: rho = 0.75,palue < 0.001), and are not significant in the most saline groups

(P1: pvalue = 0.06; R1: pvalue =0.34; R3: pvalue =G1: p-value = 0.03; G2: pvalue = 0.05)
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(Figure 10, Table C1).
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Figure 10: Correlations between HCO s concentrations and TDS, divided by state and

group.

Uranium and TDS are not correlated in Gujarat (rho =0.18, p-value = 0.15), but

are correlated in Punjab (rho =0.81, pvalue <0.001) and Rajasthan (rho = 0.76,palue

<0.001). Within groups, correlations between U and TDS are strongest in the more saline
groups (P1: rho = 0.63, pvalue 0.005; P2: rho = 0.93,value <0.001; R1: rho = 0.80,

value < 0.001; G2: rho = 0.81,alue<0.001), and are not significant or weaker in the less

saline groups (R4: rho =0.56, pvalue <0.001; P3: pvalue =0.03(Figure 11, Table
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Figure 11: Correlations between U and TDS, divided by state and group.
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Bicarbonate and U concentrations are well correlated in all three states (Punjab:
rho = 0.86, pvalue < 0.001; Rajasthan: rho = 0.79,-palue < 0.001; Gujarat: rho = 0.60,
value < 0001)(Figure 12). In Punjab, correlations between U and HCOs are strong in P1
(rho = 0.75, pvalue < 0.001) and P2 (rho = 0.94,walue < 0.001), but are not significant in
P3 (p-value = 0.07)(Figure 12). In Rajasthan, U and HCOs are not correlated in R1 (p-
value =0.51) but are well correlated in groups R3 (rho = 0.73, pvalue <0.001) and R4 (rho
= 075, pvalue <0.001)(Figure 12). In Gujarat, U and HCOs are not correlated in the low
NO3s group, G1 (p-value = 0.94) and are moderately correlated in the high NOs group,

G2 (rho = 0.56, pvalue < 0.001)Figure 12).
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Figure 12: Correlations between U and HCO s, divided by state and group. The solid
lines represent the median U/ HCO s ratios for each state.

Uranium is correlated with depth in Punjab ( -0.59, pvalue < 0.001), and to a
lesser degree in Gujarat €0.32, pvalue = 0.009)(Figure 13). Bicarbonatewas also
correlated with depth in Punjab (rho = 0.47, p-value <0.001), but not in Gujarat (p-value =

0.12). The shallowest 50% of wells in Punjab have higher concentrations of both U and
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HCOs than do the deepest 50% (pvalue < 0.001), but in Gujarat thisis not the case for

neither U nor HCO s (p-values = 0.17 and 0.20 respectivelyfFigure 13).
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Figure 13: Correlations between depth and HCO s and U in study groundwater
divided by state and group.

3.4.3 Elemental ratios

Uranium Ratios of U to HCOsin Punjab were higher in P1 than P2 (p-value =
0.002) and higher in P2 than P3 (pvalue < 0.001) Figure 14). In Rajasthan, median
U/HCO s ratios were higher in group R1 than either R3 (p-value = 0.001) or R4 (pvalue
<0.001), and higher inR3 than in R4 (p-value <0.001)(Error! Reference source not
found. ), and in Gujarat they were higher in G2 than G1 (p-value < 0.001)Figure 14). For
all states, the top 50% of samples in terms of HCQ-also had higher ratios of U to HCO s
than the bottom 50% of samples (Punjab and Rajasthan pvalue <0.001, Gujarat pvalue =
0.008) Figure 12). In Punjab and Rajasthan the 50% most saline samples had higher
U/HCO s ratios than the bottom 50% in each state (pvalues < 0.001), but the difference

between the two groups in Gujarat was not statistically significant (p -value = 0.15)
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(Figure 14). There are statistically significant correlations between TDS and U/HCO3 in

Punjab (rho = 0.69, pvalue < 0.001) and Rajasthan (rho= 0.74,-palue <0.001), but not in

Guijarat (p-value = 0.03)(Figure 15).

A, B. C.

0.6 - -+ _
1 0.4 = -
o
% +
= 0.2 1L -

- ——
oo = | T | | —t
P2 P3 R1 R2 R3 R4 G1 G2

Figure 14: Boxplots of U/HCO =

P1

Group

ratios in study groundwater divided by state and

group.
A. B C.
0.6 Group ] Groupﬂ) ] Group
Pl Gl
P2 s G2
1m 0.4 e P3 -
S o
E O
= 0.2 00 o 7 o
@ <"
[ 2
e Wo L
0.0 |liRSS o
T T T T T
1000 2000 3000 2000 4000

TDS (mng/L)

Figure 15: Correlations between U/HCO sz and TDS in study groundwater divided by
state and group. The gray lines represent the median TDS concent rations for each

state.

Molar Br/Cl ratios were typically lower than the seawater ratio of 1.5x10 -3, with

the exception being from group P2 (median. Br/Cl ratio = 2.3x103) (Figure 16, Figure C2).
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Median molar Na/Cl ratios are much lower in Rajasthan (median = 1.6) and Gujarat
(median = 1.1) than in Punjab (median = 6.2, both pvalues < 0.001). Na/Cl ratios in
Punjab are much greater than the halite dissolution ratio of 1, with median P2 ratios (9.3)
being higher than median P1 ratios (3.2, pvalue = 0.003), but with median P3 ratios (3.5)
not being statistically distinct from either P1 or P2 (p -values = 0.68 and 0.38)Kigure 17,
Figure C3). In Rajasthan, R1 had lower median Na/Cl ratios than R3 (p-value = 0.0019),
but there was no statistically significant difference between median ratios from R1 and
R4 (p-value = 0.04) or R3 and R4 (pvalue =0.96) Figure 17, Figure C3). In Gujarat
median ratios were significantly different between G1 (0.92) and G2 (1.4, pvalue <0.001).
There is a similar pattern to B/CI ratios. Punjab has significantly higher B/CI ratios than
either Rajasthan or Gujarat (p-values <0.001). There are no significant differences in B/CI
ratios between groups in Punjab (p-value = 0.02) or Rajasthan (pvalue = 0.02), but there
is a different in median B/CI ratios between G1 and G2 in Gujarat (p-value < 0.001)

(Figures C4 and C5.
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Figure 16: Molar Br/Cl ratios in  study groundwater divided by state and group. The
solid lines represent the seawater molar Br/Cl ratio of 1.5*10 -3.
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Figure 17: Correlations between Na and CI - in study groundwater divided by state and
group. The solid lines rep resent the halite dissolution Na/Cl molar ratio of 1. The blue
triangles are Punjabi canal water from the literature (Keesari et al., 2017)

3.4.4 Nitrate

Uranium Nitrate concentrati ons in Punjab range from below detection limit to
339 mg/L, with median nitrate concentrations not being significantly different between
the three groups (p-value = 0.33) Figure 18). In Rajasthan, nitrate concentrations ranged
from 1.32 mg/L to 1610 mg/L, without significant differences in median nitrate

concentrations between groups (p-value =0.08) Figure 18). In Gujarat, nitrate
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concentrations ranged from below detection limit to 251 mg/L with G2 having higher

median nitrate (28 mg/L) than G2 (2.85 mg/L) by definition ( Figure 18).
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Figure 18: Boxplots of nitrate concentrations in study groundwater divided by state
and group. The red line is at 50 mg/L, the WHO guideline for NO 3.

Nitrate is weakly correlated with U in Punjab (rho = 0.45, p -value < 0.001) and
Guijarat (rho = 0.55, pvalue < 0.001), but not in Rajasthan (pvalue = 0.31). There are
significant correlations between nitrate and U in R4 (rho = -0.44, pvalue < 0.001), P1 (rho
= 0.66, pvalue = 0.003), and P2 (rho = 0.59,-palue < 0.001), but not in any other group
(R1: pvalue = 0.56; R2: pvalue = 0.02; P3: pvalue = 0.31; G1: pvalue = 0.07, G2: pvalue

= 0.73) Figure 19).
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Figure 19: Correlations between U and nitrate in study groundwater divided by state
and group.

As shown above, groundwater in Gujarat with nitrate concentrations less than 5
mg/L has lower concentrations of U and lower U/ HCOs ratios than groundwater wit h
higher nitrate concentrations . Rajasthan did not have enough wells with low nitrate to
make a similar comparison, but Punjab did (15 of 61 wells had nitrate <5 mg/L). In
Punjab, there was no statistically significant dif ference between the low nitrate wells and

the high nitrate wells in terms of U concentration or U/HCO s ratios (p-values = 0.02).

3.4.5 Stable Isotopes

Uranium concentrations in Punjab ranged from 5.2 pg/L to 151 pg/L with higher
median concentrations of U in P1 Stable oxygen and hydrogen isotope data for each
state were compared to local meteoric water lines (LMWL) found in the literature
(Deshpande et al., 2010; Rao et al., 2017; IAEA/WMO, 2019)n Punjab, most data fall
EEOYI wOl 1 2ué weusda®3y Figure 20). In Rajasthan, most data are on or

below the LMWL, with the few data points available from R1 laying below the rest of
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Figure 20: Stable isotopes of the studied groundwater from Punjab, Rajasthan, and

Guijarat with local meteoric water lines  (Deshpande et al., 2010; Raoet al., 2017;

IAEA/WMO, 2019). In absence of precipitation data from Rajasthan, data from New
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trian gles are Punjabi canal water from the literature (Keesari et al., 2017).

U3Coic in this study ranged from -tut 6 + GtudOhdGuu D O whl KIEOEKEDDID w
Rajasthan, and-tuK U wtU® U wb O yRBgirfl AN & wi,wi BE®E&EOGujarat (N6 + U A w
was lower than in Punjab (+ 8 hu \@luex<0.001) or Rajasthan+W U O-walue <0.001), but
median values were not statistically different between Rajasthan and Gujarat (p-value=
Y 0 Y N@G:6 wag significantly correlated with HCO = all three states, with a stronger
correlation in Punjab (rho= -0.64, pvalue<0.001) than in Rajasthan (rho = 0.40, yvalue

<0.001) or Gujarat (0.39, pralue = 0.001). Among the individual groups there were only
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statistically significant correlations in P1 (r ho =-0.70, pvalue = 0.001), P2-0.72, pvalue

<0.001), and R3 (rho = 0.57,walue <0.001).
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Figure 21: #13Coic vs. HCOz3 in study groundwater divided by state and group.

A subset of samples from each state were measured for boron isotopes. Ranges
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Figure 22: 1B in study groundwater divided by state and group.
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3.5 Discussion
3.4.1 Drivers of groundwater quality

Punjab.Investigated groundwater in Punjab was divided into 3 groups; P1 a nd
P2 from agricultural areas and P3 from an urban environment, the city of Ludhiana. P1
has the highest salinity of the three groups, and within P1 there are good correlations
between CI- and several other constituents, including Br-, SO%, NOs, C&*, Mg, and B
(Table S1). This is likely due in large part to salt accumulation in the soil zone from
intensive agriculture in the study area. In addition, gypsum and elemental sulfur are
both widely used in Punjab to manage sodic soils, and the characteristically high SO in
the groundwater presumably reflects the use of these amendments. Most of the saline P1
groundwater has relatively lower Br/Cl molar ratios (<0.0015) that suggests dissolution
of salts in the unsaturated zone as the source for the salinty (Figure 16). Some samples
from the urban P3 have lower Br/Cl ratios as well, which could be associated with
anthropogenic salts in domestic wastewater (Vengosh, 2013) Data from stable isotopes
of water suggest recharge from alow 4180 and 4 2H water source, consistent with canal
water blended with evaporated groundwater with higher 1180 and { 2H (Figure 20).
However, 1180 is correlated with CI - only in the P2 groundwater ( Figure C6), which
indicates that evaporation is not the major factor controlling the salinity in the P1

groundwater.
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Despite the fact that both P1 and P2 represent agricultural land use, P2 is much
less saline without statistically significant correlations between CI - and SO, Ca*, and
Mg?(Table C1).Higher Br/Cl ratios may reflect less of an impact from salt dissolution on
groundwater salinity. There is a greater influence from canal water on groundwater
salinity in P2, reflecting the use of both groundwater and imported surface water for
irrigation, though the correlation between 4180 and chloride is still weak ( Figure C6).
Since P2 groundwater is less saline (presumably due to the use of the lowsaline canal
water for irrigation) it is less likely to lead to the formation of sodic soi Is, and thus the
use of soil amendments like gypsum and elemental sulfur may be less for the areas
represented by the P2 samples. As this may be an especially important exogenous source
of sulfur, differences in amendment applications could cause a large difference in the
SO, and also Ca&*compositions between P1 and P2.

Groundwater from both P1 and P2 shows evidence of freshening. When fresher
water, like canal water, intrudes on a more saline groundwater source, reverse base
exchange reactions are expeted to occur, in which Ca?-and Mg?* replace Na* on mineral
exchange sites. Chloride and Nar are well correlated in the agricultural groups, P1 and
P2, but not in the city group, P3 (Table C1). Na/Cl ratios in P1 and P2 are greater than
what would be expe cted either from mixing between fresh canal water and more saline
groundwater, or what would be expected of salinity derived from salt accumulation and

dissolution in the soil zone (i.e., Na/Cl=1). Furthermore, the median Na* excess with
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respect to Ct is higher in samples from the fresher group, P2, than in group P1. Boron,
which also desorbs during aquifer freshening, is well correlated with Na +in these two
groups, and its relationship to CI -mirrors the relationship between Na *and ClI-. For the
samplesfrom P1 and P2 which were measured for boron isotopes, 1 1B was low, which
is also consistent with the expected B isotope composition of B desorption from
exchangeable sites during freshening process (Vengosh, 2013)Higure 22).

Nitrate concentrations are generally high in the Punjab groundwater, which is
indicative of both anthropogenic contamination and generally oxidizing conditions
(Figure 18). Nitrate is well correlated with some other major ions, especially in group P3,
which may be a reflection of nitrif ication induced mineral dissolution and/or wastewater
source (Table C1). DOCconcentrations are very well correlated with HCO3
concentrations, which indicates that microbial respiration and organic matter oxidation,
which increase soil zone pCQ, are important drivers of HCOszconcentrations (Table C1).

RajasthanThe geochemistry of the groundwater from Rajasthan used in this
study was presented in Coyte et al (2018) and Coyte et al (2019). In brief, groundwater
chemistry in Rajasthan is affected by both geogenic and anthropogenic processes
resulting in groundwater with large water chemistry variations. The 1180 and 1 2H data
of some of the groundwater shows and evaporative trend (i.e., lower slope, higher
values) with respect to the 1 2H- 1 180 slope and composition of the local meteoric water

line. Coyte et al. (2019) and Furst et al. (2019) showed that grondwater from the from
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the city Jodhpur in the western part of Rajasthan, which supplies municipal water
ultimately derived from the Indira Gandhi canal, is contaminated by wastewater
infiltration as evidenced by water isotopes and artificial sweeteners (Furst et al., 2019;
Coyte et al., 2019) However, isotopic evidence did not suggest that mixing with
municipal water drives salinity in the alluvi al aquifers, and no samples from alluvial
aquifers were measured for artificial sweeteners. Nonetheless, very high nitrate
concentrations in alluvial groundwater suggest anthropogenic impacts. In the eastern
part of Rajasthan, it is difficult to discern surface water impacts isotopically because of
the overlap in isotope ratios between groundwater and imported surface water (Coyte et
al., 2019) However, the existence of artificial sweeteners and waterborne pathogens in
the groundwater from the city of Jaipur, which supplies municipal water composed
OEPOOCa wlOi whpbOxOUUI EwUUUI EETl whEUT UOwWUT Obwi Obw?i U
groundwater (Furst et al., 2019; Bivins et al., 2020)
Similar to group P1 in Punjab, much of the groundwater from Rajasthan has low
Br/Cl ratios, which indicate the dissolution of salts impacting groundwater salinity, but
sometimes accompanied by Na/Cl ratios which are much greater than 1, indicating
reverse baseexchange reactions, especially in the lower saline groundwater. Boron
PDPUOUOxT wUEUDPOUWUXxEDDT Ewi UOOwWIOwOOwWKt OOwkhi PET wU
desorption are occurring in different part s of the alluvial aquifer. A major exception here

are the most saline groundwater samples, especially those from the west in group R1
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(TDS up to 35,700mg/L), which have Na/Cl of around 1, as would be expected from
halite dissolution. Nitrate contamination is widespread throughout the aquifer,
indicating that oxidizing conditions predominate in the shallow wells sampled.

Guijarat. In Gujarat the investigated groundwater is divided into 2 groups; G1,
low nitrate samples mostly from the district of Patan, and G2, which is mostly from the
more eastern districts of Mehsana, Ahmedabad, and Gandhinagar. Thestable isotopes
data indicate evaporative trends in the groundwater, but there is no correlation between
0180 and Cl-, suggesting other factors, such as salt dissolution are the main source for
groundwater salinity. Both groups G1 and G2 have low Br/Cl ratios, suggesting salt
dissolution as the major source for groundwater salinity.

Unlike in Punjab and Rajasthan, the wells sampled in Gujarat are much deeper,
which is more common in modern well construction. Parts of the Alluvium aquifer are
also known to have confining or semi-confining layers, which impedes recharge from
the surface. Nitrate, a proxy for both anthropogenic contamination and redox
conditions, is not correlated with depth, but instead seems to be spatially coherent, with
wells of low nitrate concentrations (group G1) clustering around the district of Patan in
the northwestern part of the study area. Samples from group G1 are more saline and
have lower Na/Cl ratios (close to 1) and B/CI ratios than those in G2 groundwater.
Samples from G2 have nitrate concentrations up to 251 mg/L, which likely indicates

anthropogenic contamination and more oxid izing conditions. The 1 B values of
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low B/CI ratios, indicating boron adsorption onto clay minerals. The boron

geochemistry, combined with the relatively low Na/Cl ratios, suggests direct base -

exchange reactions control the saline Gujarat groundwater. This is in contrast to the

Punjab groundwater that shows reverse base-exchange reaction induced by freshening.

3.4.1 Controls on groundwater U concentrations

RedoxAs much of the studied groundwate r has high concentrations of NOs, it
can be assumed that relatively oxidizing conditions are common, with the notable
exception of the relatively deep groundwater from Gujarat. In our data, groundwater
from Gujarat had more no detects for U (n=14) than groundwater from the other two
states (both Rajasthan and Punjab n=1). While dissolved oxygen was not measured in
this study, nitrate may be used as a redox proxy. In all cases of groundwater in Gujarat
with U concentration of less than 2 ug/L, NO s concentrations were less than 5 mg/L.
Median U concentrations in G1, the low nitrate group, were very low, only 0.17 pg/L,
compared to 14.5 ug/L in G2, the group with higher nitrate concentrations. Nitrate is an
imperfect redox proxy, and it may be argued that low nitrate in the deep Gujarat
groundwater simply reflects less nitrogen inputs from the surface. Additionally, nitrate
reduction has been suggested as mechanism affecting U concentrationgSenko et al.,
2005; Moon et al., 2007; Wu et al., 2010; Banning et al., 2013; Nolan and Weber, 201A8%

the vast majority of the study groundwater from Rajasthan and Panjab have NO s
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concentrations greater than 5 mg/L (81%), and are thus fairly oxc, it is likely that redox
effects are not the major driver of U solubility outside of Gujarat. Additionally,
correlations between NOzand U are either non-existent or much weaker than other
possibly explanatory factors (Table C1) While redox conditions are important for the
overall solubility of U in groundwater, and there are several ways in which nitrate
reduction could promote higher groundwater U concentrations (Senko et al., 2005; Moon
et al., 2007; Wu et al., 2010; Banning et al., 2013; Nataand Weber, 2015) these are not
likely the most important driver of variable U concentration in the study groundwater.
Dissolved Inorganic Carbors with other studies in arid to semiarid areas, U
concentrations are well correlated with HCO s in Punjab and Rajasthan and moderately
correlated in Gujarat, though among the individual groups they are not significantly
correlated in groundwater from the urban P3, very saline R1, and low nitrate G1 groups .
These correlations suggest that the formation of temary uranyl carbonate complexes is
an important factor in U solubility, and it is thus important to understand the factors
that control the occurrence of groundwater HCO 3.
In Punjab, both HCOzand U are correlated with depth, similar to what was
observedEa w) UUT T OUwl DWEOS wpl YYAwPbOw" EOPI OUOPEZz Uw"
theory that surface activities (i.e. agriculture) are impacting both U and HCO s

concentrations. In Gujarat, U concentrations but not HCO s concentrations are correlated
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with dept h, but the correlation is weak, and the skew of the data towards deeper wells
makes the meaning of this trend less clear.

HCOg is very well correlated with DOC concentrations in all groups ( Table C1).
In Punjab, the most shallow samples with the highest HCOs concentrations have lower
U3Coic values compared to the deeper waters with lower HCO s concentrations and
higher n3Coic (Figure 13and Figure 21). The lowestvalues O | %¥Gac in the groundwater
could be consistent with organic matter degradation derived from C3 vegetation near
the soil zone, which includes the most common Punjabi agricultural products such as
wheat and rice. The more isotopically enriched inorganic carbon in deeper groundwater
likely reflects a groundwater equilibrium with diminishing contributions from the low
U3Coic soil CO2. Though the aquifer is composed primarily of alluvial silicates, carbonate
concretions, known locally as kankar, are commonly occur throughout the aquifer
(Mehta et al., 1962; Sehgal and Stoops, 1972; Khadkikar et al., 2000; Misra et al., 2011;
I OOUOU Wl UwE O &Gudf ebohddry ca®dnded ivas not measured in this
study, they could be a source of the more enriched carbon seen in the deeper

groundwater with relatively lower HCO sEOOE]I OUUEUDPOOUS weaAd)®PDET woOi w/
not correlated with depth in Gujarat, though the deep skew of the data makes it difficult
to draw and conclusions about the difference between deep and shallow groundwater,
EUWEOI Uwl0T 1 wOEEOwWOI wihevalueswdhge Widelyn®aotiskatss UUT EOS wxy

and were only weakly correlated with HCO 3.
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The results presented in this study are consistent with the hypothesis proposed
by Jurgens etal. (2010) that increases in pCQfrom irrigation and agricultural activity in
an arid or semiarid environment leads to increases in groundwater HCO s
concentrations. Because calcite is common throughout the studied aquifers, its
dissolution at high pCO :is likely an important mechanism controlling the amount of
HCOgs in the groundwater, and thus the solubility and the occurrence of U. Furthermore,
secondary calcite precipitation could control HCO sconcentration and thus indirectly
also U occurrence. Carbamate mineral saturation would affect HCO s availability in
groundwater, in addition to base -exchange reactions that control C&*and Mg?2*
concentrations in the groundwater, and thus can control calcite saturation HCO s
concentrations.

In Punjab, | expect reverse baseexchange reactions associated the freshening
process in the agricultural parts of the study area, P1 and P2, because of the use of both
low -saline canal water and groundwater for irrigation, but not as much in the urban P3
because it relies extusively on groundwater. In Rajasthan, there are three likely sources
of groundwater freshening: leaking infrastructure from large cities that use imported
fresh water as municipal water (Furst et al., 2019; Bivins et al., 2020Q)imported surface
water used for irrigation; and artificial recharge schemes. While freshening is occurring
PDPOwWUOO! wOi W1ENEUUT EOz Uwil UOUOE b E (ehsivetha®id wb UwOD Ol
Punjab because there is much less surface water availability in Rajasthan. Whilel can see
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that the majority of groundwater samples from both R1 and R2 have Na/Cl ratios greater
than 1, with Na/Cl ratios approaching one in the most saline samples, they are still
generally far lower than the Na/Cl ratios that characterize the P 1 and P2 groundwater in
Punjab (Figure 17). In Gujarat, freshening is expected to be even less common since
imported low -saline surface water isless commonly used in the study areas, and the
groundwater samples were generally taken from greater depths, which may limit

surface recharge. This is consistent with lower Na/Cl ratios in Gujarat compared to
either Punjab or Rajasthan groundwater. G1 groundwater samples have generally Na/Cl
ratios around one, whereas samples from group G2 tend to be slightly greater than 1,
possibly indicating some reverse baseexchange reactions athough the low B/Cl and
high 111B clearly indicate adsorption associated with direct base-exchange reactions (Na
removal Ca? and Mg release).

Using the data from Punjab, where the effects of reverse baseexchange reactions
are clearest,l use a simple mass balance approach to evaluate the effect of freshening on
the occurrence of HCOs. When comparing HCO s/Ca?* ratios to what is expected from
calcite dissolution, there is large excess of HCQ relative to Ca?+for nearly all sites,
despite calcite generally being saturated in study groundwater (Figure C7). However ,
given the evidence of reverse baseexchange reactions, the HCQ/Ca?ratio alone offers

an incomplete picture.
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If one assumes that in the absence of any ion exchange reactions, groundwater in
the agricultural areas of Punjab would also have Na/Cl close to 1, assuming dissolution
of halite in the unsaturated zone (see discussion above on the Br/Cl variations, and
limited contributions from silicate weathering), then | can calculate the expected amount
of Caz*that has been exchanged out of the groundwater for Na+*. By adding the amount
of exchanged sodium (i.e., Na* above the 1:1 correlation with CI-) to the measured
calcium concentrations in groundwater, | get Ca*, which is defined as the hypothetical
amount of calcium that would be in the groundwater if there were no reverse base
exchange reactions:

Na* = Na — Cl
1
Ca* = ENa* + Ca

Where Na, ClI, and Ca are all the molar concentrations of each element in the
groundwater, and Ca* and Na* are the hypothetical initial groundwater calcium and
sodium concentrations.

Comparing Ca* values to actual measured HCOsconcentrations, | can see that all
groundwater samples, with the exception of some group P1 samples, are significantly
closer to the calcite dissolution line (Figure 23). This discrepancy in the group 1 samples
is likely due in large part to the addition of calcium from gypsum dissolution due to the
use of gypsum to treat sodic soils, as discussed above. By subtracting sulfate from Ca*|
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can get Ca**, the hypothetical amount of the original calcium that cannot be attri buted to
gypsum addition. This further step in the mass balance is more uncertain, as sulfur is
also sometimes added to reclaim or fertilize soil in other forms, such as elemental sulfur
(Grover, 2015; Kumar and Sharma, 2020) Nonetheless, using the Ca** vdues calculated
from presumably gypsum dissolution presents reasonable agreement with the

theoretical 2:1 molar ratio of the calcite dissolution line (Figure 23).
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Figure 23: Bicarbonate vs Ca (A), Ca*(B) and Ca**(C) indicating that after correcting
for revere base-exchange (B) and gypsum additions (C) samples plot along an
expected calcite dissolution line with molar HCO s to calcium ratios of 2:1.

This mass balance exercise supports our initial hypothesis that increases in pCQ
from irrigation and agriculture in the study area have led to the dissolution of secondary
carbonate concretions, which are common in the alluvial aquifer of northwestern India.

It also emphasizes the importance of reverse baseexchange reactions in keeping calcium
concentrations low enough to prevent significant calcite precipitation, thus allowing the

preservation of high HCO sconcentration in the groundwater. For the purposes of
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solubility with U, the total amount of calcium | eft in solution is still typically many times
greater than what would complex with U, and thus likely has little direct impact on U
solubility.

The data that is presented in this and previous studies demonstrate that higher
concentrations of HCOzare more likely to have higher U/HCO s (Jurgens et al., 2010; Wu
et al., 2014) For data from all three states investigated here, the highest 50% of samples
in terms of HCO s concentrations have higher U/HCO s than the bottom 50% of samples
in terms of HCO s (Figure 12). It is possible that some ways of mobilizing U will also lead
to higher concentrations of aqueous HCOs. For example, U can be desorbed form clay
minerals without having an impact on groundwater HCO sconcentrations, but U
incorporated into calcite and released from dissolution would also increase HCO =
concentrations. This would also be true of silicate weathering caused by an increase in
pCO., which has been suggested as a mechanism for U release in groundwater from
Rajasthan (Coyte et al., 2018). Secondary carbonates exist in the alluvial aquifers across
northwestern India, though the authors are unaware of any studies comparing the U
concentrations of secondary carbonates with other forms of U in the aquifer in India.
Uranium is known to incorporate into calcite (Sturchio et al., 1998; McCall et al., 2001)
and has been found in secondary carbonates from similar geologic settings to those in

this study such as North -Central Mexico (Banning et al., 2012) It is also possible that the
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differential U/HCO sratios is related to effects of salinity, as HCOzconcentrations tend to
be well correlated with TDS, as discussed below.

