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Abstract

In the multilayered aquifer of Kaluvelly (India), comprising various sedimentary layers
overlying a charnockitic basement, concentrations of trace elements were measured in aquifer
formations and in groundwaters to identify geochemical tracers for water bodies. The two
main sandstones (Cuddalore and Vanur) originate from the charnockites and the Cuddalore
sandstone has experienced lateritization. In the studied area, two charnockite end-members
were identified: a dioritic and a granitic one. Mineralogical composition and whole-rock Ti
concentrations confirmed the charnockite which displayed the granitic composition as the
parent rock of the two sandstones. Titanium distribution indicates that the Cuddalore
sandstone originates from a more intense weathering of the parent material than the Vanur
sandstone. Despite extensive differences in trace element contents recorded in aquifer
formations, only a few trace elements were suitable to distinguish the water bodies. Among
soluble elements, Li (in the VVanur aquifer) and Ba (in the charnockite and carbonaceous
aquifers) can be used as tracers. As the input of these elements in solution is mainly regulated
by the available stock, for a given mineralogical origin there is a direct link between the
aquifer formation composition and water signature. With the exception of As, concentrations
of redox-sensitive elements were not preserved during pumping because of oxidation,
preventing their use as tracers. Low-mobility elements such as La, Ce, Th, Zr, Nb, Hf, or Ta
were too insoluble to be detected in waters and/or to record the aquifer formation signature.
Their input in solution was not regulated by the available stock but by the dissolution rate of
rock-forming minerals. Only Ti can be used to distinguish between two out of the three
aquifers (charnockite and Vanur). The specific behavior of Ti recorded in these waters may be
linked to rutile inclusions within plagioclases and to the influence of climate on Ti solubility.



Highlights

Trace elements were measured in aquifer formations and related groundwaters.
Redox-sensitive elements cannot be used as tracers because of pumping.
Soluble elements can be tracers if they occur in little type of minerals.

Na versus Ti and Ca versus Ti allow differentiating between water sources.

1. Introduction

The geochemical signature of a water body is linked to (i) the mineralogical and chemical
composition of the aquifer formation, (ii) the chemical characteristics of infiltration waters
(pH, Eh, pCO,, etc.), (iii) the surface exchange, (iv) the physical and biogeochemical
conditions prevailing in the aquifer, and (v) the interaction time between water and rock. In
addition, the management of groundwater resource requires the understanding of water source
and hydraulic connections and mixing throughout the aquifer to prevent quality and quantity
deterioration.

The Kaluvelly watershed in Tamil Nadu, India, comprises a crystalline bedrock (charnockites)
overlain near the coast by sedimentary layers which constitute a multilayered aquifer (Fig. 1).
The Kaluvelly swamp, replenished with brackish waters, represents the termination of the
surface drainage area, in the north of the catchment. The two main sedimentary layers, the
Vanur and the Cuddalore sandstones, result from the weathering of charnockites (granulites).
A scientific study monitored these aquifers to assess water quality and water circulation and
mixing ( [D’Ozouville et al., 2006] and [Gassama et al., 2011]). Due to the similar
composition of the main aquifer formations (charnockites, and the Vanur and Cuddalore
sandstones), the difference between the major element signatures recorded in the aquifers was
too small to enable the water bodies to be markedly differentiated (Gassama et al., 2011). In
addition, hydraulic connections, both natural and those induced through non-cased boreholes,
reduced any small differences in chemical signature. The strong variability of 3’Sr/%Sr ratios
recorded in charnockites, together with the &'Sr/2°Sr signature of fertilizers (the Vanur
recharge), complicated the use of such tracers.
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Fig. 1. (a) Simplified geological map and location of Vanur wells. (1) charnockite, (2) Ramanathapuram
sandstone, (3) Vanur sandstone, (4) Ottai clay with limestone lenses, (5) Kadaperikuppam limestone, (6)
Manaveli clay + Turuvai limestone, (7) Cuddalore sandstone, (8) alluvium. (b) General water flow in the Vanur
aquifer: identified (full arrow) and potential (dashed arrow) contributions. No seawater was evidenced and
deepest boreholes from the western area seemed to be disconnected from those (#47 and 48) from the eastern
area (crossed arrow).