Salinity and climateHigher salinity may promote U desorption from aquifer
sediments, as increases in ionic strength have been shown to promote U desorpion in
laboratory studies (Barnett et al., 2000; Rout et al., 2015)IDS tends to be well correlated
with U ( Figure 11and Table C1), and there are some cases in which this correlation is
even stronger than the comelation between U and HCO s, including cases where TDS is
not well correlated with HCO 3. This is the case for the most saline groundwater from
our dataset, group R1, in which there is no correlation between U and HCO s, or HCOs
and TDS, but there is a grong correlation between TDS and U. Likewise, in group G2,
the correlation between U and HCO s is weak compared to the correlation between TDS
and U (Table C1). Additionally, TDS is well correlated with U/HCO s in Punjab and
Rajasthan and in the high nitr ate portion of the Gujarat dataset, which does not have a
correlation between TDS and HCOs, suggesting the relationship is not simply a figment
of the relationship between TDS and HCOs (Figure 11and Table C1). In addition to
decreases in U adsorption with increasing ionic strength due to competition with other
elements for adsorption sites (Barnett et al., 2000; Rout et al., 2015changes in ionic
strength also change the stability of various ternary uranyl carb onate complexes, though
more work is needed to characterize these dependencies and how they may be relevant

to the field (Kalmykov and Choppin, 2000; Shang and Reiller, 2020)
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In more humid environments, where groundwater is usually of lower salinity,
the relationship between U and HCO s is not usually as strong as in arid environments
(Herczeg et al., 1988; Burow et al., 2017; Coyte and Vengosh, 20200his contrast is
emphasized by comparing the data in this study to a study of groundwater from the
northern part of the alluvial aquifer in Punjab reported by Lapworth et al (2007). This
study reports groundwater chemistry data from well depths similar to those from
Punjab presented in this study, in an aquifer that has a nearly identical geological
provenance, but which is located in a more humid climate in Bist -Doab area of the
northern part of Punjab (Lapworth et al., 2017). The groundwater from Bist -Doab is
significantly fresher (median TDS = 587 mg/L) than the groundwater from this study
(median TDS = 762 mg/L, pvalue = <0.001), and despite HC@ concentrations not being
statically different from those in this study (median 411 mg/L vs. 431 mg/L this study, p -
value = 0.03), there are signifcantly lower U concentrations in Bist -Doab (median =16.3
pg/L versus 40.8 pg/L in this study, p -value = <0.001). The correlation between HCG
and U is significant, but weaker in the Bist-Doab dataset than it is in this study (rho =
0.60, pvalue = <0.00). This suggests that the complexation with carbonate and alkali
earth metals and thus U solubility is not the only factor that controls U occurrence in the
groundwater in this aquifer.

One possible explanation for this difference could be the redox state of the

groundwater. Dissolved oxygen was measured in the Bist-Doab study, and of the 38
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wells sampled, 23 had dissolved oxygen concentrations less than 0.5 mg/L. However,
there is no correlation between dissolved oxygen and U concentration (p-value = 0.18)
or U/HCO s ratios (p-value = 0.82). There is a better correlation between U and HC@in
the groundwater with dissolved oxygen greater than 0.5 mg/L (rho = 0.71 vs rho = 0.57),
but there was no significant difference in either U concentrations or U/HCO s between
the two groups (p -values =0.21 and 0.39, respectively).

Another possible explanation could be generally lower pH values for the wells in
Bist-Doab (median value of 7.21 versus 7.48 in this study, pvalue <0.001). Even so, pH
values are still well within the range that | expect ternary complexes with carbonates to
dominate, thus diminishing the effect of pH on sorption. There is considerable overlap
between the ranges of pH values between this dataset and the BistDoab dataset, and in
that overlap there are still large differences in U/HCO3s.

Considering the geologic similarities between these two study sites, it is very
likely that the overall greater amount of rainfall and groundwater replenishment that
occur in the Bist-Doab region, and thus the overall lower salinity are important
contributors to the relatively lower amount of U in the groundwater in the northern area
of Punjab. This may be because higher TDS conditions promote U desorption from
aquifer sediments, and there is a weak positive correlation between TDS and U in the
Bist-Doab samples (rho = 0.55, pvalue = <0.001). It may also be that having a historically

arid climate/ higher TDS groundwater is important for U accumulation in aquifer
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sediments, or that available U is more quickly dep leted under humid environments. The
U/HCO s ratios in the Bist-Doab region are more similar to those in Rajasthan than in the
Malwa region, especially over the overlapping HCO s range (Figure 24), which may
indicate that the aquifers in the two areas have similar amounts of available U on
exchangeable sites on the aquifer solids. If this is the case, then despite their similar
geologic origins there are important differences in the amount of available U between
the two regions, perhaps due to climate conditions. These mechanisms have important
implications for groundwater U concentrations under changing climate and land use,

and future studies should include characterizations of U in aquifer solids to better
evaluate the impact of U accumulation in aquifer material on the occurrence of U in

groundwater resources.
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Figure 24: Uranium vs. HCO s over the rage of values represented by the Bist -Doab
samples coll ected by Lapworth et al (2007).
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3.6 Conclusion

Uranium occurrence in groundwater is affected by multiple factors including
lithology, redox state, and complexation with carbonate. In this study, | focused on
processes particularly relevant to arid and semiarid aquifers, which often include the
formation o f secondary carbonates, salinity variations, as well as salinity changes and
water-rock interactions induced by infiltration of imported surface water, which
typically has lower salinity than local groundwater. Some of our results are consistent
with irrig ation induced increases in soil pCO:z increasing HCOsconcentration, and thus
promoting the formation of highly soluble ternary uranyl carbonate complexes.
Additionally, | have shown, for the first time, that reverse base-exchange reactions
associated with aquifer freshening can affect groundwater U concentrations by
decreasing agueous calcium concentrations and thus allowing high HCOsconcentrations
to persist in the aquifer. | have also shown that at the field scale, salinity can play an
important role in U occurrence, with high U concentrations and higher U/HCO s ratios
occurring with increased salinity. This could be related to ionic strength effects
promoting desorption from competition with other ions, and/or it could be related to the
salinization proc ess itself. This presents an interesting tension between the freshening
process, which promotes the formation of soluble U complexes by inhibiting calcite
dissolution, while simultaneously leading to dilution and possibly reducing the U

desorption potentia | from exchangeable sites in clay minerals. Future studies of U in
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semiarid and arid aquifers should address possible effects from both of these apparently
conflict processes. Future studies would also benefit from regional characterization of
aquifer solids to better understand the role of aquifer materials and exchangeable sites

on U occurrence and mobility to groundwater resources.

4. Co-occurrence of geogenic and anthropogenic
contaminants in groundwater from Rajasthan, India

(Reproduced with permissio n from Science of the Toal Environment, 2020, Volume 688

Pages12161227 Copyright 2019 Elsevier; Supplementary Material in Appendix C .)

4.1 Introduction

Pollution, overuse, and climate change have reduced surface water flows and
availability, resultin g in increased utilization of groundwater resources (Konikow and
Kendy, 2005; Siebert et al., 2010; Wada et al., 2010; Hoekstra et al., 2012; Famiglietti,
2014) India extracts over 75 billion cubic meters of groundwater annually, which
constitutes about 30% of all groundwater extractions globally (Dalin et al., 2017) Most of
the extraction occurs along the Indo-Ganga basin in Northern and Northwestern India,
which has resulted in significant drawdown and water table decline in many locations
(Rodell et al., 2009; Gleeson et al., 2012; MacDonald et al., 2018)he over-exploitation
and depletion of groundwater is further exacerbated due to the apparent decline in
precipitation over Northern India associated with global climate change, population

increases, and river water diversion, all of which lead to significant water stress (Ashfaq
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et al., 2009; Wadeet al., 2010; McDonald et al., 2011; Asoka et al., 2017)n addition to
guantity concerns, Northwestern India suffers from several major groundwater quality
issues. Previous studies have identified problems such as high mineralization and

salinity, fluo ride, uranium, and nitrate contamination in groundwater from different

parts of Northwestern India (Agrawal et al., 1999; Datta et al., 1999; Singh et al., 2003;
Jacks et &, 2005; Gupta et al., 2005; Suthar et al., 2009; Coyte et al., 2018; Podgorski et al.,
2018) Since groundwater is a major drinking water source in many parts of

Northwestern India, understanding the occurrence, distribution, and sources of
contamination is important for the protection of the health of the local population.

In this study, | investigated the occurrence of contaminants in groundwater from
several areas in Rajasthan. The objectives of this study were thredold. First, | evaluated
the factors that control groundwater chemistry and salinity. Second, | examined the
occurrence and distribution of different contaminants in groundwater from different
aquifers in Rajasthan, addressing the role lithology and permeability play on water
chemistry and quality. Third, | evaluated the relationships between groundwater
chemistry, isotope tracers, and contaminants, elucidating the mechanisms that could
control contaminant occurrence and co-occurrence. Combined, this study presents new
and comprehensive high-quality water quality and geochemistry data for groundwater

from different aquifers and regions in Rajasthan that can help evaluate the potential
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risks to local populations that consume groundwater as their major drinking water

source.

4.2 Study Area and Regional Setting
1ENEUUTI EOwPUWOOEEUI EwPOw- OUUIT Pl UUI UOw( OEDE U
(Figure 25). The climate in the majority of the state is arid to semi-arid, though parts of
the southeast are more humid. All rivers in Rajasthan are rain fed and ephemeral, with
the exception of the Chambal and Mahi, which run through a small area of the
southeastern and southern part of the state respectively (Narain et al., 2006) Some parts
are the state have access to canal water, used for irrigation and water supplyto urban
areas. The most important canal is the Indira Gandhi Canal, which runs through seven
districts in the center of the state. Water from this canal also feeds Kaylana lake, which is
Ul Tl wxUPOEUAwWPEUI UwUOUUET wi OU wiuE@éeétkldrdamdz UwUl EOO
Water Board, 2015) Some areas also have access to reservoir water, mainly for irrigation.
One of most important dams in Rajasthan for the provision of drinking water is the
Bisalpur dam in Tonk district. Water from this dam is imported, sometimes mixed with
OOEEOQwWi UOUOEPEUI UOWEOEWUUxxOP1 EWEVUWEDUDOI T EUI E
largest city, Jaipur, as well as some parts of Tonk and Ajmer districts (Amit, 2012). The
World Bank estim ates that 90% of drinking water and 70% of irrigation water in the state
is sourced from groundwater (Hooda, 2017) The majority of rural residents in the arid

and semi-arid parts of the state consume groundwater as their primary source of
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drinking water, with disinfection not routinely practiced. Drinking water disinfection is
practiced by the statt z UwPEUI UwUUPOPUDPI Uwbl OwUUxx 0awbPEUI Uw

Jaipur and Jodhpur.
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l:l Region 2
[ ] Regons 0 25 50 100 Kilometers
[ ] Region4 (S B
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Figure 25: Map of study area and sampling sites in Rajasthan. Insert map shows
location of Rajasthan within India.

4.3 Materials and Methods

4.3.1 Water Sampling and Analysis

Water samples were collected from 243 groundwater wells in Rajasthan
following United States Geological Survey sample collection protocols (U.S. Geological

Survey, 2006) Samples for dissolved anions, cations, trace meals, and dissolved organic
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carbon were filtered using 0.45um filters. Cation and trace metal samples were
preserved with Optima nitric acid to pH <2. Specific conductivity and pH were
measured in the field.

Samples were analyzed for dissolved anions by ion chromatography on a Dionex
IC DX-2100 system. The IC calibration was verified using a secondary Dionex Zanion
standard at varying concentrations. Major cations were analyzed by direct current
plasma optical emission spectrometry (DCP-OES), while trace eements were analyzed
by inductively coupled plasma mass spectrometry (ICP -MS) on a VG PlasmaQuad3
system. The DCROES and ICRMS instruments were calibrated to the National Institute
of Standards and Technology 1643e standard, which was used at varying cacentrations
before, after, and throughout sample runs. Internal standards of In, Th, and Bi were
spiked into all samples prior to measurement on the ICP -MS. Nitrate was measured by
Flow Injection Analysis on a Hach Lachat at the Duke River Center using QuikChem
Method 10-107-04-2-D (Nitrate/Nitrite in Water by Hydrazine Reduction) and is
reported as NOs throughout the text. Dissolved organic carbon (DOC) was measured on
aTOCOEOa4l Uwp3. "15w" /"' Ow2l PEOEE&AUOwW* a0UO0Ow) ExE
difference for all samples for which charge balance could be calculated.

Total iodine was measured at Stanford University using a Thermo Scientific
XSERIES 2 ICPMS, and iodide was measured using a Dionex DX-500 lon

Chromatograph. Total iodine and iodide were quantified with freshly prepared
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standard curves, and check standards placed in the middle and end of sample runs were
used for quality control.

371 wWUUEEOI wb U G UG werd andyFed in theidpke
Environmental Isotope Laboratory using a ThermoFinnigan Delta Plus XL ratio mass
spectrometer via a Conflo Il flow adapter. Raw delta values were normalized offline
against known vs. measured isotope values for international reference waters VSMOW,
VSLAP and IAEA-. ' hut & u¥3 luE Q) wakues are expressed in per mil versus
VSMOW. Boron and strontium isotope ratios were measured using Thermal lonization
Mass Spectrometry (TIMS) at Duke University. Samples for B analysis were pretreated
with 10% Optima hydrogen peroxide. The 11B/!%B ratios were measured on single Re
filaments as BOy ions in negative mode and normalized to the NIST SRM 951 standard.
Boron isotope ratios are reported as:

W1B =[1-(*1B/19B)/(*'Bsrmosi 1°Bsrmesi] X 1000  (Equation 1)

PPUT wEwWwx Ul EPUPOOWOT wpwyYdk OwdOOwUI x1 EUI EwlIl EU
standard (mean=4.0050+0.0020, n=100). Sr was poancentrated by evaporation in a
HEPA filtered clean hood and re -digested in 3.5N HNO 3, then separated using Eichrom
Sr-specific ion exchange resin.8’Sr/#Sr ratios were measured on the TIMS in positive
mode using single Re filaments with a precision of £0.000009 on repeated measurements

of NIST SRM 987 standard (mean=0.710259, n=260).
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Twenty samples were taken from the same 9 wells during different sampling
campaigns to see if there were differences in groundwater chemistry with season or with
the passage of time. No particular trends were detected, though it is difficult to test this
statistically with a time series of only two or three observations. These samples are
identified in the supplement, along with some o f their chemistry data (Table B1, Figure
B1). Their full chemistry, as well as full chemistry for all samples can be found in the

data appendix.

4.3.2 Region Designations

The groundwater samples collected in this study have been divided into four
categories based on climate and hydrological factors (Figure 25). Region lare
groundwater samples from eastern Barmer district in the southwest. The groundwater
samples were collected from alluvial aquifers in an arid climate (200-370 mm of rain per
year) (Hussain, 2015) they are characterized by high salinity, and the vast majority of
the wells are not used for human consumption without desalination treatment. Thirteen
total samples and one drinking water sample were taken from this region. Region 2are
groundwater samples collected from Jodhpur district, primarily in and around the city
of Jodhpur. The climate in this area is semtarid (300-500 mm of rain per year) (Hussain,
2015)and samples were taken from alluvial, rhyolite, and sandstone aquifers. Imported
surface water provides drinking water for much of this area, but has also caused

waterlogging in some places (Central Ground Water Board, 2015). Twenty -eight total
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samples and nine drinking water samples were taken from this region. Region 3are
samples from the Jaipur, Ajmer, Tonk, and Dausa districts. This is a semtarid area (500
700 mm of rain per year) (Hussain, 2015) and groundwater samples were collected from
alluvial aquifers and metamorphic hard rock aquifers. Though p arts of region 3 have
access to reservoir water through Bisalpur Dam, groundwater is still an important
source of drinking water, and many rely on private or community wells (Everard et al.,
2018) Groundwater is also sometimes mixed with imported water from Bisalpur dam
through t he public distribution system. This region represents the largest group of
samples with 151 total samples and 115 drinking water samples. Region 4are samples
collected from Kota and Bundi districts in southeastern Rajasthan. This is a humid
region (650-1000 mm of rain per year) (Hussain, 2015)with pr imarily sandstone and
other consolidated sedimentary aquifers with some alluvial aquifers. Many in this area
have some access to surface water through distribution systems, but groundwater is still
consumed, especially in areas outside the city. A summary of selected water quality

compared to WHO standards, sorted by region can be found in
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Table 1.
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Table 1: Violations of WHO guidelines of selected water quality parameters, sorted

by the four regions defined in this study. The number of samples analyzed for

i OUOUDPE]I OwOPUUEUI wEOEWUUEODPUOwWI Otewnuntbé&rs aiUT T DOO W
samples measured for arsenic were lower due to a chloride limitation on arsenic

measurements.

Percent Over WHO Standard
Region n F (1.5 mg/L) NOs(50 B (24 As (10 U (30
mg/L) mg/L) pa/L) pg/L)
One 13 46% 54% 54% n/a 77%
Two 28 23% 57% 7% 6% (n=16) 11%
Three 151 41% 54% 6% 1% (n=70) 42%
Four 51 10% 10% 2% 2% (n=45) 6%
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4.4 Results and Discussion
4.4.1 Water Sources

| used the stable isotopes of oxygen and hydrogen Figure 26) to investigate the
possible sources of groundwater in the study area. Data were compared to local
meteoric water lines (LMWL) from New Delhi and Ahmedabad, which bracke tthe
study region to the northeast and southwest, respectively. The local meteoric water line
i OUw-1T pw#l OT PWEOOT Uwi UOOWUT T w( OUI UBEUDPOOEOW
of monthly precipitation between 1960 and 2012 using a precipitation weighted | east
squares regression (PWLSR)AEA/WMO, 2019). The local meteoric water line for
Ahmedabad was calculated via PWLSR using daily precipitation data collected in 2007
(Deshpande et al., 2010; Hughes and Crawford, 2012)

| distinguish between two main water sources. The first is meteoric water
infiltrating through the unsaturated zone. Most groundwater samples lie either on the
LMWLs, reflecting isotopically unaltered precipitation, or below them on a line that
reflects isotopic enrichment from evaporation. The second water source, represented by
a few samples, is the recharge from surface water. Samples from the Kota region
sandstone aquifer do not follow the regional meteoric water line, have more enriched
w2 wE O®walues, and are of low salinity, suggesting mixing with surface water. This
region is home to multiple surface water sources, including the Chambal River, Kota

Barrage, and multiple irrigation canals, which could be one of the endmembers in this
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mixing through intensive irrigation. Similarly, in Jodhpur, a negative correlation

between Cl and ©180 in groundwater from the sandstone aquifer suggests recharge
mixing between low -saline yet evaporated surface water, probably from Kaylana Lake
or the Indira Gandhi Canal, and saline groundwater of meteoric origin (Fig ure B2). The
distinction between meteoric water and surface water recharge can be a useful tool in
future studies aiming to evaluate the hydrological balance of aquifers, the role of
artificial recharge from surface water bodies, and evaporative losses from surface

storage (Dogramaci et al., 2012; Skrzypek et al., 2015)

Region One Region Two Region Three Region Four

20 | Ahmedabad
LMWL New Delhi|
MWL
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Figure 26: 8. w E CPH fongroundwater samples sorted by lithology.  The gray line
represents the LMWL from New Delhi ( 12H = 7.46 x! 180+5.6) and the purple line
represents the LMWL from Ahmedabad ( {2H = 7.87 x{ 180+8.12).

4.4.2 Water Chemistry

| Groundwater investi gated in this study is characterized by high salinity (TDS
ranged from 275-35,700mg/L; Figure 27), with a mixed Na -HCOs-Cl- composition
(Figure B3). This salinity varies somewhat between aquifers of the same climate region.
The sandstone aquifer in region 2 has relatively low chloride concentrations compared

to the rhyolite and alluvial aquifers (p -value for Mann -Whitney test of 0.0003 and 0.005
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respectively, no difference between the rhyolite and alluvial aquifers), which suggest s
that aquifer lithology and permeability directly affect the recharge rate/evaporation of
the infiltrated water and thus the groundwater salinity ( Figure 28). This is also
supported by the stable isotopes, which show a greater influence of surface water on the
sandstone aquiferin region 2 (Figure B2). The other regions have little or no differences
between the chloride concentrations of their aquifers (see tableB2for p-values), though
there was not enough data to make a statistical comparison between the limestone,
alluvium, and phyllite aquifers and the other aquifers in region 4. The chloride
concentrations of groundwater from the different aquifers in region 4 were lowe r than
the other regions (Figure 28), most likely reflecting less arid conditions in this region
relative to the other regions. Transpiration likely also plays a role in salinization,
especially considering the importance of agriculture to the region. Prolonged, intensive
use of groundwat er for irrigation in an arid environment where water exits only

through evapotransiration and infiltration increases the rate of salt buildup (Fogg et al.,

2016)
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Figure 27: Boxplots of TDS values in all groundwater samples. The orange line
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Differences in TDS can be seen between some aquifers in the same climate
region, even where no chloride concentration differences exist (Table B3). A difference in
TDS between aquifers without a difference in chloride concentration indicates a greater
role for water rock interactions, as salinization induced mostly from evapotranspiration
affects conservative elements like chloride and bromide but water -rock interactions tend
to mobilize bicarbonate, sodium, and boron from the aquifer rocks to the aquatic phase
(Vengosh et al., 2005) The Br/Cl ratios in the majority of the investigated groundwater
were lower than the seawater ratio (1.5x103; molar ratio) (Figure 29), which could
indicate (1) in-situ halite dissolution; and/or (2) lower Br/Cl ratio in precipitation from
atmospheric aerosols.| did not observe changes in the Br/Cl ratio with salinity, which
suggests lower Br/Cl in the recharged meteoric water rather than in-situ halit e saturation
and dissolution. Though salt lakes and halite deposits do exist in Rajasthan, | are not
aware of any major salt deposits in the areasl studied (Singh et al., 1972; Kajale and

Deotare, 1997; Sinha and Raymahashay, 2004)

84



10° Lithology
] Alluvium
Granite
Limestone
Phyllite
Quartzite
Rhyolite
Sandstone
Schist
Shale
Region
One

Two
Three

10714

1072

Bromide (mmol/L)
L I ]

10734

1071 16“ 1&]1 10?2
Chloride (mmol/L)

Figure 29: Br vs CI, the black line represents the seawater Br/Cl molar ratio of 1.5x10 -3

Waters impacted by halite dissolution are expected to have Na/Cl ratios close to
one, but for most samples in this study the Na/Cl ratio is >1 (Figure 30). There are
multiple potential sou rces for excess Na in the groundwater system, including silicate
weathering, reverse-base exchange reactions, and anthropogenic inputs. Geochemical
evidence suggests that all of these played a role.

Silicate weathering likely contributed to elevated sodium concentrations. Silicate
lithologies dominate most of our study area with some secondary carbonates (caliche,
known locally as kankar), especially in the alluvial aquifer (Roy and Jakhar, 2002)

Dissolved silica concentrations were high in samples from the alluvium and crystall ine
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basement aquifers, and saturation indices calculated for samples from these aquifers
show oversaturation of many SiO 2 polymorphs and compounds (Table B4). This is likely
the result of weathering of primary silicate minerals, further suggesting the weat hering
of silicate minerals is the major source for the dissolved cations and bicarbonate in the
investigated groundwater. Most silicate weathering would produce Na -CI-HCOs type
water, which | observed in many of the groundwater samples | analyzed in thi s study. |
can infer from the radiogenic strontium isotope data ( Figure 31) that silicate weathering
is the major source for strontium and thus also calcium. The data show clear variations
in groundwater 8’Sr/eeSr ratios between the different aquifers. Groundwater samples
from the alluvial and crystalline basement aquifers have more radiogenic (high) &’Sr/esSr
(0.710697 to 0.733239) than those from the consolidated sedimentary and rhyolite
aquifers (0.70988 to 0.714118), though muclof this observation in the alluvial aquifer
relies on the large dataset of Sr isotope values from region 3 Figure 31). This distinction

reinforces the important role of the aquifer lithology on water chemical composition.
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Figure 31: Sr Isotope values sorted by aqui fer lithology. Large variations between
aquifer lithologies refl ect the influence of wa ter rock interactions on water chemistry.

| suggest that the system is further altered by reverse baseexchange reactions.
Reverse baseexchange and desorption processes are most often associated with the
aquifer freshening process, during which fresh water infiltrates an aquifer saturated
with saline groundwater, causing Na to exchange for Ca and Mg on clay minerals
(Appelo, 1994). The resulting aquatic phase is depleted in Ca&+ and Mg?2* with respect to
HCO3s and SO, and enriched in Na*with respect to Cl-, similar to much of our study

groundwater.
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reflective of reverse base -exchange reactions.

Reverse baseexchange is further evidenced by the strong correlation between
Na/Cl and B/CI (Figure 32), showing that both Na*and B were desorbed from exchange
sites on clay minerals in the aquifer rocks (Vengosh et al., 2005) Boron isotopes were
measured in a subset of groundwaters from region 3. The boron isotope ratios (t 1'B of
A 8 A wU O midgute 83) dligdest thatthe majority of boron in the groundwater was
affected by adsorption-desorption processes. Previous studies have demonstrated that
during adsorption, 1B would adsorb preferentially onto clay minerals and thus B
would become enriched in the residual groun dwater, while desorption would mobilize

boron from the exchangeable sites without isotope discrimination (Spivack et al., 1987)
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This would correspond to the relatively high 111B observed in most groundwater, which

is not consistent with the expected 1! WY EOUIT UwOi wU b rumttulldanduU OE OU wpd |
Slack, 2017). Only a single groundwater sample had such low 4 1B, while the majority of

the samples had higher111B. Yet unlike groundwater from coastal aquifers with

distinctive high 111 wepD 81 § Ows KY U Ows51 O1 OUT wi UwEHOW Owl YY k A wl
intermediate values (Figure 33), implying both adsorption and desorption, typical of

freshening process. Overall,| suggest that the distinctive geochemical characterization of

the majority of the investigated groundwater in Rajasthan reflects multiple recharge

episodes in which lower salinity water from either monsoon rains or irrigation

encounters higher salinity evaporated water in the unsaturated zone, resulting in the

freshening process. Consequently, reverse basexchange reactions become the

predominant process that control the water chemistry.
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Figure 33: Boron isotopes from region three reflecting multiple adsorption and

desorption events.

4.4.3 Anthropogenic Processes
Much of the groundwater in our study has high concentrations of nitrate and

DOC (Figure 34). Seventy out of 169 drinking water samples (41%) and 45% of all

investigated samples had nitrate concentrations exceeding the World Health
Awi | E OYWondHe&tdE ganldationpk Y wOT ¥ + 1

. UT EOPAEUDPOOZ Uwm6"
2011) High nitrate concentrations in groundwater are known to occur all over India and

are likely derived from human and animal wastes, as well as agricultural return flows

(Agrawal et al., 1999; Suthar et al., 2009; Central Ground Water Board, 2013)n our
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study area, region 4 had significantly lower nitrate concentrations compared to the other
regions, which may be a result of dilution effects. Additionally, groundwater from
region 4 had lower NO 3/Cl than those from regions 2 and 3, potentially indicating
increased denitrification in the more humid region. DOC concentrati ons in the range of
0.1 to 4 mg/L are common in unpolluted groundwater, and are affected by factors such
as pH, redox state, and soil conditions (Graham et al., 2015; Regan et al., 2017)cross all
of our study regions, 62 of the 114 samples (~54%jn which DOC was measured had
DOC concentrations higher than 4 mg/L (Figure 34). In several previous studies, where
DOC levels were reported to be above 4 mg/L in unpolluted groundwaters, they were
usually associated with known or ganic deposits in the host aquifer material under
reducing conditions (e.g. coal deposits, peat soils) (Artinger et al., 2000; Anawar et al.,
2003) However, the DOC-rich shallow groundwater in Rajasthan coeexists with high

uranium and thus likely oxidizing conditions (Coyte et al. 2018) in an arid to semi -arid
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environment, without known major organic deposits .
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Figure 34: Boxplots of nitrate and DOC concentrations in al | groundwater samples,
sorted by region. The WHO guideline value for nitrate is shown by the red dashed
line, and the gray line represents the typical upper limit for naturally occurring DOC
in groundwater.