To complement major elements, isotopic data on elements such as O, H, Sr, and sometimes S,
are widely used to identify end-members involved in the groundwater signature (e.g.
[Armstrong et al., 1998], [Gosselin et al., 2004], [Brenot et al., 2008] and [Raiber et al.,
2009]). In order to identify the origin of salinity, the use of elemental and isotopic
compositions of B (e.g. [Vengosh et al., 1999] and [Sanchez-Martos et al., 2002]) and CI (e.g.
[Kaufmann et al., 1993] and [Lavastre et al., 2005]) have been developed. Data on trace
elements are scarcely used to identify aquifer end-members or to describe groundwater flow.
The potential use of elements such as Re, Mo, U (Hodge et al., 1996) or As and other
oxyanion-forming trace elements (Vinson et al., 2011) is limited to oxic waters because of
their solubility. Lanthanide elements can be used as tracers (Stetzenbach et al., 2001) but only
rarely have both water and aquifer formations been analyzed (Banks et al., 1999).

Here, a complementary study, dedicated to trace element fingerprinting and focused on the
three main aquifers, was undertaken. Both aquifer formations and waters were investigated in
order to distinguish the different water body signatures. The aim was to determine whether
trace elements can be used as specific tracers of the end-members involved (Cuddalore and
Vanur sandstones, charnockites). To assess the specificity of potential tracers, samples
recovered from three secondary aquifers, which are components of the multilayered aquifer,
were also studied. The interest in the Kaluvelly case is that the parent material of the two
sandstones are the charnockites, providing, for a given trace element, a common
mineralogical origin. Thus, for a given trace element, the dissolution rate of the minerals
involved should be the same for all three aquifers for given physico-chemical conditions.
Although the main hydraulic connections have previously been established, data on trace
elements could also improve the description of mixing between water bodies. Knowledge of
hydraulic connections throughout the aquifer is essential for better management of this
resource, and this work could provide key information for aquifer management in such an
area. The impact of fertilizers was also assessed.



2. Study area

Data on climate, hydrology, hydrogeology and a piezometric map for June 2000 are presented
in D’Ozouville et al. (2006). Complementary data on geology, location and description of
wells, historical piezometric data and a piezometric map for June 2001 are presented in
Gassama et al. (2011).

The over-exploitation of aquifers has resulted in a piezometric depression in the Vanur
sandstone aquifer, which has modified the natural groundwater flow and which will
potentially lead to a degradation of water quality (D’Ozouville et al., 2006). Several possible
causes of salinization have been identified: (i) saline intrusion, (ii) infiltration of brackish
waters from the Kaluvelly swamp, (iii) input linked to agricultural practices, and (iv) upward
migration of older more saline groundwaters in response to the hydraulic gradient.

A simplified cross section of the sedimentary part is presented in Fig. 1b. Results for major
elements and isotope ratios (**0/*°0, 2H/*H, ¥'Sr/*°Sr) revealed the recharge of the Vanur
aquifer and slight mixing between aquifers varying according to monsoon input (Gassama et
al., 2011). No seawater intrusion could be identified. The recorded salinity originated mainly
from water—rock interaction. Hydraulic disconnection of some of the deepest parts of the
Vanur aquifer occurred which can be linked to the balance between abstraction and recharge
or to lithologic heterogeneities. The underlying charnockite aquifer which could potentially
contain saline water was suspected to contribute to the deeper parts of Vanur. Infiltration of
waters from the Kaluvelly swamp was suspected in the northern part of the aquifer (wells #7
and 10). In addition, a contribution from the Cuddalore aquifer was suspected through wells
#47 and #48.

3. Sampling and analytical procedure

3.1. Sampling

The wells sampled were located in one of the three main aquifers, the Vanur and Cuddalore
sandstones and the charnockite aquifers, and of some intermediate ones (the Ottai clay, the
Turuvai and Kadaperikuppam limestone aquifers) (Fig. 1). Priority was given to cased
boreholes. Waters were collected during five monitoring surveys spread from January 1999 to
October 2001. Waters sampled in January 2001 (after the winter monsoon, HC survey) and in
October 2001 (before the next winter monsoon, HE survey) were used to study trace
elements. Based on results for major elements, the seasonal variation was assumed to be
negligible for the VVanur and the charnockite aquifers and mainly recorded in the Cuddalore
aquifer (Gassama et al., 2011).