The combined high nitrate and DOC concentrations found in the study area
suggest significant anthropogenic sources affecting the quality of groundwater in study
areas in Rajasthan. Some of the bicarbonate in the system may also be attributed to
anthropogenic effects. In general, the ultimate source ofdissolved inorganic carbon
(DIC) in groundwater derives from a few possible sources, including carbonate rock

dissolution, decay of organic matter, atmospheric carbon, and potentially subsurface
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COz2i OUR 6 w( O wo UBouwalusd)Eaoud=t U +EWAgasithit the ultimate source
of DIC in the groundwater is soil carbon originating from the decay of C4 and C3 plants.
This is consistent with the documented natural vegetation in arid to semi -arid in
Rajasthan(Sankhla et al., 1975)as well as the mixture of crops grown (Government of
Rajasthan Department of Agriculture, 2018). Human activities can intensify weathering
processes by increasing the supply of weathering reactants. In tie context of our study,
both agricultural practices and domestic sewage inputs have the potential to increase
groundwater DIC. The addition of organic matter, e.g. manure or human sewage, would
increase the Ro:z of soil during degradation of organic matte r in the soil, which could
dissociate to HCOs and/or trigger acidity and water -rock interaction. These processes
may be evidenced by the correlation | observed between HCOs and DOC (Figure 35).
Nitrification can also increase weathering rates, though only carbonate weathering
increases HCQy concentrations via this pathway (Barnes and Raymond, 2009; Burow et
al., 2017) High bicarbonate concentrations in turn can enhance the formation of uranyl
carbonates species and thus enhance the solubility of uranium in the groundwater
(Dong and Brooks, 2006; Alam and Cheng, 2014; Vercouter et al., 2015; Coyte et al.,

2018)
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possible connection between DOC and HCO3 -.

4.4.4 Water Quality

Much of the groundwater in our study has high concentrations of nitrate and
DOC (Figure 34). Of the 243 water samples ollected from Rajasthan, 169 were from
primary drinking water wells. These wells were predominantly located in regions 3 and

4, as well water consumption is more common in these areas.
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Table 1 presents the compliance of the drinkin g water samples with respect to both the
WHO drinking water guidelines and the Bureau of Indian Standards drinking water
regulations for the inorganic water quality parameters measured in this study.

Table 2: Drinking Water compli ance with WHO and Bureau of Indian Standards
drinking water guidelines.  All percentages are out of 169 drinking water samples

except for TDS and Alkalinity, which are out of 166, As, which is out of 107, and F,
which is out of 168.

Analyte Percent over | Percentover | Percent Over
WHO Primary APer mis
standard Indian Indian

Standard Standard
pH - 6 -

DS - 92 17

Al (mg/L) - 0 0

Ba (mg/L) 0 0 0

B (mg/L) 3 40 17

Ca (mg/L) - 36

Cl (mg/L) - 29 1

Cu (mg/L) 0 1

F (mg/L) 31 48 32

Fe (mg/L) - 11 ;

Mg (mg/L) - 50 5

Mn (mg/L) - 49 9

Nitrate (mg/L) 41 42 }

Se (mg/L) 0 0 ;

Sb (mg/L) 0 } ;

Ag (mg/L) - 0 i

Sulfate (mg/L) - 7 1

Alklinity as CaCO3 (mg/L) - 89 27

Zn(mg/L) - 0 i}

Cd (mg/L) 0 0 ;

Pb (mg/L) 0 0 ;

Mo (mg/L) - 2 ;

Ni (mg/L) 0 0 ;

As (mg/L) 2 2 0

Cr (mg/L) 0 0 ;
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‘ U (mg/L) | 28 10
*Atomic Energy Regulatory Board guideline.

The data show systematic exceedances of primary drinking water standards for
several parameters, including uranium (bdl -312 pg/L), fluoride (bdl -11.3 mg/L), and
nitrate (bdl-517 mg/L; Figure 34 and Figure 36). Of the 169 drinking water samples
I YEOUEUI EwbOwUTl PUWUUUEaOwWUT UT T woOl UwlOi T wOOUI wub
Bureau of Indian Standards, and 42 drinking water samples met the less rigorous
?x1 UOPUUPEOI wODOPUwWPOwWUT 1 weEUI OET wOi weOUI UOEUD
WHO guidelines showed 103 drinking water samples with violations, mostly for

fluoride, uranium, or nitrate.
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Figure 36: Boxplots of U and F - in collected drinking waters, sorted by lithology.  The
red dashed lines indicate WHO guidelines (provisional in the case of U) for each
species.
Multiple violations often occurred simultaneously in water samples. Focusi ng on
OT T wée' . zUwl UPET OPOI UOwWt wOOUEOWUEOXx Ol UWEOE wk t w
for more than one contaminant, especially for fluoride, uranium, and nitrate. This co -
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occurrence of contaminants could pose additional human health risks through what are
Bopp et al., 2018; Kortenkamp and Faust, 2018)While the present study does not
attempt to conduct a mixture risk assessment, such information could prove invaluable
in future water management and planning decision -making.

While high n itrate concentrations are a result of human activities, fluoride and
uranium are primarily geogenic in origin. High uranium concentrations in Indian
groundwater have been linked to oxidizing conditions affecting uranium solubility,
aquifer lithology, and H COs concentrations that promote the formation of soluble
uranyl carbonates (Singh et al., 2003; Brindha and Elango, 2013; Adithya et al., 2016;
Saini and Bajwa, 2016; Rishi et al., 2017; Mittal et al., 2017; Coyte et al., 201®revious
UUUEDI Uwl EYT wUUTT1 U0I EwUT EQwi OUOUDPET WEDOUEODOE
and is tied to aquifer lithology and water chemistry , with fluoride concentrations
controlled by fluorite (CaF 2) solubility (Handa, 1975; Jacks et al., 2005; Podgorski et al.,
2018) Nearly all of the investigated groundwater samples were undersatu rated with
respect to fluorite, primarily because of Ca sinks, such as calcite precipitation and ion-
exchange reactions. Consequently, fluoride is well correlated with species connected to
similar lithologies, like uranium, and those associated with ion ex change reactions, such

as boron and sodium. It is important to emphasize that the evidence for reverse base

exchange reactionsl demonstrate in this study suggests that this process is important for
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controlling the solubility (e.g., Ca removal) and thus th e occurrence of fluoride, boron,
and possibly other contaminants, in the groundwater.

Unlike in India and Pakistan where groundwater from the alluvial aquifers
contain high As (Chowdhury U K et al., 2000; Anawar et al., 2003; Nickson et al., 2005;
Farooqi et al., 2007; Farooq et al., 2011; Bacquart et al., 2012; Majumder et al., 2014;
Rahman et al., 2015) the data in our study indicate that arsenic is not a common
PEUwWOI EUUUI EwYDOOEUT EwUOT 1 uaBributezthis yorionariy @ihe U E wOi why
oxidizing conditions dominating much of the study area as demonstrated by the high
uranium abundance. Arsenic is more soluble under reducing conditions and thus the
coexistence of uranium and arsenic in groundwater is unlikely.

In addition to the water quali ty parameters commonly used to define the
suitability of water for the domestic sector, | also investigated additional chemical
parameters related to the potential formation of disinfection byproducts (DPBs). DBPs
are secondary chemicals formed when a disnfectant, like chlorine, is added to water to
remove pathogens and reacts with constituents in the source water, mostly organic
matter and halides. Among the numerous DBPs identified, many are known to be toxic
and/ or carcinogenic. Groundwater used for dr inking in the study area contains
relatively high concentrations of bromide (bdl to 4.81 mg/L), iodide (0.012 to 3.78 mg/L,

n= 10), and dissolved organic carbon (1.95 to 11.5 mg/L, n=34&igure 29, Figure 34, and

99



Figure 37). The presence of these halides and DOC could promote the formation of DBPs
upon chlorination of groundwater used as a drinking water source. Additionally, it has
been shown that nitrogenous waste, which is reflected by the high nitrate contamination
of the study groundwater ( Figure 34), can contribute to the formation of particularly
toxic DBPs (Shah and Mitch, 2012) As far as the authors are aware, DBPs are not
regularly monitored in chl orinated water in India, especially in rural areas. Therefore,
f OOUUI wOUUOUEDPT UwUT OUOEwWI YEOUEUIT wUT T wxOUUPEOI woOE
particularly in areas where groundwater is the major drinking water source.
Both natural and human factor s control groundwater DOC concentrations, and
bromide is mostly related to water source and evapotranspiration. lodine was measured
in a subset of groundwater samples from regions 2, 3, and 4 (n=5, n=28, and n=4,
respectively), and unlike bromide, iodine ¢ oncentrations can only partially be explained
by evapotranspiration. Concentrations ranged greatly by aquifer lithology and within
regions. Groundwater from the rhyolite aquifers of region 2 (n=4) had the highest |
concentrations, though the sample sizes were small. lodine was significantly correlated
PPUT wUOEDUOwm2xi EUOEOzVUwY4d wydt WAGEOUDBOGPDzUEU
qadwydt AAWDOEPEEUDOT wOI EUwb OE b OéxcrdBngaweaions. 0 a wE OU O
The important species of iodine in natural waters, iodide, iodate, and organic iodine are
all known to adsorb to organic matter and a variety of solids such as clay minerals (Neal

and Truesdale, 1976; Strickert et al., 1980; Ticknor and Cho, 190; Sheppard et al., 1995;
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Jia et al., 2018)Adsorption of iodine generally decreases with increasing salinity, and
under more oxidized conditions. Consequently, | propose that cycles of adsorption-
desorption from clay minerals, combined with oxidizing ¢ onditions (Coyte et al., 2018)
also control iodine content in this groundwater. Given that this freshening process
seems to affect the groundwater, | suggest that the relatively high iodine in the
groundwater and association with boron and sodium was also affected by this process. |
show that iodine was also highly correlated with I/CI (Figure 37), which suggests that |
concentrations were also impacted by evapotranspiration -dilution effects, in addition to

the water-rock interactions.
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Figure 37: lodine vs I/Cl. Though the data is limited, the correlation between I/Cl and

iodine indicates that evaporation is one of the processes affecting iodine
concentration in study groundwater.

4.4 Conclusions

Water quality in groundwater from several regions in Rajasthan is affected by
both naturally occurring (geogenic) and man -made contamination processes.| suggest
that most of the geogenic contaminants such as uranium and fluoride were mobilized
from aquifer rocks during weathering processes, with their concentrations in the
groundwater further increased by evapotranspiration during recharge of both meteoric
water and recycled groundwater for irrigation, as well as ion -exchange reactions with

clay minerals in the aquifers. Though these are ordinary geologic processes, many
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studies have shown that human activities, such as water use for agriculture, and
landscape changes can also enhance these process@Barnes and Raymand, 2009; Burow
et al., 2017; Jia et al., 2018 ombined, these processes have led to extensive
EOOUEOPOEUPOOwWPOWLIENEUUT EOzUwl UOUOEPEUI Uwmbdl 8
exceeded the WHO drinking water guidelines), posing risks to human health upon
consumption without treatment. While determining the actual human health impacts

from consuming water with high levels of multiple contaminants is beyond the scope of
this study, some studies have highlighted health issues in our study area. High rates of
Chronic Kidney Disease (CKD) in India (Rajapurkar et al., 2012)could be related to
uranium, and fluorosis related to fluoride intake has been described in Rajasthan
(Agrawal et al., 1997; Choubisa et al., 2001)

In light of the evidence for anthropogenic inputs to groundwater and reports of
bacterial contamination in grou ndwater used for drinking in Rajasthan (Suthar et al.,
2008) disinfection practices are important to protect human health from pathogens in
drinking water in Rajasthan. Water disinfection is alre ady in place for municipal water
in some large cities, but is rarely practiced on a smaller scale in rural areas. However, the
combination of high halide concentrations, specifically Br and I, combined with high
DOC reported in this study may pose higher r isks for the formation of disinfection

byproducts in chlorinated water, and thus health risks to the populations consuming

treated (chlorinated) water. The occurrence and distribution of disinfection byproducts

103



in treated water in Rajasthan should therefore be evaluated and monitored. While the

combined trihalomethane compounds (chloroform, bromodichloromethane,

dibromochloromethane, and bromoform, known as THM4) concentrations are regulated

in some municipalities in India, information on theirandotherD ! / Uz wEUIl wOOUwx UEO
available. Given the concentrations of halogens and DOC| found in many of the

investigated groundwater in Rajasthan, and the evidence for wastewater contamination

reported in this study, DBPs should be an important point of conside ration for future

water studies and water management in Rajasthan.

While this study is focused on specific areas in Rajasthan, the lessons are
universal; numerous groundwater resources in the developing world share similar
water quality issues like what | have observed in Rajasthan. Other parts of Northern
India may experience increasing water-scarcity and become more like Rajasthan in the
future, particularly due to continued groundwater overexploitation and a potential
decrease in precipitation related to climate change (Ashfaq et al., 2009; Asoka et al.,
2017) The combination of arid climate, existing geogenic risks where aquifer lithology
generates contaminants, and human activities all may lead to multiple water quality
issues and exacerbate the human healttrisks to the population that utilize groundwater

as the major drinking water source in northwest India.
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5. Occurrence and distribution of hexavalent chromium
in groundwater from North Carolina, USA

(Reproduced with permission from Science of the Total Environment, 2020, Volume 711,

Pages 135145. Copyright 2020 Elsevier; Supplementary Material in Appendix D)

5.1 Introduction

Chromium in aquatic systems occurs primarily in one of two oxidation states:
trivalent chromium (Cr(111)) and hexavalent chromium (  Cr(VI)). The speciation of Cr is
pH - and redox-dependent p* OUET WEOEwW2 UEUDEOE QuTriyalentOw, E- 1 DOO
chromium occurs as a cation that is dominated by insoluble hydroxide complexes, while
Cr(VI) occurs as the oxyanion species dichromate (CeO7?) and monovalent chromate
(HCrO ) below pH ~ 6.5, ard divalent chromate (CrO s2) above pH ~ 6.5 (Ko€E Tand
Stasicka, 2000). Generally, Cr(VI) is more water soluble and thus more mobile in
groundwater.

While historically assumed to be a strictly anthropogenic contaminant from
industrial or mining activitie s, recent literature points to ultramafic and mafic rocks as a
geogenic source of Cr(VI) in groundwater, which have elevated levels of Cr relative to
other rock types (Oze et al., 2007; Kazakis et al., 2015; Vengosh et al., 201&xperimental
work has shown that aqueous Cr(VI) production rates are primarily controlled by the
solubility and dissolution rates o f Cr(lll) from host minerals as well as the solution pH
(Oze & al., 2007). When manganeseiron oxides co-exist with Cr(Ill) -bearing minerals,

Cr(lll) oxidation by Mn(V) -oxides can occur on the mineral surface, yielding Mn(ll) and
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Cr(VI), which may then be mobilized into the aquatic phase (Oze et al., 2007; Trebien et
al., 2011; Kazakis et al., 2015Elevated Cr(VI) concentrations have been reported in
groundwater associated with ultramafic aquifers in California (Gough et al., 1989; Ball
and lzbicki, 2004; Gonzalez et al., 2005; Manning et al., 2015Arizona (Robertson, 1975)
Mexico (Robles-Camacho and Armienta, 2000), Argentina (Farias et al., 2003)Brazil
(Bourotte et al., 2009) Italy (Fantoni et al., 2002) and Greece(Tziritis et al., 2012; Kazakis
et al., 2015) In North Carolina relatively high Cr(VI) concentrations (up to 25 eg/L) were
measured in groundwater from igneous and meta -volcanic formations, but also from
aquifers associated with mixed or more felsic igneous and metamorphi ¢ formations
(Vengosh et al., 2016) In all of these cases, Cr(VI) was likely derived from a geogenic

source through water -rock interactions, rather than from an anthropogenic source.

An estimated 3.9 million residences in North Carolina rely on groundwater as their
primary source of drinking and domestic water (Dieter et al., 2017) Individuals and
families not supplied by public water rely almost exclusively on self -supplied
groundwater through private wells, and are independently responsible for monitoring
the water quality. Given reports of Cr(VI) concentrations above the advisory and
regulated standards in drinking water wells from some aquifers in the Piedmont region
of North Carolina (Vengosh et al, 2016), the objective of this study was to establish a
larger dataset to evaluate the Cr(VI) distribution and occurrence in groundwater across

North C arolina.
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The notion that Cr(VI) in groundwater can be widespread in a variety of aquifers
requires special attention since Cr(VI) is rarely part of routine groundwater quality
monitoring. Table 3includes Federal and North Carolin ian health guidelines and
regulations related to Cr(VI) in drinking water. In the U.S., the maximum contaminant
level (MCL) for CrT was established in 1991 at 100ug/L under the Safe Drinking Water
Act (SDWA). The maximum contaminant level goal (MCLG), a level designated to
protect public health from adverse effects, is also 100ug/L for CrT. Yet given that Cr(VI)
compounds are strong oxidizing agents and Cr(VI)) is recognized as a pulmonary
carcinogen, and is defined by the World Health Organization WHO) EUW? EEUEDOOT 1 ODP
CrT and Cr(lIV) (Cohen et al., 1993; Barceloux, 1999; World Health Organization, 2004;
Smith and Steinmaus, 2009; Saha et al., 2011)n 2014, California became the first state to
create a specific MCL for Cr(VI) when the California Department of Public Health
(CDPH) created a state MCL of 10ug/L Cr(VI). However, this limit was eventually
overturned by the Superior Court of Sacramento County because the CDPH did not
adequately document the economic feasibility of small water systems complying with
the Cr(VI) MCL, and Cr(VI) is now only regulated in California as Cr(T) with an MCL of

50 pg/L.

North Carolina officials have responded in a similar fashion to public concern

regarding Cr in drinking water. In 2013, North Carolina set a groundwater standard of
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10ug/L for CrT (Young, 2016) Public water supplies that service at least 15 connections

or that regularly serve at least 25 residents are consistently monitored and required to

meet the state and federal regulations. However, domestic (private) wells are not

subject to these regulations and any quality testing is the responsibility of the well

OPOI UUBw OUT OUTT wOOUwWI Oi OUET EEOT OwUT T w- " w#l xEU

(NC DHHS) has set health advisory level (NCHAL) of 0.07 pg/L for Cr(VI) in drinking

water (Dockham, 2015) The 0.07ul v + wi I EOUT wEEYDPUOUa woOl YI OQwi OGUw"

increased onein-a-million risk of an average person developing cancer as a result of

EOOUUODOT whl OOwWPEUTI UwOYI UwE wO@bckhand oonsu0i wE x x UOR
Since previous studies have linked the occurrence of Cr(VI) in groundwater to

aquifer lithology (Vengosh et al., 2016), | have evaluate these relationships in this study.

Specifically, this study aims to (1) determine the magnitude of Cr(VI) contamination in

groundwater with respect to the different advisory and drinking water regulations, and

(2) use knowledge from the dataset and geochemistry to explore different approaches to

predicting Cr(VI) in drinking water wells. Information provided by this exercise is of

great importance to regulators and homeowners who may be affected by Cr(VI)

concentrations above health recommendations, and provides some scientific insight into

mechanisms of Cr mobility.

Table 3: Health guidelines and regulation for Cr (V1)

Agency Threshold Enforceable
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US EPA 100ny/L as CrT Yes

North Carolina administrativ{ 10 ng/L as CrT (groundwate Yes
code only)

NC DHHS 0.07ng/L Cr(VI) No

5.2 Materials and Methods

The dataset used in this study was compiled from four sources: Duke University,
U.S. Environmental Protecton 1T 1 OEaz Uw4 OQUI 1 UOEUI Ew" OOUEODPOEODU
P$/ wid", 1t AwxUOT UEOOwWUT T w- OUUT w" EUOOPOEwW#1 xEUU
monitoring of public and private wells around coal ash ponds, and the U.S. Geological

Survey (USGS) National Water Information System (NWIS)(EPA), 2016; U.S. Geological

Survey, 2016)

5.2.1 Duke University data

Data from Duke University was generated through direct sampling of the
groundwater from private wells, springs, and monitori ng wells. For private wells and
springs, sites were selected through approaching homeowners in specific areas
combined with a self-selection process of homeowner requests. Monitoring wells in the
coastal region were obtained in collaboration with the North Carolina Department of
Environmental Quality (DEQ) who collected the samples and delivered them to Duke

for analysis in 2017. Some data from Wake County was collected in 2007 and previously
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published in 2009 (Vinson et al., 2009. The majority of Union County data was collected
in 2008 and 2012. All remaining data was collected from 20152018.

Wells were flushed until the physical parameters of the water stabilized,
indicating water representative of the raw groundwater dischar ging from the wellhead.
If a spigot was not accessible at the wellhead, the nearest spigot on the house was used
for collection, prior to any treatment. Monitoring wells investigated in this study were
flushed of water volume equal to three times the well volume prior to sampling.
Dissolved Oxygen (DO), pH, and specific conductivity (SPC) were measured in the field
at the time of sampling. Additionally, spatial measurements such as geographic
coordinates and, when available, well depth were recorded.

Samples for CrT measurements were filtered through a 0.45 micron filter,
collected in acid washed HDPE bottles, and acidified in the field to pH<2. Samples for
Cr(VI) measurements were not filtered, collected in acid washed borosilicate bottles, and
buffered in the field to ~pH 9.5. Chemical analyses were conducted at Duke University.
CrT was measured by VG PlasmaQuad-3 inductively coupled plasma mass-
spectrometer (ICP-MS), calibrated to the National Institute of Standards and Technology
1643e standard. The detetion limit of the ICP -MS was determined by dividing three
times the standard deviation of repeated blank measurements by the slope of the
external standard. Cr(VI) was measured as chromate according to a modified version of

U.S. EPA Method 218.6. This mehod is based on anion exchange chromatography on a
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3TT UOOwW2EDP]I OUPI PEow#bDOOl Row( OO/ EEaw 2AWEOOUOOW
detection limit (MDL) for chromate at 0.004 ug/L and a reporting limit of 0.012 ug/L

(Vengosh et al., 2016).

5.2.2 External data sources

Additional data for Cr(VI) and CrT concentrations in drinking water was
Ul OUDPI YT Ewi UOOwWUT T w$/ zUw4OUITUOEUI Ew" OOUEODPOE
(US EPA, 2018). Cr(VI) and CrT were two of the 30 contaminants measured as part of the
UCMR #3 program that was conducted from 2013 to 2015. Results from UCMR3 were
x UEODPUT | EwPOw) EOVUEVUA wOIl wl YA WEOEWEU]I WEYEDOEEOI
website (US EPA, 2018). Generally, each public water supply (PWS) had two separate
sample collection eventsE UUD OT wUT PUwUDOT QOwUT OUT T wUOOI w/ 62z U
event. CrT was measured under EPA Method 200.8 and Cr(VI) was measured under
EPA Method 218.7 (US EPA, 2018). While the dataset included zip codes for the
OOEEUDPOOU WOl wUT T w/ endtintluddldciGhiintoinatiorfor hed wd U WE D E
individual sampling points. Therefore, to confidently assign a subsurface geology
category for each sampling location, | linked the EPA dataset with a dataset provided by
-OUUT w" EVUOODPOE z Uw2 OU WgdmuSWAB)Itolbbiainiekhit ¢atvhsO U w/ U
To comply with Section 1453 of the SWDA Amendments of 1996, North Carolina
established a Source Water Assessment Program (SWAP) in 199NC DENR, 1999). One

x UOEUEUwWOT wOi 1T Ul wi i i OUOUWPEUWEWEOOXxOI Ul wbOYI OO0
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information sy stems (GIS). The GIS files for all active permanent drinking water sources
in NC as of 2015 are available for public download (NC DEQ, n.d.). Since both the
SWAP shapefile and the EPA table contained an attribute field for the PWSID, |
connected these two datasets to create a supplemental sukllataset of PWS entry points
with chemical and geographic data for inclusion in analysis.
#EUEwWi UOOWUT T w#$0zU0wOOO0OPUOUDOT wOIl wx UEOPE WEC
ponds was obtained through their online Coal Ash Archive. Samples taken outside of
North Carolina were eliminated. For wells that were sampled on multiple occasions,
only the most recent record was kept. Only records of samples taken before household
filtration were used. Several labs analyzed data for the DEQ and thus the dataset
contained multiple reporting limits for Cr and Cr(VI). Threshold reporting limits of 0.5
Mg/l and 0.03 pg/L were chosen for Cr and Cr(VI) respectively to be comparable with
the Duke and EPA data, and all samples with higher reporting limits were considered
not to have been analyzed (Table 1).
Data from the United States Geological Survey (USGS) was downloaded from
Uil w- EUPOOEOW6EUT UwOoUEODPUA w, OOD UAnonbradl) w" OUOEDOZ
. 00awUEOXxOlI UwET UPT OEUI EWEUW?EEET xUIl E> wpbUOT wUI x
DOEOUEIT Eb w%OUwPl OOUwWUT E0wl EYT wOUOUDBXxOI wal EUUWO

was kept.
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For datasets with multiple reporting limits (USGS and DEQ datasets), the highest
reporting limit within the dataset is used, and all values below that level are considered

to be below reporting limit.

5.2.3 Geospatial analysis

Mapping of water quality data, as well as extraction of geology and aquifer
information was conducted using ArcMap Version 10.5.1 with shapefiles from the North
Carolina Geological Survey (NCGS) and the North Carolina Department of
Transportation (North Carolina Department of Transportation GIS Unit, 2000; North
Carolina Geological Survey, 2007)

Exceedance probabilities are calculated as:

m
n+1

p =
Where p is the probability of exceeding a certain value, m is the number of values
in the dataset over that threshold, and n is the total number of observations.
OOwl UOUOEPEUI UwUUI WEGEwWx OxUOEUDOOWET EOT 1 wb
county -level water use estimates. To produce an estimate of the total groundwater
reliant population in a given county, the estimates for public supplied groundwater

populatio n and self-supplied domestic population were summed.

5.2.4 Geospatial analysis

Mapping of water quality The purpose of this model is to describe the relationship

between a dependent variable, in our case representing the Cr(VI) concentration, and a
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set of predictor variables (in our case pH, DO, SPC, and the location in the geologic belt).
An important feature of the dataset is that around 31 percent of Cr(VI) measurements
are censored to zero. To overcome this instrumental limitation, | employed Tobit mod el,

also known as a censored linear regression model, which takes censoring into account

*

Yi
by means of a latent dependent variable,”i , which is equal to the dependent variable

| wish to model when this is above the detection limit, and it is zer o otherwise.

Vi _yi*
Mathematically, the dependent variable  depends on its latent level Yi  through the

*

yi = max(y;,0) Vi
relation . I 'then model  using a standard Gaussian linear regression

* T
yi = x; B +eg

&;

Where the residuals are assumed to be normally distributed with constant

o2 (g;~N(0,0?) X; o

variance and where s the collection of predictors and s the
unknown noise level. In our analysis, all Cr(VI) measurements were assigned a
reporting limit of 0.0 3 ug/L, the highest in the dataset, bringing the total percentage of
censored values to 36%. Explanatory variables included SPC, belt information, DO, and

pH. Log transformation of the variables were applied to improve model fit.
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The baseline model uses dssolved oxygen (DO), specific conductance (SPC), SPC
squared and belt location dummies as the regressors. The quadratic term of SPC is
included to capture the non -linear effect of SPC on Cr(VI). To validate this specification,
| also tried other model specifications by including additional higher order terms and
more interaction terms. Information criteria AIC (Akaike information criterion) and BIC
(Bayesian information criterion) were used to select models. These criteria estimate the
relative quality of models to one another, taking into account, for example, the number
of parameters used as to avoid overfitting. The selected model is both parsimonious and
highly interpretable. Detailed regression results are discussed and reported below, and

in the supplement (TablesD2 and D3).