Aquifer formations were sampled at the outcrop, inside the formation. One sample was
selected for sandstone. As charnockites are known to be heterogeneous, two samples (#1 and
#2) were collected. Several thin sections of each sample have been prepared. Samples were
assumed to have not been modified by weathering processes according to the surface aspect
together with the thin section study.

Analyses of major elements in aquifer formations were performed using X-ray fluorescence
with a Philips PW2400 spectrometer using the “oxiquant” analytical procedure. Seventy-two
natural rocks and clays were used as certified reference materials (CRMs) for calibration. The
CIPW norm was used to calculate the mineralogical composition from the chemical one.



Sampling and analytical procedures, and results of analyses of the major elements in waters
from the January and October 2001 surveys can be found in Gassama et al. (2011).

lon charges have been omitted, in all the text, for simplicity.

3.2. Rock digestion

Rock samples were crushed in an agate mortar and then dried at 105 °C overnight (dry basis)
prior to analysis. Digestion of samples (100 mg) was carried out using a microwave digestion
system (Multiwave Sample Preparation System, Perkin EImer/Paar Physica) with HF and
HCIQO, at high pressure (50-60 bar) and temperature (210 °C). After evaporation of HCIO,
and two consecutive evaporation steps with HCI, the residues were dissolved in HNO3 and
made up to 50 mL in volumetric flasks (final solution 2% HNO3) and stored in polyethylene
bottles. The efficiency of digestion was checked and confirmed using a high pressure
digestion system (PDS, Pressure Digestion System, Loftfields Analytical Solutions) following
the same steps as described above. All reagents and water used were of high purity.

3.3. Trace element analyses

Concentrations of trace elements in the January 2001 survey waters were determined by
inductively coupled plasma mass-spectrometry (ICP-MS, Agilent Technologies HP 4500),
using In as an internal standard. The international geostandard SLRS-4 was used to check the
accuracy and reproducibility of the results. Typical uncertainties, including all error sources,
were below +5% for all the trace elements ( [Yeghicheyan et al., 2001] and [Pédrot et al.,
2010)).

October 2001 survey water and rock analyses were performed using inductively coupled
plasma quadrupole mass-spectrometry (ICP-MS, Perkin Elmer/Sciex Elan 6000). The sample
dilution factor ranged from 2-100 (water) and from 500-5000 (digestions) depending on the
concentration of elements. Measurements of element concentrations were performed using
Ru—Re (10 ng/mL) as internal standards and two calibration solutions (high purity chemical
reagents). Calibration solutions were prepared from mono-elemental ICP-MS standard
solutions and high purity chemical reagents (Merck). A batch of 5-7 samples was bracketed
through two calibration procedures. Accuracy and precision of determinations were checked
at regular intervals with certified reference materials (rocks: CRM; waters: NIST 1643d,
NIST 1640, NRCC SLRS-4) with compositions similar to the analyzed samples (
[Govindaraju, 1994] and [Dulski, 2001]).

The following trace elements were measured in the rocks: Li, Be, V, Cr, Co, Ni, Cu, Zn, Ga,
Ge, As, Se, Rb, Sr, Y, Zr, Nb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu, Hf, Ta, Pb, Th and U. In waters, the following elements were measured: Fe, Mn, Li, Rb,
Sr, Ba, Al, Cr, Cu, Zn, Cd, Pb, Th, U, La, and Ce in the January 2001 series; Fe, Mn, Li, Be,
B, Rb, Sr, Ba, Al, Ge, As, Se, Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Mo, Cd, Pb, Th and U in the
October 2001 series.

4. Aquifer formation - Lithologic characteristics

The geological basement mostly consists of charnockites (Madras Granulite Block) which
outcrop on the west and are overlain by sedimentary layers close to the coast. This
sedimentary cover consists of alternating layers of sandstones, claystones and limestones.