© USGS Other aquifer Northern Atlantic Coastal Plain aquifer system

A DEQ Castle Hayne aquifer Piedmont and Blue Ridge crystalline-rock aquifers
@ Duke Early Mesozoic basin aquifers Surficial aquifer system

B EPA

Figure 38: Locations of all data available in the presented water quality dataset
(n=1362), with different markers depending on data source. Samples are classified
according to the dataset from which th e observation was obtained. The basemap
shows USGS aquifer designations.

Table 4: Minimum reporting levels (MRL) based on analytical capability and the
corresponding sample sizes. *See section 2.1.2 for an explanation of the DEQ and
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42&2wWEEUVUEUI UUzw, 1+UBuw, I EVUUODI
to analysis) or unfiltered (not subject to filtration).

OUwUaxl wbUuwl PUT T U

Dataset | CrT type Cr(VI) MRL (CrT, | MRL n(CrT) |n
type Hg/L) (Cr(VI), (Cr(V1)
Ha/L)
DEQ Unfiltered | Unfiltered | 0.5* 0.03* 335 328
Duke Dissolved | Unfiltered | 0.27 0.012 612 248
EPA Unfiltered | Unfiltered | 0.2 0.03 317 317
USGS Dissolved | n/a 0.3* n/a 92 n/a

5.3 Results and Discussion

5.3.1 Magnitude and distribution of Cr(VI) in groundwater across
North Carolina

Table 5 summarizes the data by principal aquifer system based off of the Ground
Water Atlas of the United States from the USGS, andTable 6 shows the probability that
a generic well drilled in these aquifers wil | exceed 0.07 pg/L Cr(VI). Only one well in the
EEUEUI Owl EEw" UwOUw" Up5( AWEOOET OUUEUDPOOUWI RET I E
violated the NC groundwater standard of 10 pg/L for CrT. Around 54% of all wells
measured for Cr(VI) (470 out of 865) in the dataset exceeded the NC Health Advisory
Level (NCHAL) of 0.07 pg/L. The majority of exceeding wells (431 out of 470) are located
in the Piedmont; the NCHAL exceedance probability for Cr(VI) in the Piedmont is 66%
compared to only 18% from other aquifers. Greater Cr(VI) concentrations in Piedmont
aquifers is likely a result of higher Cr bearing geologic formations and/or

hydrogeological/geochemical conditions such as pH and DO that allow higher solubility

of Cr(VI).
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CrT Concentration (pg/L)

@® <0.50 O 1.01-10.00
O 050-1.00 @ >10.00
N 280
A [ ] Kilometers

Cr(V1) Concentration (pg/L)

@ <0.07 © 1.01-10.00 Castle Hayne aquifer Early Mesozoic basin aquifers
@ 007-050 @ 10.01-22.93 Piedmont and Blue Ridge crystalline-rock aquifers Surficial aquifer system
O 0.51-1.00 Northern Atlantic Coastal Plain aquifer system

Figure 39: Occurrence and magnitude of Cr(VI) and CrT in North Carolina
groundwater, overlying USGS aquifer designations.

Table 5: Distribution of the dataset examined in this study for total chromium (CrT)
and hexavelent chromium (Cr(VI) sorted by aquifer types.

Aquifer Total Chromium (n, Hexavalent Chromium (n,
median, max) median, max)

Castle Hayne 52 | <05 19.7 41 <0.03 0.27

Early Mesozoic basin 11 | <05 1.3 10 0.31 1.21

North Atlantic Coastal 199| <0.5 9.0 150 <0.03 1.04

Plain

Piedmont an@lue Ridge | 979 | 0.63 33.8 651 0.33 22.93

CrystallineRock

Surficial 23 | <05 0.1 13 <0.03 0.04

Table 6: Probabilities for the fraction of wells drilled in diffe rent aquifers in North
Carolina to exceed threshold values of 0.07 pg/L for Cr(VI) or 10 pg/L for all (both
Cr(VI) and CrT) Cr observations (defined as CrA)

| Aquifer | Probability of exceeding 0.07 |
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po/L for Cr(VI)
Castle Hayne 0.095
Early Mesozoic basin 0.55
North Atlantic Coastal Plain 0.21
Piedmont and Blue Ridge 0.66
Crystaline-Rock
Surficial No exceedances

5.3.2 CrT as a proxy for Cr(VI)

Cr(VI) and CrT are strongly correlated in that dataset as a whole (r2=0.91, p <
0.00QL, linear regression slope=0.9% The slope reported for groundwater analyzed by
Duke (slope of ~1.1, £=0.92, p < 0.0001) was higher than that ofhe data reported by the

EPA (slope of ~0.8420.90, p < 0.0001) or DEQ (slope of ~0.88;0.92, p < 0.0001) portion
of the dataset. This difference may be due to the difference in the sampling method¥/f)

and CrT among the datasets; while Cr(VI) was analyzed in water samples at Duke without

filtration in all cases (following EPMethod 218.6), CrT was analyzed in water that was
first passed through a 0.45 micron filter. This may suggest that solid particulates (i.e.,
colloids) in the unfiltered water samples contributed to a slight enrichment of Cr(VI)

relative to CrT that was analyzed from filtered samples. Though there are some deviations

below the 1:1 line, indicating contributions of Cr(lll)ttee overall CrT, 75% of samples in the
EPA and DEQ data are 50% or more Cr(VI). Overall, these results support the hypothesis that
hexavalent chromium is the predominant species of chromium in groundwater from aquifer

across North Carolin@/engosh et al., 2016)

Given the concerns about the health effects of consuming Cr(VI) in drinking teter,
correlation between Cr(VI) and CrT could make CrT a useful proxy or predictor for Cr(VI),
especially since there is significantly more CrT groundwater data available. CrT has long been a
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part of routine water quality monitoring and there is a widespabdity to measure it. There are
however two complications in using CrT for this purpose. First, CrT and Cr(VIl) may be reported
as either dissolved or total values. Reporting dissolved values is common in geochemical studies
while reporting total valueis more common in regulatory water quality monitoring. The higher
slope in the data that compared CrT dissolved to Cr(VI) total measurements relative to those that
compared both CrT and Cr(VI) total values indicate that there likely is some contribotion fr
particulate Cr, which is not being captured when dissolved values are reported. However, if the
level of concern is 0.07 ug/L, the problem of detection limits for CrT is more serious than filtered
vs nonfiltered. CrT is usually measured by IGFS, which often has a much higher detection

limit for CrT than the chromatography based methods for determining Cr(VI) concentrations.
That severely limits the ability to use CrT concentrations as a proxy or predictor for

concentrations of Cr(VI) in the low rangé&health recommendations.

Table 7: Correlation between CrT and Cr(VI) sorted by data source. The dashed line

represents a 1:1 correlation. Data from Duke University measurements (Duke, slope

ahd hOowUl 4Y 3 NI Owx egdaiey Goyitynynank danitoring Rulé prégéai

(EPA, slope ~0.84, r2=0.90, p < 0.0001), and North Carolina Department of

$O0YPUOOOI OUEOWOUEODPUazUwOOOPUOUDOT woOi wxUEOPEWE
ponds (DEQ, slope ~0.89, r2=0.92, p < 0.0001).
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5.3.3 Spatial approaches to predicting Cr(VI)
Spatial approaches to predicting groundwater contaminants have been used in North

Carolina and other places to predict distribution of geogenic contaminates such as radon and

arsenigPippin et al., 2003; Amini et al., 2008; Kim et al., 2011; Sanders et al., 2012;
Messier et al., 2015; Podgorski et al., 2018)rhough chromium in groundwater could be

derived from either geogenic anthropogenic sources, our data clearly show a higher proportion
of wells exceeding the NCHAL for Cr in the Piedmont, as well as higher Cr in general, when
compared with groundwater from Coastal Plain aquifers. Based on this, and previous work

looking atgeological associations of Cr in North Carol{v@ngosh et al., 2016)| suggest that

mostof the chromium in North Carolina groundwater is geogenic in origin. However, without a

large, spatially robust dataset it is difficult to create a good spatial model for the occurrence of

Cr(VI) for the entire state. As an alternative, a simple exceedamabability, commonly used in

hydrology, can be calculated for specific geologic formations where there is sufficient data. The

USGS aquifer systems described above are a useful generalization; however, there are significant
heterogeneities in aquifethiology within these categories, especially in the Piedmont. Hese

two different | ithological classifications des
capture more detail. Though the fAformahi ondo de
about some of the sites where chromium occurs, there are significant gaps in the data at this level

of specificity. The O6belté6é designation, on the
similar features and geologic characteristics. This esald to use more of our data and provides
coverage for most of the state, while maintaining some basic geologic infornhdisuwe

calculated exceedance probabilities for Cr(V1)>0.07 pg/L and CrT>10 pg/L for formations and

belts in cases where more thEhobservations were availabkégure 40: Maps of 0.07 pg/L
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exceedance probability for Cr(VI) by formation (top) and belts (bottom). North
"EUOOPOEZUwWUT Ul T wOEUT ibdktthapEdspldyd the eededanc® E U O EwdOOu
probabiities for Cr(VI) across the state on a formation and belt bBgissedance probabilities

of the 10ug/L CrT NC regulatory standard were low across all belt and formation

comparisons, whereas exceedance probabilities of the healthbased standard were

significant in several belts and formations.

There are 26 formations described by the NCGS, which have 10 or more observations for
CrT in our dataset, and 17 of which have 10 or nataservations for Cr(VI)Among these, 6 had
exceedance probabilities greatean 50% for Cr(VI1)>0.07 ug/L. All of these formations were
composed of intrusive or metamorphic, especially rgetaous, rocks. It should be noted that
among these there were several formations with a more felsic character. While Vengosh et al
(2016) ted aquifers with more mafic character to higher concentrations of Cr(VI), the new and
larger dataset shows that values above the NCHAL can occur also in lithologies with more felsic
character. The source of Cr in these more felsic formations is untleary be Cibearing
minerals within the formation, flow from other formations, or heterogeneities in aquifer lithology
not captured by geologic mapping.

Table 9 contains physical and statistical descriptions of the 9 belts fahwhiave data,

and tableD1 contains pralues for a Kolmogora®mirnoff comparison between the belts. The
beltwise comparison is broadly consistent with the formatitse comparison, indicating lower

Cr in the Coastal Plain, and higher Cr in metamorpklts of the Piedmont. The comparison also
offers some new insights. Though the data is somewhat spatially limited, it appears that the Blue
Ridge belt in the far west of the state may have lower median Cr and exceedance probabilities

than other belts wesf the Coastal Plain. Additionally, one sedimentary belt, Triassic Basins, has
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a high exceedance probability. The Triassic Basin aquifers have notoriously low storage and
yields, as they are claych and poorly sorted, so the diabase dikes that oc¢hisimrea are

sought after for drilling well§¢Stoddard et al., 2016; North Carolina Department of

Environmental Quality, n.d.) . Additionally, aeromagnetic data, as wellnagre recent

evidence from Sr isotopes has suggested that diabase dikes may be more prevalent in the some
parts of the state, particularly the Carolina Slate belt and Triassic Basins, than mapping would

suggestRagland et al., 1983; Watts etl., 2019) Diabase is an intrusive mafic rock, which

may be a source of chromium in wells from these areas.

One other |l ayer of geologic complexity whioc
geologic maps is the occurrence of manganese oxides inutieraqcks and overlying soil,
which are important oxidizers of Cr(ll{{Dze et al., 2007; Trebien et al., 2011However,
manganese contamination has been reported under reducing conditions in wells throughout the
Piedmont region, and it has beslrown that Mn oxides accumulate near the water table in these
areas as a result of soil weather{@illispie et al., 2016). Consequently, Qmobilization and
occurrence in groundwater would be depend on the Cr levels in the rock sources, combined with
manganese oxides presence in the soil and unsaturated zone that in turn enhance the oxidation to

Cr(VI) (Oze et al., 2007; Trebien et al.2011) The high abundance of manganese oxides in the

soil and unsaturated zone of the Piedn{@illispie et al., 2016) provides the meclmasms for

the formation of Cr(VI) in groundwater in North Carolina.
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Figure 40: Maps of 0.07 pg/L exceedance probability for Cr(VI) by formation (top) and
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Table 8: Median values and exceedance probabilities for formations with at least 10
observations for Cr(VI) or CrT, sorted by category.

Cr(VI) CrT 10
0.07 pg/L pg/L
n Median | exceedance | n | Median | exceedance
Category Formation Cr(VI) | [Cr(VI)] | probability | CrT | [CrT] | probability
Metamorphosed quartz diorite 124 1.20 0.94 143 1.5 no ex
Foliated to massive granitic
rock 30 0.56 0.84 74 <0.5 no ex
Metamorphosed granitic rock 21 0.15 0.55 26 <0.5 0.04
Biotite granitic gneiss 14 0.09 0.47 14 <0.5 0o ex
Metamorphosed gabbro and no ex
Igneous and | giorite 12 0.08 0.46 15 | <05
MELA-IgNeOUs | A mphibolite and biotite gneiss | 11 0.22 0.58 21 | <05 10 ex
Granitic rock 6 <10 n<10 11 0.57 no ex
Meta-volcanic rock 117 0.85 0.81 167 1.1 0.06
Amphibolite 0 n<10 n<10 11 <0.5 o ex
Felsic mica gneiss 106 0.04 0.30 142 | <05 0.01
Felsic meta-volcanic rock 30 <0.03 0.26 41 <0.5 no ex
Mixed | Biotite gneiss and schist 92 0.25 0.68 132 | 055 1o ex
metamorphic | cig Formation 19 0.05 0.45 88 0.74 0.06
melarz;rphic Muscovite-biotite gneiss 9 n<10 n<l10 11 <0.5 no ex
of unknown | Phyllite and schist 2 n<10 n<10 33 1.20 0.06
origin Floyd Church Formation 0 <10 <10 16 2.15 0o ex
Middendorf Formation 50 0.06 0.37 58 <0.5 no ex
Peedee Formation 46 <0.03 0.13 60 <0.5 o ex
Yorktown Formation and no ex
Duplin Formation. Undivided 38 <0.03 0.10 81 <0.5
Black Creek Formation 27 <0.03 0.04 33 <0.5 no ex
Pinehurst Formation 11 <0.03 0.17 11 <0.5 no ex
Sedimentary [ Comfort Member and New 0o ex
or surficial | Hanover Member, Undivided 10 <0.03 no ex 15 | <05
Surficial deposits, undivided 7 n<10 n<10 21 <0.5 1o ex
Terrace deposits and upland 0.07
sediment 5 n<10 n<10 13 <0.5
River Bend Formation 4 n<10 n<10 10 <0.5 no ex
Spring Garden Member-Castle 0.08
Hayne Formation 3 n<10 n<10 11 <0.5
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Table 9: Descriptions, median values, and exceedance proba bilities for major
geological belts in NC with at least 10 observations for Cr(VI) or CrT.

Cr(VI) CrT 10
0.07 ng/L ng/L
N Median | exceedance n | Median | exceedance
Belt Description | Cr(VI) | [Cr(VI)] | probability | CrT | [CrT] | probability
Moderately
metamorphosed
Kings volcanic and
Mountain Belt sedimentary
(KMB) | rock 32 0.615 0.82 33 0.96 1o ex
Charlotte and Intrusive and
Milton Belts meta-igneous
(CMB) rocks 336 0.735 0.77 472 0.98 0.03
Triassic Basins | Sedimentary
(TB) rocks 16 042915 0.65 26 <.5 no ex
Raleigh Belt Meta-igneous
(RB) rocks 107 0.18 0.63 212 <0.5 no ex
Inner Highly
Piedmont, metamorphosed
Chauga Belr. sedimentary
Smith River and igneous
Allochthon, rock with some
and Sauratown | younger granite
Mountain intrusions
(IPB) 51 0.084 0.52 71 <0.5 0.01
Metamorphosed
sedimentary
Carolina Slate and volcanic
Belt (CSB) rock 83 0.031 0.39 185 <0.5 0.03
Complex
mixture of
igneous,
sedimentary,
and
Blue Ridge metamorphic
Belt (BRB) rock 29 <0.07 0.30 33 <0.5 no ex
Primarily
marine
Coastal Plain sedimentary
(CP) rocks 204 <0.07 0.19 3l6 <0.5 0.01
Slightly
metamorphosed
volcanic and
Eastern Slate sedimentary
Belt (ESB) rock 7 n<10 n<10 8 n<10 n<10

5.3.4 Individual well targeted modeling

Spatial models for predicting contaminants in groundwater generally fail to resolve the

large spatial heterogeneity for nedlly occurring contaminant species; wells that are drilled only
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a short distance apart can have very different chemistry. This is particularly common in fractured
aquifers, like those in the Piedmont, where the water quality is controlled by local@mdit

the fracture that can vary along a short distgBemnett et al., 2000; Bonnet et al., 2001,
Smedley and Kinniburgh, 2002; Berkowitz, 2002; Ayraud et al., 2006; Harte et al., 2012)

Therefore building a prediction model for identifying high risk sites for Cr(VI) concentrations
above the heathased benchmark (i.e., >0.0@/L) is important for designing better monitagin
programs.

To design a model that predicts Cr(VI) concentrations in an individual welst first
determine what predictors would be useful. These predictors should ideally 1) be easy to measure,
2) have sufficient observation in our dataset, andeJ)Hysically related to Cr(VI) mobilization.
Belt geology, as detailed previously, meets all three of these criteria. In addition to the geologic

sources of Cr, other factors such as pH, redox conditions, and water rock interactions affect
Cr(VI) solubility and occurrence in groundwater conditigdeNeill et al., 2012; Oze et al.,

2007;Ball and Izbicki, 2004; Bourotte et al., 2009; Gonzalez et al., 2005; Robertson, 1975;
Tziritis et al., 2012). pH can be measured directly in the field. DO and SPC can also be
measured in the field and serve as proxies for redox conditions aedraek interactions,
respectively. In general, Cr(VI) concentration is expected to increase with increasing pH and DO,
and perhaps with SPC, though the information carried by this proxy is more nebuloud. When
look at the bivariate relationships between(Vl) and each of these three parametesgge that

linear relationships are eitheveak or norexistent Figure 41). There is no linear relationship
between pH and Cr(VI), but the highest concentrations of Cr(VI) do tend to loetween about

pH 6.2 and 7.3, as did the bulk of Piedmont groundwater. Little to no Cr(VI) was detected below

pH~5, likely because of increased sorption and greater tendency toward reduction under such
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conditions. Weak linear correlations were obsetyetveen Cr(VI) and both DO (positive) and
SPC (negative). The positive relationship with DO is expected as Cr(VI) is most favored under
very oxidizing conditions, and nearly all wells with appreciable Cr(VI) concentrations had DO
concentrations of >0.5. HE negative relationship with SPC may be related to an underlying
negative relationship between Cr(VI) and groundwater alkalinity, age, or other geochemical
parameters beyond the scope of this study.

Whenl divide observations from these field measurmaritsbins containing equal
numbers of observations, and compare the bin intervals to the proportion of samples exceeding
the NCHAL in that bin, clearergbterns appeagfror! Reference source not found).

Exceedances appear tori@ase with increasing pH to a point, and then sharply decrease. NCHAL
exceedances increase steadily with increasing DO before leveling off at a close to 100%
exceedance rate. And finally NCHAL exceedances appear to increase markedly with increasing
SPC affirst, before declining precipitously.

While bivariate linear relationships between these variablescar@ways conclusive
multivariate analysis, such as linear regression, may provide more information about the
combined relationship of these predictariables to Cr(VI), and the strong bivariate
relationships observed between the NCHAL exceedance probability and the predictor variables
indicate that this method should be able to predict if Cr(VI) in a given well will exceeded health
guideline concemations.

Tobit regression has long been used in economics to study censored data, and several

environmental studies have used it to study potential sources of nitrate in grourftfieatet

al., 1996; Lichtenberg and Shapiro, 1997; Gardner and Vogel, 2005)Jsing our chosen

predictor variables, our bags model is as follows:
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Cr(VD); = Bo + P1pH + B2 DO + B2 (pH = DO)
B SPC+ BsSPC? + ) yylpen, +e1
j

where Cr(VI), pH, DO, and SPC are all log transformed values of their respective
parameters (see Table S2 for coefficients). The quadratic term of SPC is included to capture the
nonlinear effect of SPC on Cr(VI1). The interactibetween pH and DO is included to capture in
the joint role of pH and DO in redox reactions.

This model produces an estimate for the concentration of Cr(VI) in a well water sample.
Though the model does not perfectly predict the magnitude of Cr(VIyivea sample, it is
capable to predict whether or not sample Cr(VI) concentration will be above 0.07 ug/L under
given combined conditions of . To testthis s e d -6neewtv@® cr oss validation
model is fitted using all samples but oned arprediction is made for that one sample. This
process of fitting the model and is repeated until a prediction has been made for every row in the
dataset. On the whole, the model performs very well, correctly predicting if a well is above or
below 0.07 1g/L Cr(VI) 84% of the timeFor comparison, if were to simply guess that all wells
were above 0.07 pg/L Cr(VI),would be correct 64% of the time. Additionally, the most
common type of error as predicting that a well was above 0.07 ug/L Cr(VI) when it was not
(9% of samples), rather than the more concerning case of predicting a well that is below the

health advisory level when it is really above it (6% of samples).
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Figure 41: Comparisons between pH, DO, SPC and Cr(VI) concentrations (top),
and fraction of samples exceeding the NCHAL for Cr(VI) (bottom).
respective linear correlations between Cr(VI) concentration and pH, DO, and SPC are

0.24, <0.000, and 0.002.
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Predicted
Cr(VI) >0.07 pg/L Cr(VI) < 0.07 pg/L

Actual
Cr(V1) >0.07 pg/L

Cr(V1) <0.07 pg/L

Figure 42 Confusion matrix showing the results of leave -one-out cross
validation on the baseline tobit model. Boxes show the percentage of predictions
which fell into each of the four possible predicted vs. actua | combination. For
example, if our model predicted a sample was over the NCHAL (predicted) when it
was in fact not (actual), it would go in the bottom left hand corner.

5.3.5 At risk populations

In order to evaluate the size of the at risk populatibasmbined our geospatial
exceedance probability framework with the recently released USGS estimates ofwisenty
groundwater use for 2015. Figure 7 clearly shows the how the two counties with the largest
number of groundwater users, Wake and Mecklenburgtizs (Figure S2), lie almost entirely in
belts with Cr(VI)>0.0T1g/L exceedance probabilities greater than 50%. The two counties also
had the greatest absolute population growth from 2010 to 2015. Table S2 lists all counties with

more than 50,000 groundvtea users, and the belts they are contained within. A significant
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number of these counties lie entirely or partially within formations of high Cr(VI) health
recommendation exceedance probabilities. As areas in these high risk belts continue to grow, it is
important that new developments, particularly in the growing suburban areas, are aware of the

risks with respect to Cr(VI) when planning their drinking water scheme.

Absolute Population Change, 2010-2015
(Thousands)
o -2.402-0.000
O 0.001 - 4.407
4.408 - 13.462 . 33.366 - 123.205

@ 13.463-33.365

.

Domestic Groundwater Users, 2015
(Thousands)

o 0.860000 - 17.092000
O 17.092001 - 35.962000
‘ 35.962001 - 69.027000 . 114.862001 - 210.283000

' 69.027001 - 114.862000

Figure 43: Maps of 0.07 pg/L exceedance probability for Cr(VI ) by belt overlain
by absolute population change from 2010 to 2015 (top) and estimated groundwater
users in 2015 (bottom). Note the large populations reliant on groundwater in counties
where Cr(V1)>0.07 pg/L exceedance probabilities are high.
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5.4 Conclusions

New data presented in this study shows that the likelihood of domestic wells
exceeding enforceable groundwater standards for CrT in NC is low, but nonetheless, a
significant number of wells do exceed the Health Advisory Level for Cr(VI), especially
in the Piedmont region. According to the North Carolina Health Department, the 0.07
Hg/L concentration corresponds to a 1-in-1-million lifetime cancer risk, and therefore, the
large number of exceedances of this threshold value indicates that there may be a
sizeable population at risk. Particularly vulnerable are individuals reliant on private
well water as opposed to public water utility, since private wells are not monitored in
the U.S., and information and guidance on water quality are limited. The results
presented in this study clearly demonstrate a widespread risk specifically for
individuals who consumed groundwater and reside in the Piedmont geological
province in the eastern part of the U.S. All of the approaches to predicting Cr(VI)
occurrence both gatially and in individual wells presented in this study should be used
for other areas with high risks of Cr(VI) in groundwater used for drinking, particularly

in the Piedmont region across the southeastern U.S.
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6. Factors controlling the risks of co-occurrence of the
redox-sensitive elements of arsenic, chromium,
vanadium, and uranium in groundwater from the eastern
United States

(Reproduced with permission from Environmental Science & Technology, 2020, Volume
54, Pages 436-A375. Copyright 2020 American Chemical Society; Supplementary

Material in Appendix A.)

6.1 Introduction

La Recent research focused on the effects of exposure to multiple contaminants,
EOQUOWOOOPOWEUWUT 1T w?O0PRUUUIT wiiil EU» Owl EUwxODPOUI
exposures (Cross et al., 2001; Bishayi and Sengupta, 2006; Villa et al., 2012; Ge et al.,
2014; Adebambo et al., 2015; Evans et al., 2016; Kortenkamp and Faust, 2018)rinking
water is one avenue through which people are exposed to a variety of chemicals on a
daily basis. As groundwater becomes an increasingly important source of drinking
water around the world, geogenic contaminants will similarly become more of a concern
for human health. Geogenic contaminants in groundwater that are mobilized from
interactions with aquifer rocks through naturally occurring processes may be
particularly prone to co -occurrence. Many elements of concern can share a common
geological source, such as arsenic andluoride in rhyolite aquifers (Rango et al., 2010)or
vanadium and chromium in mafic aquifers (Wright and Belitz, 2010; Kazakis et al., 2015;

Manning et al., 2015) In addition, ambient groundwater geochemistry can affect the
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solubility of certain elements, such as for redox sensitive elements (RSE) whose
solubility relies in large part on pH and redox conditions. Though potential synergistic
health effects of consuming common geogenic contaminants has not been systematically
studied, available evidence for some co-occurring metals and metalloids suggests that
there is the potential for increased health effects(Cross et al., 2001; Ge et al., 2014;
Adebambo et al., 2015)

In North Carolina, concentrations of the RSEs (U, V, As, and Cr) have been
individually reported at concentrations exceeding health guidelines in groundwater
(Kim et al., 2011; Chapman et al., 2013; Young, 2016; Vengosh et al., 2018Yhile health-
based guidelines have long been in place for As and U, the U.S. Environmental
Protection Agency (US EPA) has no maximum contaminant level (MCL) or maximum
contaminant level goal (MCLG) for V or the more toxic form of Cr, Cr(VI) ( Table 10)
(United States Environmental Protection Agency, 2012). In absence of a federal standard,
several gates have developed their own health-based recommendations for Cr(VI) and
V in drinking water in recent years (Young, 2016; California State Water Quality Control
Board, n.d.).

Arsenic can occur in high concentrations under both reducing and oxidizing
conditions (Nicolli et al., 1989; Robertson, 1989; Chowdhury U K et al., 2000; Smedley
and Kinniburgh, 2002; Guo et al., 2008) Under reducing conditions, arsenite (As(lll))

predominates as the uncharged HsAsOs and the oxyanion H2AsOs (pKa=9.3; Figure 1)
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(Johnson et al., 200Q)Under oxic conditions, arsenate (As(V)) is the main species, which
is composed of HsAsO4, H2AsO4, HAsO 4z, and AsO43* with pKa dissociation constants of
2.25, 6.98 and 11.58, respectivelyHigure 44) (Nordstrom et al., 2014). As(V) tends to
adsorb at near neutral pH values and below with the strongest adsorption at pH ~4.
Elevated As concentrations have been reported in different types of aquifers, including
igneous (volcanic and granitic) and sedimentary (sandstone and delta) (Nicolli et al.,
1989; Chowdhury U K et al., 2000; Smedley et al., 2002; Smedley and Kinniburgh, 2002;
Anawar et al., 2003; Rango et al., 2010; Merola et al., 2015; Guo et al., 2018he aquifers
of the major delta systems in southeastern Asia are some of the most extreme cases of
geogenic As, where it occurs in reducing alluvial aquifers (Chowdhury U K et al., 2000;
Smedley et al., 2002; Anawar et al., 2003; Nickson et al., 2005iigh concentrations of As
have also been reported in oxidizing, usually alkaline groundwater, similar to U, V, and
Cr (Nicolli et al., 1989; Robertson, 1989; Del Razo et al., 1990; Smedley et al., 2002)
Uranium is highly soluble in oxidizing groundwater as hexavalent uranium
(U(VD), where it tends to form carbonate complexes (Figure 44) (Ching-kuo Daniel Hsi
and Langmuir, 1985; Villalobos et al., 2001; Dong and Brooks, 2006; Alam and Cheng,
2014) Sorption/desorption processes, speciation formation, and mineral dissolution may
also play a role in U occurrence in groundwater. Even under oxidizing conditions, U
may adsorb on to mineral surfaces, especially near neutral pH in absence of strong

complexing agents. However, the presence of strong complexing agents, such as
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carbonate or organic ligands, will greatly inhibit adsorption (Ching-kuo Daniel Hsi and
Langmuir, 1985; Kohler et al., 2004; Dong and Brooks, 2006; Alam and Cheng, 2014)
Uranium in groundwater is most commonly associated with ox ic groundwater from
granitic and granitic -derived sedimentary aquifers, as well as arid to semiarid closed
basin systems(Dekkers et al., 1989; lwatsuki and Yoshida, 1999; Frengstad et al., 2000;
Warner et al., 2011; Brindha and Elango, 2013; Guo e#l., 2016; Coyte et al., 2018)The
reduced tetravalent uranium (U(IV)) is not very soluble and thus U concentrations are
typically lower in suboxic groundwater.

Chromium occurs in natural waters as either trivalent chromium (Cr(lll)) or
hexavalent chromium (Cr(V1)). Cr(lll) occurs as a cation, and the hydroxide phase is
mostly insoluble, while Cr(VI) occurs as a soluble oxyanion, either as chromate (CrO4?)
or dichromate (Cr20+?). In natural waters, two Cr(VI) oxyanion species predominate, the
monovalent HCrO « below pH 6.5, and divalent CrO 4 above pH 6.5 (Figure 44)
(Smedley et al., 2002) Elevated Cr(VI) concentrations typically occur in alkaline and oxic
groundwater and have been associated with aquifers composed of mafic and ultra-mafic
rocks (Gough et al., 1989; Fantoni et al., 2002; Kazakis et al., 2015; Manning et al., 2015;
Izbicki et al., 2015) Significant sorption of Cr(VI) occurs at pH less than 7, especially on
to iron oxides and hydroxides (Rai et al., 1989; McNeill et al., 2012)Fe(ll), organic

matter, and H2S can all serve as reductants for Cr(VI), and Mn oxides are important
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oxidizers of Cr(lll) to Cr(VI) (Rai et al., 1989; Johnson and Xyla, 1991; Oze et al., 2007,
McNeill et al., 2012).

Vanadium occurs as trivalent, (V(ll)), tetravalent (V(IV)), or pentavalent (V(V))
species in natural water. V(V) species are the most soluble, where V forms the oxyanion
species HVO4 under typical natural pH conditions ( Figure 44) (Wright and Belitz,
2010) The occurrence of V in groundwater depends on the precipitation/dissolution of V
bearing mineral phases, adsorption/desorption, and chemical transformations (changes
in oxidation state) under varying redox and pH conditions. At pH less than 6, under
suboxic conditions, V(V) may complex w ith organic matter and be reduced to V(IV),
while still being mobile (Wanty and Goldhaber, 1992) High V concentrations have been
reported for groundwater from California under oxic and alkaline conditions, derived
from mafic and andesitic aquifer rocks (Wright and Belitz, 2010; Wright et al., 2014).

Previous studies have shown that the principal source of As, Cr, and U in
groundwater from the eastern U.S. is geogenic, mobilized from the local aquifer
material.1214.5253VVanadium has been shown in California to have a similar mafic rock
source to Cr.1144 | hypothesize that the occurrence of these RSEs is mostly controlled by
lithological source combined with pH and redox conditions, which are generally
interconnected through:

Oxidized Species + ¢ H* « - Reduced Species Q)
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Through a geochemical investigation of 1494 groundwater wells in North
Carolina (Figure S1), this study aims to (1) determine the distribution of the four RSEsin
groundwater and relationships to the aquifer lithology, and evaluate the role of aquatic
geochemistry, in particular pH and redox conditions, on the occurrence of RSEs in the
groundwater; and (2) quantify the probability of individual and co -occurrence of the
four RSEsin groundwater across the different aquifer systems of North Carolina. While
previous studies have presented the individual occurrence of these elements, here, for
the first time, | present their co-occurrence in North Carolina and t he possible factors
that control their co -occurrence in natural conditions of the aquifer systems of eastern
U.S.

Table 10: Regulatory and health guidelines for Cr, U, V, and As. The EPA MCL
(Maximum Contaminant Level) is enforcea ble in public water systems, whereas the

MCLG (Maximum Contaminant Level Goal) and NCHAL (North Carolina Health
Advisory Level) are health based recommendation levels.

EPA MCL (ug/L) | EPA MCLG NCHAL (ug/L)
(ug/L)
Chromium 100 100 0.07 (as Cr(VD)
Uranium 30 zero -
Vanadium - - 0.3
Arsenic 10 zero -
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Figure 44: Simplified Eh -pH diagrams of V, Cr, As, and U based on concentrations of
10%M for each element, and HCO s activities of 10 -28 using thermodynamic data from
the Lawrence Livermore National Lab database . The grey area represents the range of
95% of the pH values for the dataset of this study. Figure constructed using the
20UET O0wYT UUDPOOWO! w3l i wail OET1 OPUUZzUwe6 O

OEIl OEIT o

139



6.2 Materials and Methods
6.2.1 Field area description

North Carolina can be broadly divided into the Coastal Plain, Piedmont, and
Blue Ridge Provinces. Aquifers in the Coastal Plain and mostly made up of permeable
sands and limestone, with clay-rich confining units. The Piedmont and Blue Ridge (PBR)
Provinces are primarily underlain by igneous/ metamorphic rocks. Depending on the
location, groundwater in the PBR Provinces may be found in the regolith (especially the
lower weathering zone known as saprolite), fractured bedrock, or the transition zone
between the two, though most modern wells are being drilled and screened into the
bedrock.14 North Carolina geology is further divided into belts, according to
designations from the North Carolina Geological Survey (Figure S1).54 The Blue Ridge
Province comprises the Blue Ridge Belt, Grandfather Mountain Window, and Murphey
Belt, and the Coastal Plain is represented by the Coastal Plain Belt. The remaining seven
belts make up the Piedmont, which is mostly composed of metamorphosed sedimentary
and igneous rock along with masses of intruded igneous material, both mafic and felsic
(Table S1). The exception is the Triassic Basin aquifers, which are sedimentary aquifers
composed of shale, sandstone, and siltstone rocks that are often interbedded or intruded
by igheous material. Diabase dikes in particular are an important source of water in the
Triassic Basins as the sedimentary rocks are characterized by low permeability3s Belts

are further subdivided into formations in the state geological map. | have combined
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6.2.2 Data Sources
Data were generated through sampling of the groundwater from private wells,
springs, and monitoring wells across North Carolina. A total of 604 samples were
collected by Duke University between 2007 and 2018, including some that have been
previously published (Vinson et al., 2009; Vengosh et al., 2016; Coyte et al., 202@ther
data sources include the EPA UCRM3 (n=317), which was conducted from 2013 to 2015,
the United States Geological Survey (USGS) (n=207), iesenting data from 1998 to
| YWKOWEOEwWUT 1 w2UEUI wOl w- OUUT w" EUOOPOEzZ Uw#1 xEUU
monitoring of wells near coal ash ponds in 2015 and 2016 (n=366JEPA, 2016; U.S.
Geological Survey, 2016) for a total of 1494 wells sampled. In cases where a well was
sampled more than once, only the most recent analysis was evaluated in this study. Data
from Duke University and the NC DEQ include total Cr, V, As, and U in addition to
Cr(VI). Data from the EPA UCMR3 include total Cr and V, in addition to Cr(VI). Data
from the USGS include total Cr, U, V, and As. Table S2 provides more details about data

obtained from sources other than Duke University.

6.2.3 Sample Collection and Analysis

For domestic pumping wells sampled by Duke University, wells were flushed

until the physical parameters of the water stabilized to represent aquifer conditions.
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Monitoring wells were flushed of water volume equal to three times the well volume
prior to sampling. S amples from private pumping wells were collected prior to any
treatment. Dissolved oxygen (DO) and pH were measured in the field using YSI
EcoSense® probes. Field measurements were made while water was running from a
submerged hose into a small (1:5 gal) bucket, which was continuously overflowing to
limit equilibration with the atmosphere. Samples for major cations and anions were
filtered through a 0.45 micron mixed cellulose esters (MCE) membrane filter in the field
before collection. Bicarbonate concentation was calculated from alkalinity titrated to pH
4.5. Major anions were measured by ion chromatography on a Dionex IC DX-2100.
Major cations were measured by direct-current plasma optical emission spectroscopy.
Samples for trace metal analysis were fitered in the field with a 0.45 micron filter and
preserved to pH<2. Trace metals were measured by VG PlasmaQuad3 inductively
coupled plasma mass-spectrometer (ICP-MS), calibrated to the National Institute of
Standards and Technology 1643e standard. Cr(Vl)was taken as an unfiltered
measurement and measured as chromate according to a modified version of U.S. EPA

Method 218.6. For more detail on the analytical techniques see Vengosh et al.

6.2.4 Statistical Analysis

All bivariate correlations were based on non-parametric spearman correlations.
Comparisons between mean values were based on the nosparametric Mann -Whitney

test. Exceedance probabilities are calculated as:
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m
n+1 (2

p:

Where p is the probability of exceeding a certain value (in our case the highest
detection limit in our dataset), m is the number of values in the dataset over that
threshold, and n is the total number of observations. For maps, only belts with at least 10
observations were considered to have sufficient data for reporting an exceedance

probability.

6.3 Results and Discussion
6.3.1 Geochemical Setting

Most groundwater in this study was composed of Ca -Mg-HCO s water type
(Figure E2). 95% of pH values ranged from 5-8.1, with slightly more acidic median pH in
the PRB and close to reutral median pH in the Coastal Plain (Figure E3). To infer the
redox state of the groundwater, a simplified framework to the one proposed by
McMahon and Chapelle (McMahon and Chapelle, 2008)was used, in which samples
with DO >0.5 mg/L were considered oxidizing so long as their Mn concentrations were
below 0.05 mg/L and their Fe concentrations were below 0.1 mg/L. Samples with Mn
concentrations >0.05 mg/L and/ or Fe concentrations >0.1 mg/L were considered
suboxic, so long as their DO concentrations were <0.5 mg/L. Samples which do not
EOOI OUOWUOwWUT PUwWi UEOT b OU O wbsubbkiagtbuinbwaterUzi7E w0 O wE U w
samples from the Duke University and NC DEQ portion of the dataset had sufficient

data to classify this way. In the Coastal Plain (n=95), 41% of samples were of a mixed
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redox environment, 32% were classified as oxic, and 27 were classified as suboxic. In the

PBR (n=680), 22% were classified as mixed, 68% were classified as oxic, and 11% were

classified as sulbxic. In both the Coastal Plain and PBR groundwater, pH tends to be

OOUI WEOOEODPOI wbOwoOOP w# . whi OO0 Uuddhwealue<0.01u2 KOwOYI U

6.3.2 RSE Occurrence in Groundwater throughout North Carolina
Several studies have addressed the réationships between Cr and As occurrence

and aquifer lithology in North Carolina (Pippin et al., 2003; Vengosh et al., 2016;

Dinwiddie and Liu, 201 8), while U and V occurrences in groundwater have been

commonly associated with granitic or alluvial and mafic aquifers, respectively

(Andersen et al., 2009; Brindha and Elango,2013; Wright et al., 2014; Coyte et al., 2018)

Concentrations of U, Cr, and V were higher in groundwater from the PBR belts relative

to that in the Coastal Plain (Figure 45). The median concentration of As was higher in

groundwat er from the Coastal Plain than in the PBR belts (p-value=0.05; Figure E5),

though the vast majority of EPA MCL violations occurred in the PBR belts.

Uranium concentrations ranged from below detection limit (bdl) to 250 ug/L in our

dataset (n=720), with 1%o0f samples above 30 pg/L (the US EPA MCL) and 23% of

samples above 0.5 pg/L. Uranium concentrations over 0.5 pg/L (the detection limit in

our dataset) were found in groundwater from a variety of aquifer lithologies, but

median U concentrations were highest in granitic rock aquifers, which also hosted the
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highest U concentrations in the investigated groundwater (Figure E 6). The Raleigh Belt
had the highest probability of exceeding 0.5 pg/L for U in groundwater ( Figure 46).
Arsenic concentrations ranged from bdl to 108 pg/L (n=1053), with 6% of samples above
10 pg/L (the US EPA MCL) and 26% of samples above the detection limit of 0.5 ug/L.
The top 1% of As concentrations occurred in the Cid Formation (a metamudstone
formation), phyl lite and schist, and felsic mica gneiss formations that are part of the PBR
belts. The highest median As concentrations were measured in groundwater from the
phyllite and schist and Cid Formation formations, followed by metamorphosed felsic
formations (fel sic metavolcanic rock and felsic mica gneiss) (Figure E7), which is
consistent with previous reports (Boyle and Jonasson, 1973; Smedley and Kinnibrgh,
2002; Rango et al., 2010)n addition, relatively high As was also measured in
groundwater from different formations in the Triassic Basin, though the dataset from the
Triassic basin has limited observations. Phyllite rocks are generally high in As, and
previous studies that have linked high As occurrence in groundwater to
metasedimentary aquifers in the greater Piedmont region. The association with felsic
metavolcanic rock is also consistent with previous studies in North Carolina and
elsewhere (Smedley and Kinniburgh, 2002; Dinwiddie and Liu, 2018) .The highest
probability of exceeding 0.5 pg/L for As was in the Carolina Slate Belt (Figure 46; Table

E4).
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Chromium concentrations ranged from bdl to 109 ug/L in the dataset (n=1348),
with a single sample above 100 pg/L (the US EPA MCL) and 45% of samples above the
detection limit of 0.5 pg/L. The top 1% of Cr concentrations were measured in
groundwat er from a variety of formations, including metamorphosed granitic rock, Cid
Formation, metavolcanic rock, felsic mica gneiss, and terrace deposits and upland
sediments. However, the highest concentrations were detected in groundwater from
metavolcanic rock formations in the Charlotte and Milton Belts, which are composed of
metamorphosed mafic and felsic volcanic rock. It has been shown that the majority of
the dissolved Cr in groundwater across NC is composed of hexavalent chromium
(Cr(VI)) (Coyte et al., 2020) Vanadium concentrations ranged from bdl to 29 ug/L, with
68% of samples above 0.5 ug/L. The tp 1% of V concentrations were found in
groundwater from metavolcanic rock, felsic metavolcanic rock, Cid Formation, and
Pekin Formation formations, with most of these highest concentrations occurring in the
metavolcanic rock formations in the Charlotte and Milton Belts. The highest median Cr
concentrations were detected in groundwater from the metamorphosed quartz diorite,
phyllite and schist, metavolcanic rock, and Cid Formation formations (Figure E 8), while
median V concentrations were highest in groundw ater from metamorphosed quartz
diorite and metavolcanic rock formations (Figure E9). Metamorphosed quartz diorite is
of intermediate composition between mafic and felsic, but descriptions of the

metavolcanic rock and Cid Formation formations indicate that there are mafic rocks
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throughout these formations (North Carolina Geological Survey, 2007), which may be
the source for both Cr and V in the local groundwater. Alternatively, shale and clay
layers tend to have higher concentrations of Cr and V than the bulk aquifer rock s other
than mafic, and could also be the source of Cr and V(Turekian and Wedepohl, 1961).
The highest probability of exceeding 0.5 pg/L was in the Kings Mountain Belt for both

Crand V (Figure 46, Table H).

6.3.3 Relationships with pH and redox

In addition to the aquifer geology, pH and redox conditions are expected to
influence the occurrence of the gudied RSEs in groundwater. Rather than evaluating
absolute elements concentrations, binned exceedance proportions were used in order to
normalize for the geological factor, which plays a large role in the magnitude of RSE
occurrence. Bins were created wiif wi GUEOwWOUOET UUwWOI wbpl OOUWEEEOUE
Formula:
@ a 2801 (3)
where k is the number of bins and n is the sample size.l use 0.5 pg/L as the exceedance
threshold as this is the highest reporting detection limit for all of the RSEsin our dataset,
and is a concentration that should be measurable by a variety of modern
instrumentation (e.g., ICP-MS).

3T T wxUOxOUUDPOOWOI wigh dreréaseswitlk PH{Higure E10)a wy 6 k w
However, since pH increases with decreasing DO (an indicator of redox environment,

147



9 &.47, pval<0.01) inthe study groundwater (Figure E 4), the relationship between As
with pH may be an artifact of the DO -pH relationship. A similar phenomenon was
observed in Californian public supply wells, and was interpreted as likely being a
function of groundwater age (lzbickietal., 20156 w31 1 wbOEUI EUDOT wi Ul gUI1 OF
Mg/L with increasing pH was observed in groundwater from the three redox categories
(oxic, sub-oxic, and mixed), indicating that it is not simply an artifact of the relationship
between pH and redox conditions. This points to adsorption and desorption reactions
being an important control on the As occurrence in NC groundwater, which is common
for lower concentrations of As in natural waters (Smedley etal., 2002) w UUI OPEwa wy d k
was found most frequently in groundwater classified as being of mixed redox character
(43% of OPRT EWUEOXx Ol Uwli EEw VUwawydkwsl v+ AOwi OOOOPI E
TEEw Vwawydkwsl v+ AOWEOEWORPE wpht 0 wdOi wORDE wUE O x
speciation was not measured in this study, as a charged species arsenate is more affected
by adsorption/ desorption reactions than arsenite.
The proportion of samples with U concentrations of 0.5 pg/L or greater also
increases with increasing pH, though not as clearly as with As (Figure E10). Uranium
concentration is expected to increase with pH because of desorption, similar to As,
though HCO s concentrations, which are correlated with pH, may be a confounding
factor due to the formation of soluble uranyl carbonate complexes (discussed below).

The relationship between frequency of U detection and pH becomes less clear when
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looking at the individual redox categories, which implies that the relationship between

x' WEOEwWUI EORWUUEUTI wNOPOUOawhbOXxEEUWUT 1T ws wOEEUUU

frequently in groundwater classified as being of oxic redox character (30% of oxic

UEOx Ol Uwl EEw4d wawyYdkwsT v+ AOwi OO000OPT EwWEawObRIT E w

EOQOEWUUEORPE wpl i wOi wUUEORPEWUEOXx Ol Uwi EE w4 wa wy 8
The proportion of samples with concentrations of both V and Cr of 0.5 pg/L or

higher incre ase with increasing pH until near ~6.5, and then decrease (Figures EO).

However, this trend only exists in the oxic groundwater for Cr and V, while this trend

for V is weak. One explanation for this could be increased adsorption for Cr below

neutral pH, b ut the subsequently lower occurrence of both elements above pH ~6.5 is

contrary to expectation of desorption at higher pH. It is thus likely that other factors,

including redox state of the groundwater, play a larger role in the occurrence of both

elementsd w" Uwa wydk ws 1T vy+wbEUwi OUGEwWOOUUwWI Ul gU1 600a w

OPRI EWUEOxOI UAOWEOEWUUEORPEwWm! + 0 wOi wWUUEORDPEAS w

inT UOUOEPEUI UWEOEUUDPI Pl EWEUWET POT wOi wORPEwWUI EOR

0.5 pg/L), followed by mixed (57% of mixed samples), and suboxic (29% of suboxic

samples). The more reduced species of both elements (Cr(lll), V(IV) and V(IIl)) are all

significantly less soluble, tending to precipitate out or adsorb to mineral surfaces, with
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the limited exception of V(IV) complexed with organic matter (Wanty and Goldhaber,

1992)

6.3.4 The role of other hydrogeological and geochemical factors in
RSEs occurrence

In addition to the lithology, pH, and redox environment, competing ion effects,
complexation, and hydrogeological factors may also impact RSEs occurrence in
groundwater. Dissolved silica (as Si) and HCOs both could compete with the studied
RSEs for sorption sites, or alternatively affect adsorption through complexation. The
competitive effect is usually a function of 1) affinity for surface sites; and 2) the relative
concentration of the competing species. Both Si and HCQ have been shown to
outcompete Cr and As for sorption sites, and both occur at concentrations orders of
magnitud e higher than any of the studied RSEs(Villalobos et al., 2001; Smedley and
Kinniburgh, 2002). Additionally, carbonate can also compete with sorption sites to
complex some metals, like uranium. Cr and V were both positively correlated with Si
concentration (p-Y EOUT U@GY S8 YhOwY4al | wEDEwWK! wUI Uxi EUDYI Oa A«
negatively correlated with Si (p-Y E O U1 U 3¥3G&iydrid tespéctively). | observed a
xOUPUPYI wOUI OEwET UpI 1 Owi UEEUDPOOUWOI wkpl OOUwa wyd
betweeni UEEUDOOU WOl wbil OOVUwawydkwsl v+w UWEOEwW2DwbO
groundwater fractions of the data (Figure E11). There were no clear trends within any of
the other redox fraction, or with Cr or U. Conversely, HCO s was weakly negatively

correlated with Crand V (p -Y E O U1 U & y8Gaidhi6 respéctively) and positively
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correlated with Asand U (p-YEOUT UQY 8 YhOwYda Kt wEDOEw! | wUl Ux1 EUD
Hg/L exceedances for Cr and V were highest around 50 mg/L HCOs and much lower at
higher concentrations of HCOs. In contrast, exceedances of 0.5 pg/L for U and As were
highest above 50 mg/L HCOs (Figure E12). The relationship with HCO s is complicated
by the correlation between pH and HCO s, which is stronger than the relationship
between any of the studied RSEs and HCOs (p-Y EOUI Y8 YhOwdad kt A8 w
While the entire dataset provides a large amount of information, it relies heavily
on domestic drinking water wells, which usually lack well screening depth and/or water
level information. In order to address this issue, | have investigated the geochemical
variations of groundwater from 21 monitoring wells the Duke Forest and Orange
County (see appendix E, Table B3), where well screening depth and water level at time
of sampling are both known. The distance from the depth of the well sc reen top to the
depth of the groundwater table at the time of sampling (S -W) gives a measure of the
depth relationship between the groundwater level and the water sampled in the aquifer.
Higher As concentrations were observed with increasing negative S-W (i.e., deeper
groundwater with respect to groundwater table), but only in wells drilled into m  afic
extrusive geology (Figure E13). Higher U concentrations were also detected with
increasingly negative S-W, but this trend only appears in one of the granodior ite well
nests, he DF-3 artesian wells (Figure E13). In contrast, the highest concentrations of V

and nearly all detectable Cr(VI) (used here instead of Cr because of lower detection
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limits) concentrations were detected in wells where the groundwater was collected from
depths close to the groundwater water table level (i.e., high negative or positive S-W
values; Figure E13). The top of the screen of well DF2CH, which has the highest Cr(VI)
concentration among the monitoring wells (3.72 pg/L) was above the groundwater table.
For both V and Cr, this trend applies for all monitoring wells, regardless of if they were
screened in the saprolite, transition zone, or directly in the bedrock. One possible
explanation for this is that shallow groundwater, closer to the depth of groundwater
table, are more likely to be oxidizing, which favors the solubility of Cr(VI) and V(V).
Another possible explanation is that close to the water table there may be more solid
phase manganese oxides to catalyze Cr oxidation, which ha been widely recognized as
an important pathway for Cr oxidation. Gillispie et al showed that chemically reactive

Mn oxides accumulate near the water table in the weathered saprolite in the North
Carolina Piedmont. Cr oxidation catalyzed by Mn oxides coul d explain the higher Cr(VI)
concentration in this zone, and especially the well with orders of magnitude higher

Cr(VI) than any other monitoring well, including other wells in the same cluster and
aquifer lithology. McClain et al, 2019 (McClain et al., 2019) observed similar increases in
"UJwlOl EUwUT T whPhEUI UWUEEO]I wPhPOWEOWEOOUYPEOWE@UDI T U
production by enhanced Cr(lll) dissolution due to nitrification -induced acidification and
subsequent oxidation by Mn-O 8 B E 1 U 208ldb@ bnBriteresing line of future

investigation in more agricultural parts of North Carolina, though the typically long
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screens in domestic wells mean that monitoring wells would be needed for study. It is
unclear however if this could play a role in V occurrence in groundwater, as to our
knowledge, no connections between V oxidation and Mn oxides have been shown in the

literature.

6.3.5 The co-occurrence of multiple RSEs and gaps between
regulation and health recommendations.

Given the potential healt h effects of consuming drinking water with elevated
concentrations of the RSEs studied here] investigated the co-occurrence of As, U, Cr,
and V at concentrations exceeding their health guideline values. Currently, the North
Carolina Department of Health and Human Services has issued health advisory levels
(NCHAL) for Cr(VI) and V of 0.07 ug/L and 0.3 ug/L, respectively. The US EPA has set a
Maximum Contaminant Level Goal (MCLG) for U and As of zero pg/L (Table 1 0),
indicating that no concentration of eith er is safe for human consumption. | used 0.07
pg/L for Cr(VI), and 0.5 ug /L for V, U, and As, which are the highest detection limit
YEOUI UwPOwWOUUWEEUEU]I OWEOEWEUT WEUWOUWEEOYI wil EEIT
value. When all wells in the dataset were considered, Cr(VI) and V generally co-occur
more than the other elements, and this holds true for the five geological belts for which
all six possible pairings have at least 10 well observations, except he Carolina Slate Belt
(Figure 47, Table E5). This is likely due to both their shared aquifer rocks source and
similar chemistry. High frequency of co -occurrence between V and As in the Carolina

Slate belt and Triassic basins can be attributed almost wholly to two specific geological
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formations; the Cid Formation and Pekin Formation formations. Both formations contain
mudstones, though the Cid Formation also contains significant metavolcanic rocks and
the Pekin Formation contains diabase dikes(Reinemund, 1955). Such mudstone
formations often make poor -yield aquifers, and it is well known that diabase dikes are
often the best source of water in these formations. Diabase, or other mafic rocks could be
the source for both V and Cr, which also have high frequency of co-occurrence with As
in the Cid Formation. In contrast, Cr does not have significant co-occurrence with As in
the Pekin formation, and though data are limited, one factor may be somewhat less
oxidizing conditions. Generally, As has the lowes t frequency of co-occurrence with the
other elements, likely in part because it is found under less oxidizing conditions.
Uranium has highest co-occurrence with other elements in the Carolina Slate Belt,
Charlotte and Milton Belts, Raleigh Belt, and Triassic Basins. Three element ce
occurrence occurs most often in the Triassic Basins, which has ceccurrence
probabilities of over 20% for all four possible combinations (Figure 4 7, Table E5). Other
high frequency of triple co -occurrences are found in Carolina Slate Belt (U-As-V, 21%),
Charlotte and Milton Belts (U -Cr(VI) -V, 21%), and the Raleigh Belt (UCr(VI) -V, 33%).
There were only five belts with more than 10 wells for which all four elements had been
measured (Figure 47, Table ). Still, co-occurrence o all four elements seem
uncommon, only occurring in the Carolina Slate Belt (2.5%, n=85), Charlotte and Milton

Belt (3.6%, n=80), and Triassic Bass (25%, n=15; Figure 47, Table &).
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The health-based guidelines used in this study (Table 10) are not enforceable, but
US EPA Maximum Contaminant Levels (MCLSs) are enforceable for public water
systems.The US EPA has set MCLs for Cr, U, and As at 100 pg/L, 30 pg/L, and 10 pg/L,
respectively. There is no federal enforceable standard for V in drinking water. |
compared the exceedance probabilities calculated from co-occurrence defined by health
recommendations and regulatory standards and see a stark gap. All of the seven
geological belts for which exceedance probabilities were calculated had a probability of
two -contaminant co-occurrence of at least 0.25 (Figure %; Table B5). In contrast, there
were no two contaminant co-occurrences of enforceable MCL guidelines across North
Carolina (Figure 47; Table E7). MCLs were designed to protect public health, while
addressing the economic costs of removing contaminants from drinking water. The
$/ zUw, " +&wU0T UI UT OOEWYEOUI Uwi OUw UVUwWwEOEwW4 wEUI wE
may cause cancer and that there is no dose below which they are considered safe, and
the NCHAL va lues are based on a calculated 1:1%risk of cancer upon regular and
continued consumption of drinking water over a 70 -year lifetime. Given that the data
presented in this study are primarily based on samples from domestic wells, the dataset
represents groundwater that is utilized primarily for drinking water. Therefore, it is
likely a significant portion of the groundwater used for drinking water across the
Piedmont region in NC exceeds the health-based recommendation values, with some

areas characterizedby higher probabilities of contaminant co -occurrence. The high
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probability of co -occurrence of these contaminants poses additional health risks since
the health advisory is based on a single contaminant and commonly does not evaluate
the combined effect of multiple contaminants. This gap is extremely worrisome for
homeowners who can be exposed to multiple contaminants without adequate guidance
from authorities and lack of systematic mechanism for monitoring and regulations, since
private wells are exempt fr om the Clean Water Act in the U.S.