This cover and the charnockites constitute a multilayered aquifer. The layers dip and thicken
toward the sea (eastward) to a depth of up to 500 m (Jaya Kumar et al., 1984). Several aquifer
formations have been recorded from the bottom to the top of the stratigraphic sequence (Fig.
1): the charnockites, Ramanathapuram sandstone, Vanur sandstone, Ottai clay (containing
limestone lenses), Turuvai limestone, Kadaperikuppam limestone, Manaveli clay and
Cuddalore sandstone. Three main aquifers are used for water supply (mainly for irrigation but
also for domestic purposes): (i) the charnockite, (ii) the Vanur sandstone, (iii) and the
Cuddalore sandstone aquifers.

Charnockites of the Indian peninsula originate from different geological events (
[Bhattacharya, 1996], [Mezger and Cosca, 1999] and [Rickers et al., 2001]). The Madras
Granulite Block, sometimes referred to as the Eastern Ghats coastal belt, exhibits variable
composition from acidic to basic granulites (Weaver et al., 1978). This group has a complex
differentiation signature (Sen, 1974) consisting of protoliths originating from different
magmas (Weaver et al., 1978). In addition, some studies have revealed that metasomatic
processes have affected alkali elements and REE distribution; thus only a few rocks may have
preserved their primary signatures (Bernard-Griffiths et al., 1987). Consequently, the studied
charnockite aquifer may exhibit a broad range of chemical and mineralogical compositions
and thus isotopic signatures. Based on field observations, two samples representative of local
charnockites were collected. Thin section observation showed a composition of alkali
feldspar, quartz, plagioclase, biotite, pyroxene, green hornblende, epidote, rutile, hydrous
ferric oxides and apatite. This microscopic study and chemical analyses (Table 1 and Table 2)
evidenced that the charnockites sampled exhibited a dioritic (#1) and a granitic (#2)
composition. Owing to the physical properties of the rock, water circulates in the charnockite
aquifer through fissures and in weathered rock pockets. This may lead to heterogeneity in the
chemical signature of the water.

Table 1. CIPW normal composition of sampled charnockites expressed as% weight.

% weight Charnl Charn2
Quartz 1.9 34.6
Albite 199 314
Anorthite 25.3 13.3
Orthose 5.0 13.9
Diopside 17.3 0.0
Enstatite 5.2 1.6
Ferrosilite 21.3 2.9
Apatite 0.3 0.0
lImenite 2.4 0.2
Pyrolusite 0.2 0.0

Total 98.8  98.0



Table 2. Major element composition of host rocks (charnockite, Vanur and Cuddalore
sandstone), and normalized composition to parent rocks.

s - dmockite charnockite Vanur Cuddalore Vanur/ Vanur/ Cudd/ Cudd/
g 2 sandstone sandstone charnl charn2 charnl charn2
Si0, 52.13 73.19 842 72.66 1.62 1.15

ALO, 14.07 13.54
Fe;0, 14.17 1.99
MgO 5.29 0.64
Ca0O 9.76 2.67
Na,0 2.37 3.69
K,0 0.81 2.39 1.72
TiO, 1.26 0.23 0.84
MnO 0.19 0.03 0.07
P,05 0.16 <0.03 <0.03 0.07
LOI 0.24 0.71 1.86 3.49
Total  100.45 99.11 98.39 98.33

enriched with r with reference to charnockites
depleted with n with reference to charnockites

Vanur sandstone outcrops in the west and becomes confined below Ottai clays eastward. The
Cuddalore sandstone occurs as small plateaus on the east and west sides of the sedimentary
cover. Lateritization processes have affected the exposed surface of the Cuddalore sandstone,
which is capped by a ferruginised lag deposit (about 50 cm thick) (Bourgeon, 1988). Nodules
of the lag deposit are coated with a thin film of Fe(l1l) oxides (goethite, hematite, magnetite)
and the matrix between the nodules is rich in Fe(l11) and kaolinite (Achyuthan, 1996). The
ferricrete cap is thought to have been formed during the Late Tertiary to the Early Pleistocene
during the uplift of the charnockite bedrock ( [Bourgeon, 1988] and [Achyuthan, 1996]). This
uplift accounts for the scouring of the top formation. The Vanur sandstone mostly consists of
rounded silicate grains (quartz, feldspar, muscovite, biotite, zircon, epidote, garnet, kyanite,
tourmaline and green hornblende), which were consolidated with carbonate cement. The
superficial Cuddalore sandstone comprises rounded, coarse and angular fine grains, mono-
(mainly metamorphized quartz but also feldspar) or poly-crystalline, either coarse and
rounded or fine and angular, coated with Fe(l11) oxides. Some rutile, sphene, zircon, pyroxene
and kyanite minerals were also observed. The permeability of these sandstones allows the
flow of significant quantities of water (Jaya Kumar et al., 1984), the water body of each
aquifer can be considered to be relatively homogeneous in contrast to charnockite.

5. Aquifer formation - Results and discussion
5.1. Chemical evolution during weathering

5.1.1. Weathering intensity

The parent material of the VVanur sandstone has experienced one main weathering episode. In
the case of the Cuddalore, the lateritization process has modified the chemical and
mineralogical distribution resulting from the sandstone formation. The two sandstones are
depleted in Al, Ca and Na compared to the charnockites (Table 2), which can be attributed to
the weathering of ferromagnesian silicates and plagioclase. Considering the low solubility of



Al, the high depletion observed suggests a significant loss of matter. Weathering induces a
decrease in K, which is a mobile ion occurring in feldspar, and an increase in Ti, a low-
mobility ion occurring in poorly soluble phases (e.g. rutile as a primary or secondary mineral).
The variation in K and Ti concentrations (Table 2) suggests that the parent rocks of the two
sandstones may be more closely related to charnockite #2 than to charnockite #1. Likewise,
the chemical and mineralogical composition of the Vanur sandstone was more closely related
than that of the Cuddalore sandstone to the parent rocks. The Cuddalore sandstone recorded a
more intense weathering process (Table 2). This was confirmed by thin section microscopic
observation (cf. Section 4). Hence, an increasing chemical gradient from charnockite #2,
Vanur to Cuddalore sandstone could be observed.

5.1.2. Alkali and alkaline earth elements

Charnockite #2 contained the highest concentration of Ba (Table 3). The Vanur sandstone was
enriched in Mg (Table 2), Li, Rb and Cs (Table 3) compared to charnockite #2. This could be
explained by clay entrapment (Nesbitt et al., 1980) because the concentration of these mobile
elements decreases during weathering (of feldspars and micas). A similar pattern was not
observed for the Cuddalore sandstone. This result is in accordance with a more intense
weathering process of the Cuddalore formation in the post consolidation period. With regard
to charnockite #2, the Vanur was depleted in Be, Sr and Ba, and the Cuddalore sandstone was
depleted in all the elements of this group.

Table 3. Trace element composition of host rocks (charnockite, Vanur and Cuddalore sandstone), and
normalized composition to parent rocks. Elements are classified according to chemical properties and
atomic numbers.



Vanur Cuddalore Vanur/ Vanur/ Cudd/ Cudd/

re/e 1 ite sane sandstone charnl charnl charn2

Li 11.5 10.2 , 2 0.2
Be 0.5 0.8 ) 0.0 0.8
Rb 27.5 28.9 426 3 .5 0.0
Sr 132.7 419.0 . 0.6 2 0.0
Cs 1.0 0.1 0.2 20 0.1
Ba 242.7 1066.3 0.5
v 351.3 26.9 0.1 3 0.5
Cr 112.9 8.3 . 0.3 42
Co 479 5.7 : 0.1 0.4
Ni 77.1 8.6 5 0.0 0.7
Cu 180.1 57.0 . 0.0 03
Zn 1334 48.3 0.7
Pb 3.72 10.51 24.9
Ga 19.0 16.9