Overall, this study presents an evaluation of the occurrence of four major RSEsin
groundwater across North Carolina, which is also applicable to large areas of the eastern
United States with similar hydrogeological forma tions and geochemical conditions.
However, just as groundwater quantity is not static, groundwater quality may change
with changing climate conditions and increased groundwater abstraction. For example,
changes in As concentrations have been connected to water table fluctuations in China
and Wisconsin, and increases in U concentrations have been tied to agricultural practices
in California (Schreiber et al., 2000; Hansen et al., 2018; Jia et al., 2018} North
Carolina and many other parts of the United States are increasingly utilizing
groundwater to address their growing water needs, and climate change adds
uncertainty into evaluating future hydrology, it is important that groundwater quality is
systematically, continually, and comprehensive ly monitored and evaluated to protect

future water security.
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Figure 45: Location of sampling sites with color coded -concentrations for each
element. Sampling sites are underlain by the geospatial distribution of the belt
geology in North Carolina (see Table E 2 for the description of belt geology).
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Figure 46: Probability of exceeding detection limits for RSEs in groundwater from
geological belts across North Carolina. The data show higher probabilitie s of the
occurrence of RSEs above detection limit in groundwater from the Piedmont region of
central North Carolina.
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Figure 47: Exceedance probabilities of RSEs in geological belts across North Carolina.
Exceedance probabilities were calculated from drinking water health advisory
guidelines (left) and drinking water regulatory standards (MCL, right). The stark
difference between the two highlights the gap between health recommendations and
enforceable standards. Table E5 presents the combinations of co -occurrence of the
different oxyanions in the geological belts. The data show higher probabilities of co
occurrence of oxyanions in groundwater from the Piedmont region of central North
Carolina.
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7. Conclusions

As groundwater becom es an increasingly important source of freshwater
globally, it is important to understand the factors which affect its quality. The redox
sensitive elements studied in this thesis (uranium, chromium, arsenic, and vanadium) all
pose a threat to human health when ingested, and are known to occur naturally in
groundwater. This thesis has made three broad contributions to the understanding the
occurrence and distribution of redox sensitive elements in groundwater:

3" OOUUPEUUDPOOWhO wUT Ob B Grhaalthteleva DET Ux Ul EEWOE L
concentrations of redox sensitive elements. The combined lack of high quality
monitoring data and changing health guidelines has left large gaps in our
understanding on RSE distribution in groundwater, particularly at lower concentrati ons.
This thesis contributes high quality groundwater data from areas where no such data
previously existed and revealed concentrations of RSEs in groundwater from many
areas that could present risks to human health.

3" OOUUPEUUDOOWI 06 wdcirencebeleindn® &t coldpolndsoiO
health concern. The approach to quantification of element co-occurrence taken in this
dissertation emphasizes the importance of further study into possible compound health
effects from consuming drinking water with mu Itiple contaminants, as well as the

mismatch identified in this thesis between the health -base guidelines and enforceable
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drinking water standards such as the lack of specific standard for hexavalent chromium
in the U.S. EPA Maximum Contaminant Level regulations.

3" OOUUPEUUPOOWt owEI i PUODOT wlT T wOUDPODUa wWOI wl
scale. It is popular now for studies to focus on machine learning predictions of geogenic
contaminants at continental or global scales, or to do extremely detailed small scale field
investigations. While both of these approaches have their advantages, the more
medium -scale regional approach taken in this dissertation gives a good overview of the
processes affecting groundwater for area with >1 million people relying on
groundwater, the limitation of larger scale studies and the missing data that can be
generated from smaller scale studies. This is practically advantageous to a variety of
stakeholders, such as water managers, policy makers, and well users.

The more specific contribution of this thesis include highlighting and detailing
the widespread geogenic uranium contamination in groundwater across India, the
largest user of groundwater in the world. It also contributed to the knowledge of
uranium dynamics in semiar id environments, demonstrating how perturbations of the
environments, for example irrigation with imported low -saline surface water on saline
groundwater, can enhance the solubility of uranium in the underlying groundwater.
Additionally, the widespread nit rate pollution in shallow groundwater, combined with

the existence of geogenic contaminants like uranium and fluoride mean that these

160



contaminants often co-occur in groundwater at concentrations about health guideline
values.

In North Carolina, it was sho wn that there are U, Cr, V, and As occur in
groundwater at health -relevant concentrations across the state, but that these
concentrations are not necessarily violations of enforceable guidelines from the state or
federal governments, and thus have largely been overlooked. Furthermore, the
geochemical and hydrological conditions that promote their occurrence in groundwater
can also cause them to ceoccur at health-relevant concentrations. Special attention was
paid to chromium in this thesis, which discovere d that Cr(VI) is the predominant
speciation of Cr in nearly all groundwater from the state, and that concentrations of
Cr(VI) above health guidelines are common in drinking water wells. While the focus of
the Cr work presented in this study was on North Ca rolina, the wide -spread occurrence
of Cr(VI) in groundwater at concentrations above health guidelines in aquifers of the
Piedmont region could pose high human health risks to large populations in the eastern
U.S. Finally, this work presents multiple ways o f approaching the prediction of elements
in groundwater, one of which is chromium specific, and the others which are applicable
to a variety of chemical constituents. These methods take into account practical
considerations, such as data availability and public health goals, while insuring

interpretability results.
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Future work that follows up on the contributions of this thesis could focus on
two main lines of investigation. First, analyzing temporal trends in the concentrations of
RSEs This is interesting both from a geochemical perspective and from a public health
perspective. From a geochemical perspective, analyzing changes in RSE concentration
over time could help test hypothesis about the effects of changes in water levels or land
use on RSE concentations. From a public health perspective, variations in groundwater
RSE concentrations have implications for dose estimates of individuals consuming
groundwater.

The second line of investigation would be a more in depth look at uranium in
aquifer solids in semiarid to arid environments. These aquifers are usually alluvial in
nature, and though they are do not have extraordinarily high concentrations of uranium
in the solids, they can generate high concentrations of uranium in groundwater. Better
characterization of the concentrations of uranium in these aquifers, and in particularly
their associations (bound in carbonates, loosely adsorbed, etc.) could help explain
heterogeneities in groundwater uranium concentrations as well as process which can

lead to uranium buildup in such settings, for example, old discharge zones.
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Appendix A: Supplementary Information for Chapter 2

Table A1 Compiled s tudies of the occurrence of uranium in groundwater resources in India

State District Dominant Aquifer # Maximum U Minimum Mean U Median
wells | concentration concentration (ug/L) | concentration | concentration
(ng/L) (hglL) (hglL)
Jammu and Jammu Alluvium, Siwalik 38 20.81 0.18 4.72 4.16
KashmitAjay et al.,
2016)
Jammu and Kashnfi?. | Kathua Alluvium, Siwalik, slate, 15 21.92 0.26 5.68 45
Singh et al., 2016) granitoids
Jammu and Kashni8. | Udhampur Alluvium, Siwalik 28.06 0.14
Sharma et al., 2017)
= - - -
() Himachal PradegR. Hamirpur Alluvium, sandstone, tertiary 12 28.3 1.66 12.73 10.97
o Singh et al., 2016) Siwalik group
Himachal PradegR. Kangra Siwalik, sandstone, Precambria| 14 19.23 0.64 7.62 6.65
Singh et al., 2016) silicates (weathered and

fractures), alluvium

Punjal{Singh et al., Amristar Alluvium 28 45.59 3.19 13.22 9.47
2003)

Punjal{Saini et al., Amristar Alluvium 39 42.51 0.87 11.14 7.22
2016)

Punjal{Singh et al., Bathinda Alluvium 6 261 31.2 100.08 77.75
2018)

Punjal{Alrakabi et al., | Bathinca Alluvium 22 212 <2 32.00

2012)

Punjal{Rishi et al., Bathinda Alluvium 352.4 222 109.70
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2017)

Punjal{Bhalla et al., Bathinda Alluvium 9 212 3 53.44 22
2011)

Punjal{Sharma and Bathinda Alluvium 529 2.4 120.00

Singh, 2017)

Punjak{Virk, 2016) Bathinda Alluvium 16 186 9.72 69.54

Punjal{Saini et al., Bathinda Alluvium 46 220.75 7.9 69.35 37.44
2016)

Punjal{Bajwa et al., Bathinda Alluvium 185 5717 0.5 81.10 56.4
2017)

Punjal{Singh et al., Bathinda Alluvium 159 571.7 0.48 84.70 57
2013)

Punjal{Saini and Baja; | Bathinda Alluvium 46 323.9 7.9 69.30

2016)

Punjal{Saini et al., Bathinda and Alluvium 129 676 0.13 76.27 34.9
2017) Mansa

Punjal{Kumar et al., Bathirda and Alluvium 160 471.78 0.6 99.97 88.07
2011) Mansa

Punjal{D. A. Sharma et| Bathinda and Alluvium 35 357 23

al., 2017) Mansa

Punjal{Rishi et al., Mansa Alluvium 621.3 29 164.50

2017)

Punjal{Rishi et al., Mansa Alluvium 15 621.3 29 164.50

2017)

Punjal{Sharma and Mansa Alluvium 1340 0.13 211.20

Singh, 2016)

Punjal{Saini et al., Mansa Alluvium a7 645.22 5.9 96.46 51.11
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2016)

Punjal{Bajwa et al., Mansa Alluvium 117 579 1.3 80.30 50.5
2017)

Punjal{Saini and Bajwa| Mansa Alluvium 47 645 5.9 96.40

2016)

Punjak{Pant et al., Faridkot Alluvium 11 171 4 67

2017)

Purjab(Rishi et al., Faridkot Alluvium 10 171.7 12.2 73.40

2017)

Punjal{Saini et al., Faridkot Alluvium 48 300.3 7.62 87.85 52.94
2016)

Punjal{Bajwa et al., Faridkot Alluvium 66 476 2.4 68.40 49..6
2017)

Punjal{Saini and Bajwa| Faridkot Alluvium 48 375.8 7.6 87.80

2016)

Punjal{Virk et al., 2016)| Fatehgarh Alluvium 20 57.82 2.81 23.02 23.09
Punjal{Virk, 2017b) Fazilka Alluvium 30 366 121.95 198.20

Punjal{Bajwa et al., Ferozepur Alluvium 130 467.5 2.8 64.6 45
2017)

Punjal{Bhalla et al., Hoshiarpur Alluvium 7 11 5 8.43 8
2011)

Punjal{Krishan et al., Hoshiarpur Alluvium 12 19.79 1.01 8.14 6.61
2014; Lapworth et al.,

2017)

Punjal{Saini et al., Hoshiarpur Alluvium 80 28.2 0.11 5.75 35
2017)

Punjal{Saini et al., Hoshiarpur Alluvium 48 25.19 0.48 4.74 2.94
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2016)

Punjal{Krishan et al., Jalandhar Alluvium 12 66.65 3.54 26.87 24.88
2014; Lapworth et al.,

2017)

Punjal{Krishan et al., Kapurthala Alluvium 6 20.75 1.93 10.43 7.62
2014; Lapworth et al.,

2017)

Punjal{Krishan et al., Kapurthala Alluvium 2 22.35 16.85

2014; Lapworth et al.,

2017)

Punjak{Tripathi et al., Malwa region Alluvium 15 172.8 13.9 72.90

2013)

Punjak{Pant et al., Muktsar Alluvium 9 190 3 43.00

2017)

Punjal{Rishi et al., Muktsar Alluvium 11 284 29.6 141.00

2017)

Punjal{Singh et al., Muktsar Alluvium 14 237 1.78 93.62 89.8
2018)

Punjal{Singh et al., Rupnagar Alluvium 11 19.25 1.93 6.79 6.82
2009)

Punjal{Virk et al., 2016)| S.A.S Nagar Alluvium 10 24.2 3.63 10.58 10.315
Punjak{Virk, 2017a) Sangrur Alluvium 14 119.95 2.47 45.91

Punjal{Krishan et al., Shaheed Bhagai Alluvium 6 36.47 3.17 19.90 23.35
2014; Lapworth et al., | Singh Nagar

2017)

Punjal{Bhalla et al., Shahid Bhagat | Alluvium 11 14 3 8.55 8
2011) Singh Nagar

Punjal{Saini et al., Tarntaran Alluvium 38 136.14 2.62 36.92 24.93




197

2016)

HaryangKansal et al., | Bhiwani Alluvium 8 43.31 19.32 28.12 25.355
2011)

HaryangDuggal and Fatehabad Allvuium 54 113 1.1 22.3 17.67
Sharma, 2017)

HaryangSingh et al., Fatehabad Alluvium 76 109.9 0.3

2014)

HaryangKansal et al., | Fatehabad Alluvium 5 18.13 10.19 15.50 16.32
2011)

HaryangSingh et al., Fatehabad Alluvium 48 0.3

2014)

HaryangGarg et al., Hisar Alluvium 38 1135 5.3

2014)

HaryangSingh et al., Hisar Alluvium 23 256.4 0.6

2014)

HaryangdKansal et al., | Hisar Alluvium 5 17.44 9.23 12.7 12.24
2011)

HaryangMehra et al., Mahendragarh | Alluvium, soil is calcareous with 30 57.53 0.56 18.87 12.56
2017) lime nodules

HaryangDaulta et al., Panipat Alluvium 14.9 123.3

2018)

HaryangKansal et al., | Sirsa Alluvium 5 24.93 6.37 14.89 14.33
2011)

HaryangDuggal et al., | Sirsa Alluvium 63 290 0.93 49.00

2017b)

Haryara(Daulta et al., Sonipat Alluvium 155.1 9.1

2018)
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Multiple(Singh et al., Upper Siwaliks | Siwalik 23 19.68 1.08 5.31 3.83
2009)
Uttar PradestM. Singh | Bulandshahr Alluvium 32.37 bdl
etal., 2016)
Rajastha(Mittal et al., | Bikaner Alluvium, sandstone, limestone| 10 77.13 2.52 25.48 22.64
2017)
RajasthafDuggal et al.,| Churu Alluvium, schist, phyllite, 95 13 40
2017b) sandstone
RajasthaDuggal et al.,| Hanmangarh Alluvium, sandstone 50
2017a)
Rajastha@Mittal et al., | Jhunjhumu Alluvium, quartzites, 10 139.74 0.89 36.33 16.62
2017) phyllite/schist, gneiss,
limestone, granite, pegmatites,
amphibolites
Rajastha(Mittal et al., | Jodhpur Alluvium, sandstone, limestone| 10 90.29 2.37 18.52 9.55
2017) rhyolite, granite, schist, phyllite
Rajastha(Mittal et al., | Nagaur Alluvium, sandstone, limestone| 10 166.89 15.18 46.55 29.72
2017) granite, schist, phyllite
Rajastha(Rani et al., Northern Alluvium, weathered and 133 2.54 38.48
2013) Rajasthan fractured metamorphic,
sandstone
RajasthaDuggal et al.,| Sikar Alluvium, quartzite, schist, 136 3 21
2017a) phyliite, gneiss, amphibolite
RajasthaDuggal et al.,| Sri Gaganagar | Alluvium, sandstone, limestone| 171 2.5 57
2017a) evaporate sequence
MaharashtrgVoltaggio | Nagpur Archean (weathered and 8 24.5187 0.2187 13.17 15.92055
etal., 2015) fractured granite, gneiss) and
Deccan trap
ChhattisgarfSar et al., | Durg Mostly shale, limestone, some | 51 45.7 0.638 7.27 5.006
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2017) BCG, gneiss and sandstone
Jharkhan@Gupta et al., | East Singhbhum| Weathered and fractured 83 2.3 <1
2017) granite gneiss and
metasediments
Jharkhan@Rana et al., | East Singhbhum| Weathered and fractured 103 3.75 0.1 0.87 0.63
2010) granite gneiss and
metasediments
Jharkhan@Patra et al., | East Singhbhum| Weathered and fractured 11.6 0.03
2013) granite gneiss and
metasediments
Jharkhan@Giri and Jha, | East Singhbhum| Weathered and fractured 20 27.5 <0.5
2012) granite gneiss and
metasediments
Jharkhan@Sethy et al., | East Singhbhum| Weathered and fractured 180 28 0.5
2011) granite gneiss and
metasedimers
JharkhandGiri et al., EastSinghbhum | Weathered and fractured 10 11.2 0.5
2011) granite gneiss and
metasediments
Jharkhan@Gupta et al., | Western Granitegneiss, Quartzite and 31 9 <1
2017) Singhbhum older Alluvium
West BenggRahman et| Murshidabad Alluvium 63 13.9 <0.01 15 0.3
al., 2015)
West BengdFarooq et | Murshidebad Alluvium 35 29.8 bdl 3.20
al., 2011)
West BenggRahman et| Nadia Alluvium 58 5.6 <0.01 15 1.1
al., 2015)
West BenggMajumder | Nadia Alluvium 8 0.27 0.02 0.57 0.57

etal., 2014)




UT

West BengdBacquart | North 24 Alluvium 16 15 <0.08 0.22
etal., 2012) Pargams
district
West BenggRahman et| North 24 Alluvium 60 0.8 <0.01 0.2 0.1
al., 2015) Parganas
district

West BengdDwivedi et | Purulia Weathered and fractured 404 52 0.5 4.57
al., 2008) granite gneiss and

metasediments
West BenggRahman et| South 24 Alluvium 51 0.8 <0.01 0.2 0.2
al., 2015) Parganas
OdishgMohapatra et Ganjam Weathered & Fractured 9 13.6 <0.2 4.3 23
al., 2015) Crystalline Rocks
Andhra Pradeqlsingh Guntur 1. Granite/ Gneiss schistose 626 410 0.5 13.00
etal., 2002) basement (fracture and

weathering) 2. Slates, phyllites,

quartzites (joints, bedding

planes, soil zones) 3. Limestong

quartzites (bedding planes,

joints, fissures)
Andhra PradeqiGupta | Guntur Neoproterozoic Quartz Arenite,| 11 2074.8 5.5 217.00
etal., 2015) known to have uranium

mineralization
Andhra PradegfRana YSR Kadapa Shale, limestone, dolomite 58 79.7 0.38 15.65 10.89
et al,, 2016) district (CGWB) (Sandy, clayey

sadimentary sequence)
TelanganéBrindha et Nalgonda Granite gneiss, minor 80 77.4 0.2 15.80
al., 2011a) metamorphic (weathered)
TelanganéBrindha and | Nalgonda Shallow granitic 44 118.4 0.2

Elargo, 2013)
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Telanganéeesari et Nalgonda Archean crystalline rocks 40 370 3 79.40 46
al., 2014) (weathering and fracture)
TelanganéBrindha et Nalgonda Weathered/ fractured granite/ | 44 68 0.2 18.50
al., 2011b) gneiss
TelanganéRaghavendrg Nalgonda Weathered/fractured/ jointed 521.14 0.6
etal., 2014) Granite, under phreatic and
semiconfined to confined
conditions (GWB)
KarnatakéNagaiah et Bangalore Granite gneiss 42 770.1 0.2 96.26 19.45
al., 2013)
Karnatak@Mathews et | Bangalore Granite gneiss 96 2027 0.136 92.42
al., 2015)
Karnataké§Nagaraju et | Chamarajanagal Jointed and fractured gneisses | 15 4.63 0.03 1.41 0.55
al., 2014) and charnockites
KarnatakgBabu et al., | Kolar Weathered and fractured 52 1443 0.33 57.91
2008) Granite Gneisses and schists
Telang@naBalbudhe et | Hyderabad Granite, gneiss, phreatic 82 0.6
al., 2012) conditions in weathered zone
and under semconfined to
confined conditions in the
fractured ones
Tamil Nad(Thivya et Madurai Weathered and fractured 33 46.7 1.75 6.53
al., 2014) crystalline rock
Tamil Nad@Adithya et | Madurai Weathered and fractured 61 68 04 11.78
al., 2016) crystalline rock
Tamil Nad(Thivya et Madurai Weathered and fractured 39 113 bdl (.2ppb)
al., 2016) crystalline rock
Tamil Nagapattinam Deep lower miocene to recent | 78 135 <0.2 2.09

NadyMathivanan et

quaternary
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al.,, 2017)

Tamil Nad(Selvi et al.,

Tirunelveli

Alluvium and weathered/

36

6.6

0.2

2016) fractured granite/ gneiss/
charnockite
Table A2: Chemistry Data for Wells Measured in Rajasthan and Gujarat Alluvial Aquifers

Sample Aquifer Depth State Well Type Drinking | Specific pH HCQ Fe Mn U NG
Conductivity (mglL) (mg/L) | (mg/L) | 6 > 3 ¢ (mg/L)
0>{k0OYQ

Jai 133 Alluvium No Data Rajasthan | Tube well Yes 774 8.12 219 bdl bdl 0.9 93.0

Jai 135 Alluvium No Data Rajasthan | Tube well Yes 1166 7.65 217 bdl bdl 1.2 199.6

21 Ab Alluvium No Data Rajasthan | Tube well Yes 1509 7.81 No bdl bdl 13.0 177.1

sample
26R Alluvium No Data Rajasthan | Tube well Yes 1079 8.60 501 0.15 bdl 12.7 20.1
Crowne 2 Alluvium No Data Rajasthan | Tube well Yes Not recorded | Not 658 bdl bdl 29.9 815
recorded

Dausa 101 Alluvium No Data Rajasthan | Handpump Yes 1949 7.63 1100 bdl bdl 64.6 6.2

Dausa 102 Alluvium No Data Rajasthan | Handpump Yes 710 7.34 350 0.15 bdl 18.8 3.6

Dausa 103 Alluvium No Data Rajasthan | Handpump Yes 2110 7.44 1036 bdl bdl 46.4 77.0

Dausa 104 Alluvium No Data Rajasthan | Handpump No 1259 7.38 790 bdl bdl 16.0 16.3

Dausa 107 Alluvium No Data Rajasthan | Tube well Yes 2471 7.49 792 bdl bdl 211 76.2

Haijai Alluvium No Data Rajasthan | Tube well Yes Not recorded | Not 346 bdl bdl 11.5 1745

recorded

Jai 118 Alluvium No Data Rajasthan | Tube well Yes 1194 6.17 283 bdl bdl 6.8 146.6

Jai 119 Alluvium No Data Rajasthan | Handpump Yes 1218 6.34 323 bdl bdl 9.7 18.5

Jai 122 Alluvium No Data Rajasthan | Tube well Yes 1009 6.86 636 bdl bdl 9.7 14.3




DYA

Jai 123 Alluvium No Data Rajasthan | Handpump Yes 791 6.55 321 bdl bdl 4.6 540
Jai 125 Alluvium No Data Rajasthan | Handpump Yes 920 6.51 444 bdl bdl 3.7 37.0
Jai 126 Alluvium No Data Rajasthan | Tube well No 11550 6.52 523 bdl bdl 56.4 25.9
Jai 127 Alluvium No Data Rajasthan | Tube well Yes 1080 8.15 244 bdl bdl 4.3 154.8
Jai 128 Alluvium No Data Rajasthan | Tube well Yes 874 8.06 246 bdl bdl 5.1 98.9
Jai 130 Alluvium No Data Rajasthan | Tube well Yes 1096 8.29 334 bdl bdl 6.4 102.7
Jai 131 Alluvium No Data Rajasthan | Tube well Yes 1380 7.96 488 bdl bdl 11.2 61.9
Jai 138 Alluvium No Dda Rajasthan | Tube well Yes 962 8.18 220 bdl bdl 4.2 124.2
Jail01 Alluvium No Data Rajasthan | Handpump Yes 4545 6.94 783 bdl bdl 66.0 62.1
Jail04 Alluvium No Data Rajasthan | Tube well No 6450 8.37 915 bdl bdl 36.3 16.7
Jail06 Alluvium No Data Rajasthan | Handpump Yes 3465 7.05 737 bdl bdl 29.3 265.5
Jai1l08 Alluvium No Data Rajasthan | Handpump Yes 3327 6.95 721 0.11 bdl 83.3 102.5
Jail09 Alluvium No Data Rajasthan | Handpump Yes 4790 7.24 1896 bdl bdl 294.0 | 50.5
Jailll Alluvium No Data Rajasthan | Handpump Yes 2701 7.05 583 0.69 bdl 25.2 97.5
Jaill2 Alluvium No Data Rajasthan | Handpump Yes 3452 7.40 1533 bdl bdl 181.3 | 231
Jaill3 Alluvium No Data Rajasthan | Tube well No 2564 7.55 1039 bdl bdl 109.7 | 22.6
Jaill4d Alluvium No Data Rajasthan | Tube well Yes 2972 7.20 702 bdl bdl 57.0 76.1
Jaill5 Alluvium No Data Rajasthan | Tube well Yes 2438 7.57 1237 bdl bdl 59.1 19.4
Jaillé Alluvium No Data Rajasthan | Handpump Yes 2682 7.38 1153 bdl bdl 149.4 | 17.9
Tonk101 Alluvium No Data Rajasthan | Handpump Yes 981 7.24 414 0.12 bdl 12.9 2.8
Tonk103 Alluvium No Data Rajasthan | Handpump No 4115 7.20 806 bdl bdl 64.2 342.4
Tonk105 Alluvium No Data Rajasthan Handpump Yes 1824 7.44 1030 bdl bdl 102.2 | 42.4
Tonk106 Alluvium No Data Rajasthan | Handpump Yes 1125 6.85 509 0.33 bdl 12.4 65.9
Tonk108 Alluvium No Data Rajasthan | Tube well No 1008 6.50 141 7.75 0.25 0.2 15
Tonk110 Alluvium No Data Rajasthan | Handpump Yes 2592 7.15 737 bdl bdl 32.7 207.4
Jai0l Alluvium No Data Rajasthan | Tube well Yes 1369 7.54 433 0.14 0.16 4.9 212.2
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Jai02 Alluvium No Data Rajasthan | Tube well Yes 617 7.55 242 0.06 0.08 3.0 57.7
Jai03 Alluvium No Data Rajasthan | Tube well Yes 717 7.44 212 0.06 0.09 3.2 75.2
Jai2l Alluvium No Data Rajasthan | Tube well Yes 2520 7.48 1292 0.14 0.28 89.4 23.3
Jai22 Alluvium No Data Rajasthan | Handpump Yes 1645 8.12 500 0.18 0.20 19.8 445
Jai23 Alluvium No Data Rajasthan | Tube well Yes 1788 7.86 591 0.10 0.17 12.4 12.3
Jai25 Alluvium No Data Rajasthan | Handpump Yes 4157 7.24 926 0.55 0.48 59.2 55.9
Jai26 Alluvium No Data Rajasthan | Handpump Yes 2105 7.40 874 0.26 0.29 91.0 9.0
Jai27 Alluvium No Data Rajasthan | Tube well No 4059 7.37 628 0.37 0.54 394 71.2
Jai28 Alluvium No Data Rajasthan | Tube well No 3492 7.92 1151 0.29 0.43 109.2 | 1435
Jai29 Alluvium No [Data Rajasthan | Tube well Yes 2807 7.49 1026 0.20 0.35 49.5 92.5
Jai30 Alluvium No Data Rajasthan | Tube well No 2145 7.77 1215 0.23 0.26 53.3 14.6
Jai3l Alluvium No Data Rajasthan | Tube well Yes 1991 8.22 741 0.19 0.26 30.2 65.2
Jod01 Alluvium No Data Rgasthan Tube well No 23050 8.16 1291 1.73 2.63 171.7 | 493.0
Jod02 Alluvium No Data Rajasthan | Tube well No 20920 8.04 899 1.71 2.93 97.9 81.2
Jod03 Alluvium No Data Rajasthan | Tube well No 53100 8.00 393 3.56 4.98 235.6 | 184.2
Jod04 Alluvium No Data Rajasthan Tube well No 8250 8.25 459 1.00 1.08 62.1 36.5
Jod05 Alluvium No Data Rajasthan | Tube well Yes 1066 8.40 282 0.12 0.15 0.7 24.5
Jod06 Alluvium No Data Rajasthan | Tube well No 17350 8.43 342 1.71 2.24 121.7 | 49.6
Jod12 Alluvium No Data Rajasthan | Tube well Yes 1824 6.74 341 0.24 0.17 2.9 53.8
Jod26 Alluvium No Data Rajasthan | Tube well No 6440 6.62 531 1.00 0.74 28.0 217.4
Jod27 Alluvium No Data Rajasthan | Tube well No 8350 6.68 1112 1.12 0.82 53.6 478.5
Jod28 Alluvium No Data Rajasthan | Tube well No 1892 7.32 381 0.24 0.22 8.2 173.6
Jod29 Alluvium No Data Rajasthan | Tube well Yes 1111 7.35 378 0.13 0.10 3.7 92.1
Jod30 Alluvium No Data Rajasthan | Tube well Yes 764 7.33 348 0.13 0.09 4.3 16.7
Raj01 Alluvium No Data Rajasthan | Handpump Yes 4104 7.14 794 0.46 0.29 59.7 325
Raj02 Alluvium No Data Rajasthan | Tube well Yes 3404 7.60 1300 bdl 0.12 211.0 | 98.0
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Raj04 Alluvium No Data Rajasthan | Tube well Yes 6000 7.46 1054 bdl 0.18 50.9 18.1
Raj06 Alluvium No Data Rajasthan | Handpump Yes 3950 7.29 1615 0.12 0.24 2242 | 324
Raj08 Alluvium No Data Rajasthan | Handpump Yes 2294 4.82 552 0.32 0.13 21.0 83.6
Raj09 Alluvium No Data Rajasthan | Handpump Yes 4920 6.86 1112 0.17 0.32 84.2 18.5
Raj10 Alluvium No Data Rajasthan | Handpump Yes 2221 6.83 794 0.29 0.16 34.5 69.4
Raj11 Alluvium No Data Rajasthan | Tube well Yes 2231 6.96 795 0.09 0.13 44.1 33.9
Raj12 Alluvium No Data Rajasthan | Tube well Yes 2019 7.19 753 0.14 0.10 34.0 36.3
Raj13 Alluvium No Data Rajasthan | Tube well Yes 1964 7.21 576 0.17 0.09 23.8 57.6
Raj14 Alluvium No Data Rajasthan | Tube well Yes 2245 7.09 687 0.06 0.17 234 127.2
Raj15 Alluvium No Data Rajasthan | Handpump Yes 1505 7.32 986 0.10 0.08 355 5.9
Raj16 Alluvium No Data Rajasthan | Handpump Yes 747 7.37 284 0.11 bdl 9.4 11.8
Raj17 Alluvium No Data Rajasthan | Tube well Yes 1598 6.70 488 0.10 0.11 11.5 715
Raj18 Alluvium No Data Rajasthan | Tube well Yes 1718 7.32 No 0.12 0.12 25.4 39.1
sample

Raj19 Alluvium No Data Rajasthan | Tube well Yes 1574 7.40 727 0.10 0.06 27.6 224
Raj20 Alluvium No Data Rajasthan | Tube well Yes 3177 7.03 792 0.22 0.20 53.0 15.7
Raj21 Alluvium No Data Rajasthan | Tube well Yes 2518 6.81 802 0.10 0.19 66.8 18.9
Raj22 Alluvium No Data Rajasthan | Handpump Yes 2322 7.23 779 0.14 0.16 56.8 16.5
Raj23 Alluvium No Data Rajasthan | Handpump No 7770 6.97 1504 bdl 0.24 151.6 | 344.4
Raj24 Alluvium No Data Rajasthan | Handpump Yes 1501 7.09 568 bdl 0.16 15.1 3.8
Raj25 Alluvium No Data Rajasthan | Tube well Yes 1360 7.78 480 bdl 0.08 211 30.3
Raj26 Alluvium No Data Rajasthan Tube well Yes 1590 7.90 844 0.13 0.17 394 18.6
Raj27 Alluvium No Data Rajasthan | Tube well Yes 1039 7.37 557 0.10 0.13 18.7 9.6
Raj28 Alluvium No Data Rajasthan | Tube well Yes 1853 7.38 651 0.19 0.22 29.4 8.8
Raj29 Alluvium No Data Rajasthan | Tube well Yes 892 7.38 407 0.07 0.10 8.9 10.4
Raj30 Alluvium No Data Rajasthan | Tube well Yes 1013 7.38 653 0.08 0.12 16.5 11.7
Raj31 Alluvium No Data Rajasthan | Tube well Yes 949 7.38 379 bdl 0.11 185 26.2
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Raj32 Alluvium No Data Rajasthan | Tube well Yes 809 7.35 356 bdl 0.09 7.2 50.6
Raj33 Alluvium No Data Rajasthan | Tube well Yes 834 7.18 285 0.10 0.11 9.9 71.7
Raj34 Alluvium No Data Rajasthan | Tube well Yes 1001 7.88 280 0.09 0.13 4.9 93.1
Ra}35 Alluvium No Data Rajasthan | Tube well Yes 1800 6.73 572 0.14 0.23 18.4 194.5
Raj36 Alluvium No Data Rajasthan | Tube well Yes 880 7.11 274 bdl 0.11 3.9 117.6
Raj37 Alluvium No Data Rajasthan | Tube well Yes 1202 7.27 305 0.11 0.14 6.3 177.6
23 ab Alluvium No Data Rajasthan | Tube well Yes 1831 7.68 387 bdl bdl 9.7 169.8
24R Alluvium No Data Rajasthan | Tube well Yes 1289 8.11 379 bdl bdl 5.8 111.7
25R Alluvium No Data Rajasthan | Tube well Yes 2490 8.34 216 bdl bdl 4.9 494.7
Ajmer 101 Alluvium No Data Rajasthan | Tube well No 3514 6.64 404 bdl bdl 15.0 369.0
Ajmer 102 Alluvium No Data Rajasthan | Tube well Yes 677 6.83 284 1.19 0.41 bdl 2.0
Ajmer 103 Alluvium No Data Rajasthan | Handpump No 960 7.10 503 bdl bdl 16.3 26.6
Ajmer 104 Alluvium No Data Rajasthan | Handpump No 7440 6.62 326 2.92 0.18 8.5 211.7
Ajmer 105 Alluvium No Data Rajasthan | Handpump No 2334 6.90 253 1.03 0.07 4.4 91.9
Ajmer 106 Alluvium No Data Rajasthan | Handpump No 6930 6.61 536 bdl 0.18 27.8 1475
Bundi 103 Alluvium No Data Rajasthan | Handpump Yes 512 7.95 251 bdl bdl 4.6 1.3
Bundi 104 Alluvium No Data Rajasthan | Handpump Yes 3143 7.68 970 bdl bdl 50.4 31.6
Bundi 105 Alluvium No Data Rajasthan | Handpump No 5750 7.57 977 bdl bdl 35.8 314
Bundi 106 Alluvium No Data Rajasthan | Handpump Yes 896 7.37 526 0.12 bdl 8.4 3.3
Jai 142 Alluvium No Data Rajasthan Tube well Yes 926 8.11 268 bdl bdl 6.1 114.0
Jai04 Alluvium No Data Rajasthan | Tube well No 2400 7.04 223 0.24 0.28 7.2 426.5
Jai05 Alluvium No Data Rajasthan | Handpump No 1970 7.11 410 0.24 0.24 2.4 309.6
Jai06 Alluvium No Data Rajasthan | Handpunp No 1249 7.39 391 0.15 0.14 6.0 122.3
Jai07 Alluvium No Data Rajasthan | Handpump No 1412 7.21 541 0.25 0.24 7.0 113.6
Jai08 Alluvium No Data Rajasthan | Dug well No 8630 6.87 414 0.93 1.09 24.8 1613.0
Jai09 Alluvium No Data Rajasthan | Handpump Yes 1580 7.09 532 0.35 0.17 7.4 142.8
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Jail0 Alluvium No Data Rajasthan | Tube well Yes 1556 7.11 537 0.15 0.17 3.0 53.2
Jaill Alluvium No Data Rajasthan | Handpump Yes 1316 6.95 426 0.40 0.16 2.2 39.6
Jail2 Alluvium No Data Rajasthan | Handpump Yes 2675 7.13 768 0.55 0.32 23.3 106.0
Jail5 Alluvium No Data Rajasthan | Tube well Yes 3007 7.33 508 0.24 0.36 85.8 185.6
Jail6 Alluvium No Data Rajasthan | Handpump Yes 1766 7.61 847 0.21 0.21 50.2 9.3
Jail7 Alluvium No Data Rajasthan | Handpump Yes 1341 7.73 618 0.07 0.23 18.8 12.8
Jail8 Alluvium No Data Rajasthan | Tube well Yes 4730 7.08 778 0.30 0.52 47.1 115.4
Jail9 Alluvium No Data Rajasthan | Dug well Yes 2774 7.16 899 0.17 1.38 2.3 13.7
Jai20 Alluvium No Data Rajasthan | Handpump Yes 1371 7.10 375 0.17 0.17 10.8 24.6
Jod07 Alluvium No Data Rajasthan | Tube well No 22140 816 2.63 2.80 218.2 | 88.8
Jod08 Alluvium No Data Rajasthan | Tube well No 20270 6.98 771 1.41 2.53 170.8 | 85.2
Jod09 Alluvium No Data Rajasthan | Handpump No 9580 7.14 639 0.87 0.95 55.8 50.3
Jod10 Alluvium No Data Rajasthan | Handpump No 8250 7.24 428 0.60 0.75 35.9 29.7
Jod11 Alluvium No Data Rajasthan | Dug well No 19600 7.11 661 1.43 2.13 24.5 43.5
Jod13 Alluvium No Data Rajasthan | Tube well No 14600 6.94 293 1.28 1.13 75.7 46.7
Jod14 Alluvium NoData Rajasthan | Tube well No 8700 6.87 357 0.91 0.89 29.9 39.0
Jod15 Alluvium No Data Rajasthan | Dug well No 11100 7.42 328 1.08 0.93 67.6 36.2
Bundi 102 Mixed No Data Rajasthan | Tube well Yes 1938 7.00 479 bdl bdl 11.4 26.6
Consolidated
Sedimentary
Kotal03 Mixed No Data Rajasthan | Tube well Yes 1736 6.82 553 0.21 bdl 6.7 87.6
Consolidated
Sedimentary
Kota 104 Mixed No Data Rajasthan | Tube well Yes 860 6.91 423 bdl bdl 2.9 0.0
Consolidated
Sedimentary
Kota 105 Mixed No Data Rajashan Tube well Yes 803 7.04 373 bdl bdl 2.6 25.8
Consolidated
Sedimentary
Kota 106 Mixed No Data Rajasthan | Tube well Yes 1343 6.90 408 bdl bdl 20.6 10.0

Consolidated
Sedimentary
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Kota 110

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

Yes

1093

6.76

381

0.35

bdl

4.7

66.3

Jod18

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Dug well

No

1047

7.26

384

0.13

0.36

14

315

Jod19

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Dug well

No

886

7.30

383

0.11

0.09

1.6

191

Jod20

Mixed
Consolidated
Sedimentary

No Data

Rajathan

Dug well

No

780

7.06

280

0.11

0.09

1.2

24.1

Jod21

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Dug well

Yes

607

6.66

243

0.09

0.07

0.8

14.8

Kota 101

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

659

6.42

228

0.19

0.18

0.8

0.0

Kota 102

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

666

6.54

177

bdl

bdl

0.6

16.8

Kota 111

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

No

644

6.95

301

0.09

0.58

1.4

3.0

Kota02

Mixed
Consolidated
Sedimentary

No Data

Rapsthan

Handpump

Yes

1001

7.00

334

0.11

0.22

2.8

18.7

Kota03

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

495

6.00

248

0.10

0.18

bdl

1.2

Kota04

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

Yes

592

5.81

177

0.26

0.18

13

28

Kota05

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

No

1016

6.59

327

0.09

0.14

6.2

41.5

Kota06

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

1030

6.31

405

0.06

0.12

2.4

4.6

Kota07

Mixed
Consolidated

No Daa

Rajasthan

Dug well

Yes

1016

6.13

397

0.08

0.13

4.1

26.6
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Sedimentary

Kota08

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

Yes

1113

7.57

470

0.11

0.16

7.8

55.1

Kota09

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

Yes

660

7.43

304

bdl

0.33

16

2.2

Kota10

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

1614

8.05

767

0.11

0.19

31.3

28.2

Kotall

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

No

771

8.00

382

0.19

0.10

6.2

8.0

Kota12

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

No

1250

7.91

259

0.48

0.35

0.7

3.1

Kota13

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

1122

7.65

302

bdl

0.20

2.4

41.0

Kota14

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

827

7.67

279

0.49

0.19

0.0

2.1

Kota1l5

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

831

7.66

383

0.09

0.12

9.6

8.9

Kota16

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Dug well

Yes

768

7.52

357

0.08

0.11

2.4

18

Kotal7

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

671

7.57

190

0.19

0.73

1.7

18

Kota18

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

421

7.37

153

bdl

0.11

0.4

1.6

Kota19

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

995

7.21

235

bdl

0.44

8.5

2.7

Kota20

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

838

7.29

234

0.07

0.11

2.0

54
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Kota21

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

611

7.33

181

bdl

0.08

0.5

6.5

Kota22

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

954

7.54

235

0.09

0.14

2.8

2.3

Kota23

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

734

7.66

202

0.12

0.10

1.0

10.9

Kota24

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

No

1122

8.15

457

0.10

0.18

3.0

33.7

Kota25

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

No

1130

8.00

544

0.08

0.70

4.1

6.7

Kota26

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

1013

8.01

326

0.10

0.24

2.1

4.0

Kota27

Mixed
Consolidated
Sedinentary

No Data

Rajasthan

Tube well

Yes

603

7.90

234

0.09

0.21

0.4

1.4

Kota28

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

422

7.87

115

0.20

0.19

0.4

9.1

Kota29

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

1199

7.96

431

0.33

1.09

1.4

3.3

Kota30

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

590

7.84

213

0.07

0.34

0.8

1.6

Bundi 107

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

Yes

744

7.77

316

0.41

bdl

2.1

4.1

Bundi 108

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Tube well

Yes

2690

6.67

355

bdl

0.08

3.8

36.9

Bundi 109

Mixed
Consolidated
Sedimentary

No Data

Rajasthan

Handpump

Yes

848

7.17

332

0.16

bdl

2.8

16.6

Bundi 110

Mixed
Consolidated

No Data

Rajasthan

Handpump

Yes

2908

6.82

572

bdl

bdl

8.7

104.3
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Sedimentary

Bundi 111 Mixed No Data Rajasthan | Tube well Yes 1487 6.83 535 0.20 bdl 3.9 0.0
Consolidated
Sedimentary

Kota 107 Mixed No Data Rajasthan | Tube well Yes 1000 7.02 460 0.08 bdl 5.4 34.1
Consolidated
Sedimentary

Kota 108 Mixed No Data Rajasthan | Tube well Yes 1178 6.83 411 bdl bdl 7.3 30.1
Consolidated
Sedimentary

Kota 109 Mixed No Data Rajasthan | Tube well Yes 772 6.86 352 bdl bdl 2.8 0.0
Consolidated
Sedimentary

Bundi 101 Crystalline No Data Rajasthan | Tube well Yes 2150 6.70 376 0.17 bdl 8.3 70.0
Basement

Dausa 105 Crystalline No Data Rajasthan | Handpump No 4790 6.78 344 bdl bdl 3.5 950.1
Basement

Dausa 106 Crystalline No Data Rajasthan | Tube well No 5040 6.57 578 bdl bdl 49.0 397.9
Basement

Dausa 108 Crystalline No [ata Rajasthan | Handpump Yes 1520 7.00 585 0.46 bdl 19.3 6.3
Basement

Dausa 109 Crystalline No Data Rajasthan | Tube well Yes 1970 6.65 511 bdl bdl 17.2 52.3
Basement

Dausa 110 Crystalline No Data Rajasthan | Handpump No 2645 7.10 401 0.33 bdl 25.0 174.1
Basement

Dawsa 111 Crystalline No Data Rajasthan | Handpump Yes 1758 7.44 697 0.14 bdl 41.0 41.7
Basement

Jai 120 Crystalline No Data Rajasthan | Handpump Yes 3790 6.29 761 bdl bdl 38.2 343.4
Basement

Jai 121 Crystalline No Data Rajasthan | Handpump Yes 1565 6.66 949 bdl bdl 12.6 33.7
Basement

Jail102 Crystalline No Data Rajasthan | Tube well Yes 2765 6.98 719 bdl bdl 79.2 74.6
Basement

Jail03 Crystalline No Data Rajasthan | Handpump Yes 4640 7.48 1593 bdl bdl 3115 | 423
Basement

Jail05 Crystalline No Data Rajashan Handpump Yes 848 6.66 391 0.10 bdl 5.6 19.9
Basement

Jail107 Crystalline No Data Rajasthan | Handpump Yes 1675 7.54 719 bdl bdl 20.3 21.1
Basement

Jail3 Crystalline No Data Rajasthan | Handpump Yes 3746 7.01 762 0.43 0.41 41.7 492.8

Basement
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Jaild Crystalline No Data Rajasthan | Tube well Yes 900 7.80 332 bdl 0.11 10.9 40.8
Basement

Jai24 Crystalline No Data Rajasthan | Handpump No 3369 6.83 832 0.53 0.45 31.2 252.1
Basement

Raj03 Crystalline No Data Rajasthan | Tube well Yes 2320 7.35 694 bdl 0.25 42.8 21.7
Basement

Ajmer 107 Crystalline No Data Rajasthan | Handpump No 7450 6.76 710 bdl bdl 51.4 329.0
Basement

Ajmer 108 Crystalline No Data Rajasthan | Handpump No 1459 6.75 507 0.59 bdl 7.2 94.2
Basement

Ajmer 109 Crystalline No Data Rajasthan | Tube well No 9630 6.85 458 bdl bdl 64.0 26.7
Basement

Ajmer 110 Crystalline No Data Rajasthan | Handpump Yes 1175 7.59 507 0.33 bdl 12.6 18.0
Basement

Bhil 101 Crystalline No Data Rajasthan | Handpump Yes 1408 7.28 620 bdl bdl 65.7 54.1
Basement

Jaill0 Crystalline NoData Rajasthan | Handpump Yes 4673 7.26 1691 bdl bdl 146.4 | 209.0
Basement

Jaill7 Crystalline No Data Rajasthan | Handpump Yes 4214 7.04 809 bdl bdl 57.5 516.8
Basement

Raj07 Crystalline No Data Rajasthan | Handpump Yes 3929 OVER 1585 0.16 0.30 129.9 | 96.6
Basement

Tonk-102 Crystalline No Data Rajasthan | Handpump No 4562 7.59 746 bdl bdl 44.1 13.4
Basement

Tonk104 Crystalline No Data Rajasthan | Handpump No 5310 7.55 1034 bdl bdl 319.7 | 28.6
Basement

Tonk107 Crystalline No Data Rajasthan | Handpump Yes 1275 7.20 500 1.28 bdl 24.7 4.7
Basement

Tonk109 Crystalline No Data Rajasthan | Handpump Yes 1522 7.56 839 bdl bdl 31.8 18.0
Basement

Tonk111 Crystalline No Data Rajasthan | Handpump No 5840 7.08 868 bdl bdl 53.6 13.6
Basement

Tonk112 Crystalline No Data Rajastlan Handpump Yes 3040 6.90 500 1.06 bdl 15.5 84.5
Basement

Tonk113 Crystalline No Data Rajasthan | Handpump No 4295 6.77 576 bdl bdl 52.1 432.2
Basement

Tonkl114 Crystalline No Data Rajasthan | Handpump Yes 1000 6.73 419 0.07 bdl 11.9 18.1
Basement

Tonk115 Crystaline No Data Rajasthan | Handpump No 8400 6.85 1173 bdl bdl 204.7 | 20.8
Basement

Tonk116 Crystalline No Data Rajasthan | Tube well Yes 1330 7.46 681 bdl bdl 1295 | 25.1
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Basement

Jod22 Rhyolite No Data Rajasthan | Tube well Yes 2045 7.30 549 0.22 0.18 13.7 205.1
Jod23 Rhyolite No Data Rajasthan | Tube well Yes 1996 7.19 464 0.22 0.19 10.0 161.0
Jod24 Rhyolite No Data Rajasthan | Dug well No 7070 7.48 452 0.83 0.77 18.9 1046.7
Jod25 Rhyolite No Data Rajasthan | Dug well Yes 1682 7.46 476 0.22 0.25 5.5 100.9
Jod32 Rhyolite No Data Rajasthan | Dug well Yes 1434 7.18 510 0.18 0.70 5.1 25.1
Jod33 Rhyolite No Data Rajasthan | Tube well Yes 2017 7.56 546 0.29 0.20 13.0 212.3
Rajk 01 Basalt 150 Gujarat Tube well Yes 1109 7.20 214 bdl bdl 11 17.3
Rajk 05 Basalt 18 Gujaat Dug well No 1145 7.21 228 bdl bdl 0.1 148.9
Rajk 04 Basalt 90 Gujarat Handpump Yes 1291 7.03 516 0.14 bdl 15 54.0
Rajk 10 Basalt 300 Gujarat Tube well Yes 947 7.44 194 bdl bdl 0.2 128.3
Rajk 06 Basalt 150 Gujarat Dug well No 1948 7.28 261 bdl bdl 04 107.0
Rajk 08 Basalt 130 Gujarat Tube well Yes 1572 7.23 174 bdl bdl 2.1 58.3
Rajk 07 Basalt 160 Gujarat Tube well No 1151 7.25 183 bdl bdl 0.9 68.3
Rajk 03 Basalt 90 Gujarat Tube well Yes 1688 6.85 375 0.07 bdl 0.9 179.9
Rajk 09 Basalt 120 Gujarat Tube well No 2525 7.79 53 bdl bdl bdl 304
Rajk 02 Basalt 195 Gujarat Tube well Yes 2855 7.07 56 bdl bdl 0.2 30.0
Meh 07 Layered 300 Gujarat Tube well No 4740 6.25 646 bdl bdl 22.7 251.2
Alluvial
Aquifer
Meh 05 Layered 330 Gujarat Tube vell Yes 2814 6.97 448 bdl bdl 11.4 11.8
Alluvial
Aquifer
Meh 06 Layered 330 Gujarat Tube well Yes 2856 6.89 597 bdl 0.08 14.7 33.3
Alluvial
Aquifer
Meh 03 Layered 300 Gujarat Tube well No 3454 6.86 383 bdl bdl 16.1 31.4
Alluvial
Aquifer
Meh 02 Layered 270 Gujarat Tube well No 2099 6.89 505 0.08 0.07 11.8 21.6
Alluvial

Aquifer
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Meh 08

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

No

3057

7.05

517

bdl

bdl

16.6

45.9

Meh 04

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

No

2468

6.77

326

bdl

bdl

8.2

27.1

Meh 13

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

Yes

2697

7.11

585

bdl

bdl

32.3

63.7

Meh 10

Layered
Alluvial
Aquifer

457

Gujarat

Tube well

Yes

2554

7.19

515

bdl

bdl

14.2

69.1

Meh 01

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

Yes

1563

6.78

435

bdl

bdl

6.7

28.0

Meh 09

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

Yes

2384

7.36

540

bdl

bdl

141

35.7

Meh 11

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

Yes

1460

7.13

378

bdl

bdl

8.8

24.8

Meh 12

Layered
Alluvial
Aquifer

350

Gujarat

Tube well

No

2000

7.14

407

bdl

bdl

115

16.5

Pat 10

Layered
Alluvial
Aquifer

225

Gujarat

Tube well

No

7480

7.60

143

bdl

bdl

11.9

2.9

Pat 14

Layered
Alluvial
Aquifer

260

Gujarat

Tube well

No

5360

7.47

213

bdl

0.15

14.6

bdl

Pat 07

Layered
Alluvial
Aquifer

292

Gujarat

Tube well

Yes

2409

7.67

435

bdl

bdl

23.1

4.3

Pat 09

Layered
Alluvial
Aquifer

210

Gujarat

Tube well

No

4940

7.40

385

bdl

bdl

23.0

26.0

Pat 12

Layered
Alluvial
Aquifer

305

Gujarat

Tube well

Yes

3511

7.14

318

bdl

bdl

16.9

3.3

Pat 11

Layered
Alluvial

310

Gujarat

Tube vell

No

4850

7.40

181

bdl

bdl

12.1

2.8
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Aquifer

Pat 15

Layered
Alluvial
Aquifer

305

Gujarat

Tube well

No

8850

7.72

195

bdl

0.26

27.1

3.3

Pat 08

Layered
Alluvial
Aquifer

305

Gujarat

Tube well

Yes

3080

7.48

228

bdl

bdl

145

6.8

Pat 13

Layered
Alluvial
Aquifer

305

Gujarat

Tube well

Yes

3597

7.41

272

bdl

bdl

14.3

3.1

Pat 17

Layered
Alluvial
Aquifer

305

Gujarat

Tube well

No

2936

8.02

202

bdl

bdl

bdl

13

Pat 06

Layered
Alluvial
Aquifer

320

Gujarat

Tube well

Yes

2281

7.70

323

bdl

bdl

12.7

5.9

Pat 16

Layered
Alluvial

Aquifer

275

Gujarat

Tube well

Yes

3822

7.92

70

bdl

bdl

0.8

1.6

Pat 21

Layered
Alluvial
Aquifer

260

Gujarat

Tube well

No

3226

7.00

159

bdl

bdl

0.8

3.3

Pat 23

Layered
Alluvial
Aquifer

235

Gujarat

Tube well

No

4480

7.38

169

bdl

bdl

bdl

1.7

Pat 25

Layered
Alluvial
Aquifer

200

Gujarat

Tube well

No

5110

7.31

172

bdl

bdl

bdl

18

Pat 22

Layered
Alluvial
Aquifer

365

Gujarat

Tube well

No

3590

7.67

146

bdl

bdl

bdl

1.4

Pat 26

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

No

5050

7.37

191

bdl

bdl

bdl

4.3

Pat 24

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

No

5050

7.44

164

0.13

bdl

bdl

1.7

Pat 28

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

Yes

4720

7.36

189

bdl

bdl

0.2

4.0
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Pat 31

Layered
Alluvial
Aquifer

245

Gujarat

Tube well

Yes

5840

7.33

191

bdl

bdl

14

1.8

Pat 30

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

Yes

4940

7.08

176

0.59

0.10

bdl

1.8

Pat 34

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

Yes

4500

7.20

192

0.32

0.13

bdl

1.7

Pat 20

Layered
Alluvial
Aquifer

365

Gujarat

Tube well

Yes

3460

8.06

275

bdl

bdl

bdl

3.4

Pat 32

Layered
Alluvial
Aquifer

330

Gujarat

Tube well

Yes

3910

7.35

192

bdl

bdl

bdl

1.7

Pat 29

Layered
Alluvial
Aquifer

240

Gujarat

Tube well

No

5290

8.16

264

0.32

0.24

0.2

5.0

Pat 27

Layered
Alluvial
Aquifer

120

Gujarat

Tube well

No

6670

7.22

196

bdl

0.60

0.8

18

Gan 02

Layered
Alluvial
Aquifer

250

Gujarat

Tube well

Yes

1374

7.26

477

bdl

bdl

15.9

54.8

Ahme 06

Layered
Alluvial
Aquifer

112

Gujarat

Tube well

No

7150

6.66

448

bdl

0.01

37.0

22.2

Ahme 05

Layered
Alluvial
Aquifer

120

Gujarat

Tube well

Yes

3667

6.93

596

bdl

bdl

26.5

13.6

Ahme 08

Layered
Alluvial
Aquifer

50

Gujarat

Tube well

No

6100

7.31

995

bdl

bdl

85.8

22.9

Pat 03

Layered
Alluvial
Aquifer

210

Gujarat

Tube well

Yes

6250

6.79

423

bdl

bdl

16.6

325

Ahme 09

Layered
Alluvial
Adquifer

50

Gujarat

Tube well

Yes

4860

6.76

604

bdl

bdl

374

114

Pat 35

Layered
Alluvial

330

Gujarat

Tube well

Yes

3941

7.52

197

0.19

bdl

bdl

4.7
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Aquifer

Pat 04

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

Yes

2256

7.20

466

bdl

bdl

14.8

23.4

Gan 06

Layeed
Alluvial
Aquifer

210

Gujarat

Tube well

Yes

2192

7.18

496

bdl

bdl

12.8

31.7

Gan 04

Layered
Alluvial
Aquifer

240

Gujarat

Tube well

Yes

1627

7.34

499

bdl

bdl

9.7

65.3

Gan 03

Layered
Alluvial
Aquifer

260

Gujarat

Tube well

No

1271

7.36

362

bdl

bdl

6.5

517

Pat 37

Layered
Alluvial
Aquifer

182

Gujarat

Tube well

No

5930

7.70

136

0.57

0.21

12.9

4.7

Ahme 03

Layered
Alluvial
Aquifer

45

Gujarat

Tube well

Yes

2409

7.30

784

bdl

bdl

18.4

16.2

Pat 36

Layered
Alluvial
Aquifer

175

Gujarat

Tube well

Yes

4730

7.74

164

0.25

bdl

16.8

4.2

Pat 02

Layered
Alluvial
Aquifer

240

Gujarat

Tube well

No

6820

6.74

414

0.40

bdl

20.8

25.3

Gan 07

Layered
Alluvial
Aquifer

230

Gujarat

Tube well

Yes

1596

7.19

435

bdl

bdl

9.7

315

Pat 01

Layered
Alluvial
Aquifer

270

Gujarat

Tube well

No

2813

7.18

437

bdl

bdl

15.8

44.3

Ahme 01

Layered
Alluvial
Aquifer

213

Gujarat

Tube well

Yes

1711

7.25

439

bdl

bdl

115

50.0

Gan 05

Layered
Alluvial
Aquifer

245

Gujarat

Tube well

Yes

1393

7.44

420

0.17

0.31

8.7

334

Ahme 07

Layered
Alluvial
Aquifer

215

Gujarat

Tube well

Yes

1457

7.26

302

bdl

bdl

9.1

114
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Pat 05

Layered
Alluvial
Aquifer

300

Gujarat

Tube well

Yes

1670

7.25

418

bdl

bdl

7.8

11.6

Pat 38

Layered
Alluvial
Aquifer

330

Gujarat

Tube well

No

5440

7.01

147

bdl

0.55

11.7

145

Gan 01

Layered
Alluvial
Aquifer

269

Gujarat

Tube well

Yes

1737

7.20

340

bdl

bdl

bdl

0.3

Pat 19

Layered
Alluvial
Aquifer

295

Gujarat

Tube well

Yes

3054

7.98

323

bdl

bdl

bdl

3.1

Ahme 04

Layered
Alluvial
Aquifer

90

Gujarat

Tube well

Yes

3003

7.01

515

bdl

bdl

26.6

56.0

Ahme 02

Layered
Alluvial
Aquifer

140

Gujarat

Tube well

Yes

2530

7.35

477

bdl

bdl

19.1

33.1

Pat 18

Layered
Alluvial
Aquifer

365

Gujarat

Tube well

Yes

2666

8.58

330

bdl

bdl

bdl

1.7

Saba 06

Crystalline
Basement

90

Gujarat

Tube well

Yes

1802

6.57

357

bdl

bdl

4.3

1931

Saba 03

Crystalline
Basement

120

Gujarat

Handpump

Yes

1408

6.34

463

bdl

bdl

5.2

97.5

Saba 21

Crystalline
Basement

60

Gujarat

Tube well

Yes

854

6.47

353

1.10

0.13

10.6

315

Saba 10

Crystalline
Basement

120

Gujarat

Tube well

Yes

1709

6.50

335

bdl

bdl

6.9

82.0

Saba 05

Crystalline
Basement

200

Gujarat

Tube well

Yes

1088

6.77

314

0.09

bdl

7.8

128.3

Saba 04

Crystalline
Basement

60

Gujarat

Tube well

Yes

1085

6.44

391

bdl

bdl

6.1

110.9

Saba 12

Crystalline
Basement

135

Gujarat

Tube well

Yes

3298

6.56

300

bdl

bdl

10.6

96.5

Saba 14

Crystalline
Basement

90

Gujarat

Tube well

Yes

2296

6.42

660

0.17

0.40

4.2

102.7

Saba 09

Crystalline
Basement

190

Gujarat

Tube well

Yes

2083

6.42

591

bdl

bdl

8.4

104.6

Saba 11

Crystalline
Basement

60

Gujarat

Handpump

Yes

2321

6.56

453

0.33

0.08

26.8

1015
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Saba 02 Crystalline 120 Gujarat Tube well Yes 877 6.16 306 0.15 bdl 4.9 66.6
Basement
Saba 17 Crystalline 80 Gujarat Handpump Yes 805 6.70 326 0.33 bdl 0.6 111.2
Basement
Saba 07 Crystalline 100 Gujarat Tube well Yes 2093 6.37 548 bdl bdl 9.1 185.5
Basement
Saba 01 Crystalline 120 Gujarat Tube well Yes 385.6 6.16 57 0.09 bdl 2.8 24.6
Basement
Saba 22 Crystalline 70 Gujarat Tube well Yes 847 6.53 472 1.08 bdl 13 38.9
Basement
Saba 08 Crystalline 120 Gujarat Tube well Yes 1531 6.84 492 bdl bdl 31.3 76.5
Basement
Saba 18 Crystalline 90 Gujarat Handpump Yes 1692 7.30 533 bdl bdl 12.1 78.1
Basement
Saba 15 Crystalline 80 Gujarat Tube well Yes 2190 6.49 528 bdl bdl 0.7 142.7
Basement
Saba 20 Crystalline 90 Gujarat Tubewell Yes 1465 6.44 388 bdl bdl 4.9 193.1
Basement
Saba 19 Crystalline 60 Gujarat Tube well Yes 1413 6.83 487 bdl bdl 8.6 99.5
Basement
Saba 13 Crystalline 30 Gujarat Tube well Yes 1766 7.30 350 bdl bdl 16.1 27.7
Basement
Saba 16 Crystalline 72 Gujarat Tube well Yes 1113 6.55 408 0.12 0.15 2.6 99.0
Basement
Table A3: Uranium Isotope Data of groundwater investigated in this study
Site U (ug/L) (234U/238U) AR +- State District well depth (m) Aquifer
Ahme 01 115 1.367 0.002 Gujarat Ahmedabad 213 Layered Allul
Ahme 08 85.8 0.997 0.002 Gujarat Ahmedabad 50 Layered Alluvial
Ahme 09 37.4 0.978 0.002 Gujarat Ahmedabad 50 Layered Alluvial
Gan 02 15.9 1.495 0.002 Gujarat Gandhinagar | 250 Layered Alluvial
Meh 07 22.7 1.507 0.003 Gujarat Mehsana 300 Layered Alvial
Pat 15 27.1 1.517 0.004 Gujarat Patan 305 Layered Alluvial
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Pat 31 14 1.409 0.003 Gujarat Patan 245 Layered Alluvial

Rajk 08 2.1 1.323 0.002 Gujarat Rajkot 130 Basalt

Saba 08 31.3 3.006 0.004 Gujarat Sabarkantha | 120 Crystalline Basement
Sabal3 16.09 1.623 0.003 Gujarat Sabarkantha | 30 Crystalline Basement
Ahme 03 18.39 1.185 0.001 Gujarat Ahmedabad 45 Layered Alluvial
Saba 04 6.08 1.919 0.003 Gujarat Sabarkantha | 60 Crystalline Basement
Saba 11 26.84 3.821 0.003 Gujarat Sabarkantha | 60 Crystlline Basement
Ahme 04 26.59 1.173 0.001 Gujarat Ahmedabad 90 Layered Alluvial
Ahme 06 37.03 1.266 0.002 Gujarat Ahmedabad 112 Layered Alluvial
Saba 09 8.41 1.829 0.003 Gujarat Sabarkantha | 190 Crystalline Basement
Pat 27 0.83 1.968 0.005 Guijarat Pagn 120 Layered Alluvial
Ajmer 109 | 64 1.945 0.004 Rajasthan | Ajmer Unknown Crystalline Basement
Bhil 101 65.7 1.709 0.002 Rajasthan | Bhilwara Unknown Crystalline Basement
Bundi 108 | 3.8 2.371 0.003 Rajasthan | Bundi Unknown Crystalline Basement
Dausa 101 | 646 2.466 0.004 Rajasthan| Dausa Unknown Alluvium

Dausa 105 | 3.5 2.954 0.003 Rajasthan| Dausa Unknown Crystalline Basement
Dausa 106 | 49 2.288 0.004 Rajasthan| Dausa Unknown Crystalline Basement
Jai 122 9.7 1.533 0.003 Rajasthan | Jaipur Unknown Alluvium

Jai 19 6.4 1.914 0.003 Rajasthan | Jaipur Unknown Alluvium

Jai 142 6.1 2.99 0.004 Rajasthan | Jaipur Unknown Alluvium

Jail03 311.5 2.597 0.004 Rajasthan | Jaipur Unknown Crystalline Basement




Jail05 5.6 1.591 0.003 Rajasthan | Jaipur Unknown Crystalline Basement
Ji-109 294 2.888 0.003 Rajasthan | Jaipur Unknown Alluvium
Jaill5s 590.1 2.275 0.003 Rajasthan | Jaipur Unknown Alluvium
Jaill6 149.4 2.232 0.002 Rajasthan | Jaipur Unknown Alluvium
Jod 33 5.06 3.971 0.006 Rajasthan | Jodhpur Unknown Rhyolite
Jod03 235.6 1.597 0.003 Rajasthan | Barmer Unknown Alluvium
Kota 103 6.7 3.811 0.01 Rajasthan | Kota Unknown Mixed Consolidated Sedimentary
Kota 110 4.7 2.089 0.002 Rajasthan| Kota Unknown Mixed Consolidated Sedimentary
Kota10 31.3 1.561 0.002 Rajasthan| Kota Unknown Mixed Consolidated Sedimentary
Tonk103 64.2 1.948 0.003 Rajasthan | Tonk Unknown Alluvium
- Tonk104 319.7 1.993 0.002 Rajasthan | Tonk Unknown Crystalline Basement
S Tonk116 1295 1.638 0.002 Rajasthan | Tonk Unknown Crystalline Basement
Jai 19 2.26 2.957 0.004 Rapsthan | Jaipur Unknown Alluvium

Table A4: Statistical analysis of differences in U concentration populations for different lithological pairs using the

Wilcoxon Rank Sum Test. P -values represent the probability of erroneously rejecting the null hypothesis

difference between the two populations is zero).

(i.e., the median

Rajasthan
Alluvium
(n=135)

Rajasthan
Crystalline
Basement

(n=35)

Rajasthan
Rhyolite

(n=6)

Rajasthan
Mixed
Consolidated
Sedimentary
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Table A5: SpeartOE Oz UWUEOOWEOUUI OEUPOOUwWI OUwWwOPUUEUT wYl UUUUWUUEOPUOwWUOU!N

level are shown in bold.

Aquifer p-value J
Rajasthan Alluvium 0.363 -0.079
Rajasthan Crystalline Basement | 0.590 0.094
Rajasthan Rhyolite <0.001 0.306
Rajasthan Mixed Consolidated | <0.001 0.491
Sedimentary

Gujarat Alluvium <0.001 0.549
Gujarat Crystalline Basement 0.219 -0.273
Gujarat Basalt 0.632 -0.176

Table A6:2 x1 EUOEOZ UWUEOOWEOUUI OEUDPOOUwWI OUWE P E E U ketatbis Significant &t thé) UwUUE OD

0.05 level are shown in bold.

Aquifer p-value J
Rajasthan Alluvium <0.001 0.762
Rajasthan Crystalline Basement | <0.001 0.759
Rajasthan Rhyolite <0.001 0.692
Rajasthan Mixed Consolidated | <0.001 0.808
Sedimentary

Gujarat Allwium <0.001 0.604
Gujarat Crystalline Basement 0.628 0.109
Gujarat Basalt 0.296 0.370
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Table A7: Modeling of uranium speciation using PHREEQC software (lInl.dat), with (MUO2(C03)32

M2UO2(C03)30) formation constants added manually. Calculations ass ume a pe of 4.

-and

Sample U (molality) CaUQ(COy);2 CaUO0,(COy)° MgUO,(COy)s2 UO,(COy)s* UO,(COy),? SrUOACOJs
Jai 112 7.64E07 61.3% 19.4% 11.4% 6.3% 1.0% 0.6%
Tonk 110 1.38E07 48.0% 42.0% 6.8% 1.7% 1.1% 0.3%
Ahme 08 3.62E07 51.1% 3.4% 12.1% 24.1% 7.5% 1.8%
Pat 31 5.99E09 40.6% 53.2% 3.3% 1.1% 1.5% 0.2%
Bundi 104 2.12E07 57.5% 19.6% 15.2% 6.5% 0.7% 0.6%
Gan 02 6.70E08 30.1% 67.3% 1.9% 0.3% 0.3% 0.1%
Tonk 104 1.35E06 59.1% 11.5% 11.9% 14.6% 1.5% 1.4%
Jai 24 1.32E07 22.4% 75.1% 1.9% 0.3% 0.3% 0.1%
Saba 12 4.46E08 15.5% 82.9% 0.7% 0.1% 0.7% 0.0%
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Figure Al: Box plot of nitrate concentrations of groundwater from different aquifers
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guideline val ues for nitrate in drinking water. Note the large scale of nitrate

contamination and exceedance of the drinking water guideline in most of the

investigated groundwater.
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Figure A2: Uranium versus nitrate concentrations of groundwater investigated i n this
study sorted by aquifer lithology. Note for the lack of direct correlations between
uranium and nitrate. For statistical analysis see Table S5.
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uvial aquifers. Note the relatively decrease of uranium



Appendix B: Supplementary Information for Chapter 3

Table B1: Spearman correlaions between important chemical parameters by group, with rho and qvalues listed. Bolded values
indicate p-value<0.01.

G1 G2 P1 P2 P3 R1 R3 R4
X Y rho p-value | rho p-value | rho p-value | rho p-value | rho p-value | rho p-value | rho p-value | rho p-value
TDS cl 0.97 | <0.001| 0.959 | <0.001| 0.81 | <0.001| 0.80 | <0.001| 0.91 | <0.001| 0.96 | <0.001| 0.75 | <0.001| 0.61 | <0.001

TDS NGy 0.25 0.20 | -0.116 049 | 0.74 | <0.001| 0.67 | <0.001| 0.83 | <0.001| 0.10 0.72 | -0.01 0.94 0.05 0.73

TDS DOC 0.09 0.66 | 0.274 0.10 | 0.78 | <0.001| 0.92 | <0.001 | 0.82 0.001 0.04 0.83 0.34 0.08

TDS U 0.33 0.08 | 0.808 | <0.001 | 0.63 0.005 | 0.93 | <0.001| 0.62 0.03 0.8 | <0.001| 0.21 0.11 0.56 | <0.001

TDS HCQ@ | -0.42 0.03 | 0.324 0.05 | 0.45 0.06 | 0.96 | <0.001| 0.85| <0.001| 0.34 0.20 | 0.20 0.15 0.75 | <0.001

TDS Na 0.92 | <0.001 | 0.957 | <0.001| 0.93 | <0.001| 0.85 | <0.001| 0.66 0.02 | 097 | <0.001| 0.90 | <0.001| 0.80 | <0.001
TDS Ca 0.73 | <0.001| 0.549 | <0.001| 0.60 0.008 | 0.48 0.006 | 0.85 | <0.001 | 0.67 0.005 0.3 0.02 0.03 0.84
=
g TDS Mg 0.75 | <0.001 0.85 | <0.001| 0.61 0.007 | 0.48 0.007 | 0.96 | <0.001| 0.83 | <0.001| 0.58 | <0.001| 0.15 0.26

TDS SQ* 0.57 0.001 | 0.821 | <0.001| 0.73 | <0.001| 0.42 0.02 | 0.62 0.03 | 093 | <0.001| 0.61| <0.001| 0.54 | <0.001

TDS B 0.31 0.10 | 0.761 | <0.001| 0.88 | <0.001| 0.71 | <0.001| 0.37 0.24 | 0.86 | <0.001| 0.57 | <0.001| 0.62 | <0.001
Cl NOy 0.21 0.278 -0.18 0.275 | 0.66 0.003 | 0.54 0.002 | 0.83 0.001 | -0.06 0.829 | 0.18 0.186 0.35 0.004
Cl DOC 0.01 0.980 0.14 0.415| 0.41 0.090 | 0.79 | <0.001 | 0.76 0.004 -0.38 0.045 | -0.28 0.130
Cl U 0.21 0.279 0.72 | <0.001 | 0.28 0.268 | 0.63 | <0.001 | 0.45 0.147 | 0.77 | <0.001 | -0.19 0.154 0.14 0.264
Cl HC@ | -0.51 0.004 0.12 0.479 | 0.00 0.997 | 0.68 | <0.001| 0.75 0.005 | 0.19 0.471 | -0.34 0.011 0.11 0.412
Cl Na 0.94 | <0.001 0.93 | <0.001| 0.84 | <0.001| 0.74 | <0.001| 0.56 0.059 | 0.97 | <0.001| 0.56 | <0.001| 0.36 0.004
Cl Ca 0.65 | <0.001 0.59 | <0.001 | 0.64 0.004 | 0.39 0.029 | 0.87 | <0.001 | 0.63 0.009 | 0.67 | <0.001| 0.42 0.001
Cl Mg 0.65 | <0.001 0.85 | <0.001| 0.59 0.009 | 0.39 0.030 | 0.89 | <0.001| 0.84 | <0.001| 0.85| <0.001| 0.47 | <0.001
Cl SQ* 0.45 0.014 0.82 | <0.001| 0.87 | <0.001| 0.41 0.023 | 0.76 0.004 | 0.86 | <0.001| 0.58 | <0.001| 0.61 | <0.001
Cl B 0.38 0.040 0.66 | <0.001 | 0.69 0.002 | 0.54 0.002 | 0.32 0.319 | 0.71 0.002 | 0.11 0.416 0.07 0.582
\[(e’3 DOC 0.17 0.394 0.36 0.031 | 0.71 0.001 | 0.63 | <0.001| 0.71 0.009 -0.39 0.039 | -0.60 0.001

NOy U 0.35 0.065 0.06 0.733 | 0.66 0.003 | 0.59 | <0.001| 0.32 0.312 | 0.16 0.564 | -0.31 0.019 | -0.44 | <0.001
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NOy HCQ 0.07 0.718 0.34 0.039 | 0.45 0.059 | 0.61 | <0.001| 0.57 0.055 | 0.59 0.015 | -0.46 | <0.001 | -0.44 | <0.001
NG; Na 0.26 0.172 -0.07 0.673 | 0.69 0.002 | 0.40 0.025 | 0.32 0.308 | -0.02 0.948 | -0.12 0.390 | -0.38 0.002
NOy Ca 0.10 0.618 0.01 0.953 | 0.61 0.007 | 0.61 | <0.001| 0.95| <0.001 | -0.03 0.905 | 0.37 0.005 0.72 | <0.001
NG; Mg 0.14 0.455 -0.16 0.351 | 0.61 0.007 | 0.50 0.004 | 0.93 | <0.001 | -0.10 0.708 | 0.26 0.055 0.56 | <0.001
NOy SQ* 0.18 0.360 | -0.42 0.010 | 0.38 0.121 | 0.15 0.431 | 0.85 0.001 | 0.09 0.729 | 0.20 0.144 | 0.33 0.007
NG; B 0.24 0.211 0.13 0.444 | 0.49 0.037 | 0.32 0.082 | 0.06 0.846 | 0.43 0.099 | -0.39 0.003 | -0.59 | <0.001
DOC | U 0.13 0.513 0.50 0.002 | 0.82 | <0.001| 0.90 | <0.001| 0.48 0.117 0.68 | <0.001 | 0.56 0.001
DOC | HCQ 0.55 0.002 0.61 | <0.001| 0.78 | <0.001| 0.92 | <0.001| 0.90 | <0.001 0.64 | <0.001| 0.72 | <0.001
DOC | Na 0.01 0.970 0.29 0.083 | 0.68 0.002 | 0.74 | <0.001| 0.68 0.015 0.20 0.318 0.44 0.014
DOC | Ca 0.07 0.718 -0.11 0.525 | 0.40 0.104 | 0.53 0.002 | 0.66 0.018 -0.61 0.001 | -0.45 0.012
DOC | Mg 0.19 0.313 0.17 0.318 | 0.40 0.104 | 0.54 0.002 | 0.80 0.002 -0.34 0.080 | -0.21 0.266
DOC | sSQ* 0.27 0.150 0.10 0.558 | 0.27 0.284 | 0.26 0.152 | 0.34 0.286 0.05 0.810 | -0.28 0.136
DOC | B 0.12 0.541 0.45 0.005 | 0.70 0.001 | 0.54 0.002 | 0.18 0.587 0.54 0.003 0.60 | <0.001
U HCG@ | -0.01 0.953 0.56 | <0.001 | 0.75 | <0.001| 0.94 | <0.001| 0.54 0.072 | 0.18 0.506 | 0.73 | <0.001| 0.75| <0.001
U Na 0.11 0.588 0.78 | <0.001 | 0.44 0.066 | 0.77 | <0.001 | 0.64 0.026 | 0.80 | <0.001 | 0.34 0.010 0.74 | <0.001
U Ca 0.62 | <0.001 0.25 0.129 | 0.55 0.019 | 0.43 0.017 | 0.33 0.301 | 0.55 0.028 | -0.41 0.002 | -0.56 | <0.001
U Mg 0.66 | <0.001 0.72 | <0.001 | 0.56 0.017 | 0.49 0.006 | 0.51 0.089 | 0.58 0.019 | -0.30 0.026 | -0.28 0.025
U SQ* 0.80 | <0.001 0.68 | <0.001| 0.14 0.576 | 0.40 0.028 | 0.15 0.640 | 0.63 0.009 | -0.05 0.742 0.13 0.325
U B -0.16 0.423 0.82 | <0.001| 0.53 0.025 | 0.69 | <0.001 | 0.68 0.016 | 0.67 0.004 | 0.63 | <0.001| 0.76 | <0.001
HCQ@ | Na -0.40 0.032 0.34 0.038 | 0.30 0.233 | 0.75 | <0.001| 0.83 0.001 | 0.28 0.300 | 0.35 0.007 0.77 | <0.001
HC@ | Ca -0.41 0.029 -0.18 0.283 | 0.17 0.505 | 0.52 0.003 | 0.61 0.036 | -0.05 0.854 | -0.60 | <0.001 | -0.38 0.002
HCQ@ | Mg -0.25 0.185 0.16 0.339 | 0.15 0.542 | 0.53 0.002 | 0.74 0.006 | 0.03 0.901 | -0.45 0.001 | -0.19 0.136
HC@ | sQ* -0.12 0.535 0.16 0.354 | -0.17 0.510 | 0.29 0.111 | 0.26 0.417 | 0.39 0.134 | -0.06 0.680 0.16 0.213
HCQ@ | B 0.01 0.951 0.68 | <0.001 | 0.47 0.049 | 0.64 | <0.001 | 0.34 0.286 | 0.68 0.004 | 0.66 | <0.001| 0.85 | <0.001
Na Ca 0.45 0.014 0.45 0.005 | 0.39 0.111 | 0.04 0.843 | 0.36 0.245 | 0.61 0.012 | -0.01 0.923 | -0.48 | <0.001
Na Mg 0.46 0.012 0.71 | <0.001 | 0.40 0.104 | 0.03 0.860 | 0.49 0.108 | 0.78 | <0.001 | 0.29 0.033 | -0.36 0.004
Na SQ* 0.28 0.135 0.75 | <0.001| 0.80 | <0.001| 0.62 | <0.001| 0.13 0.681 | 0.89 | <0.001| 0.47 | <0.001| 0.23 0.074




J0¢

Na B 0.54 0.002 0.83 | <0.001| 0.90 | <0.001| 0.84 | <0.001| 0.75 0.005 | 0.78 | <0.001| 0.77 | <0.001| 0.87 | <0.001
Ca Mg 0.95 | <0.001 0.65 | <0.001| 0.97 | <0.001| 0.84 | <0.001| 0.93 | <0.001 | 0.90 | <0.001| 0.80 | <0.001| 0.79 | <0.001
Ca SQ* 0.80 | <0.001 0.40 0.015 | 0.40 0.101 | -0.25 0.180 | 0.87 | <0.001 | 0.71 0.002 | 0.22 0.100 0.46 | <0.001
Ca B -0.23 0.222 0.16 0.345 | 0.34 0.168 | -0.17 0.375 | 0.12 0.713 | 0.43 0.099 | -0.42 0.001 | -0.59 | <0.001
Mg SQ* 0.83 | <0.001 0.80 | <0.001 | 0.39 0.106 | -0.06 0.751 | 0.73 0.008 | 0.85| <0.001| 0.49 | <0.001| 0.48 | <0.001
Mg B -0.19 0.323 0.51 0.001 | 0.34 0.163 | 0.01 0.952 | 0.19 0.549 | 0.52 0.038 | -0.09 0.489 | -0.41 0.001
SQ* B -0.16 0.417 0.53 0.001 | 0.67 0.002 | 0.80 | <0.001| 0.16 0.618 | 0.83 | <0.001 | 0.30 0.023 0.01 0.930
115C Depth | -0.24 0.208 0.22 0.185 | 0.63 0.007 | 0.39 0.03 | 0.16 0.65

113C HC@ | -0.03 0.895 -0.33 0.050 | -0.70 0.001 | -0.72 | <0.001 | -0.04 0.91 0.57 | <0.001 | 0.002 0.989
HCG@ | boC 0.55 0.002 0.61 | <0.001| 0.78 | <0.001| 0.92 | <0001 | 0.90 | <0.001 0.64 | <0.001| 0.72 | <0.001
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