Ge 0.1 0.1

As 14 2.0

Se 3.3 0.3

Y 25.1 1.1

La 10.0 16.0

Ce 22.7 229

Pr 2.8 1.8

Nd 125 5.6

Sm 3.16 0.55

Eu 1.03 0.79

Gd 4.03 0.31

Tb 0.69 0.05

Dy 4.63 0.19

Ho 1.04 0.05

Er 3.01 0.12
Tm 0.46 0.03

Yb 2.96 0.15

Lu 0.45 0.03

Th 1.97 0.38 .21

U 0.51 0.17 0.51

Zr 84.3 61.9 79.2

Nb 39 24 1.4

Hf 2.45 1.87 2.12

Ta 0.36 0.34 0.37

enriched wirh reference to charnockites
depleted with reference to chamockites

5.1.3. Transition elements, Ga, Ge, A4s, Se

The two sandstones were depleted in Cu and Ga, and enriched in Fe, Mn (Table 2), V, Cr, Pb,
Ge, As and Se (Table 3) compared to charnockite #2. This enrichment was greater for the
Cuddalore sandstone, which was also enriched in Co, Ni and Zn. The elements of this group
are of low mobility under oxidizing conditions, except V, Cr and As, and all have high
affinities for Fe and/or Mn oxyhydroxides (Buffle and De Vitre, 1994). Differences between
the two sandstones may be linked to the lateritization process.



5.1.4. Lanthanides, Y, Th, U, High Field Strength Elements (HFSE)

As lanthanides are low-mobility elements, their concentrations increase in the solid fraction of
the residual material when weathering increases. Concentrations of Y, lanthanides, Th, U and
HFSE (senso stricto: Zr, Nb, Hf, Ta) were greater in the two sandstones than in charnockite
#2 (Table 3). The Cuddalore sandstone enrichment was up to 20 times higher. Considering the
low P,05 content of these rocks, lanthanide and Y enrichment cannot be attributed to the
accumulation of phosphate minerals ( [Banfield and Eggleton, 1989] and [Aubert et al.,
2001]). Lanthanide, Y, Th, U and HFSE enrichment could instead be linked to the stability of
typical bearing minerals such as zircon or rutile. Carbonate and Fe oxyhydroxide precipitation
may also be involved in the accumulation of lanthanides ( [Brookins, 1989], [Sholkovitz et
al., 1992] and [de Carlo et al., 1997]), Y, Th, and U in the sandstone of VVanur (carbonate) and
Cuddalore (Fe oxyhydroxide), respectively. Europium is divalent and can substitute for Ca in
minerals during rock genesis. As low plagioclase content was observed in the two sandstones,
the Eu depletion recorded here may be linked to the weathering of parent-rock plagioclase
which is usually enriched in Eu. A high Ce enrichment in sandstones related to the
charnockite was also recorded. This positive anomaly is the result of the oxidation of Ce(ll1)
to the immobile form Ce(1V) (Brookins, 1989). This has been observed in several laterite
profiles developed on igneous rocks, where Ce was oxidized to cerianite (CeO,) in the
ferruginous unit and accumulated in higher concentrations than other REE ( [Braun et al.,
1990], [Valeton et al., 1997], [Dequincey et al., 2002] and [Ndjigui et al., 2008]).

5.1.5. General pattern

Few binary correlations were observed between chemical elements. This may imply that most
of the elements were involved in several mechanisms. Potassium and Sr (Fig. 2a and b)
exhibited a negative correlation with Ti, whereas Cr and Se (Fig. 2c and d) exhibited a
positive correlation. These relationships suggest that chemical processes were the main
factors governing loss of these elements and that they were involved in the same kinds of
chemical reactions. Data distribution (Fig. 2) confirms that charnockite #2 represents the
parent rocks of the sandstones, and the increasing chemical gradient from charnockite #2,
Vanur to Cuddalore sandstone.
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Fig. 2. Distribution of: (a) K,0 (102 g/g), (b) Sr (ug/g), (c) Cr (ng/g), and (d) Se (ug/g) concentration in the
aquifer formations as a function of TiO, (10~ g/g) concentration.

5.2. Elementary signature of reservoirs

Results evidence that the two sandstones resulted from the weathering of charnockite and that
charnockite #2 is the parent rocks. Therefore, charnockite #2 is likely representative of local
charnockite. The Cuddalore sandstone originated from a more intense weathering process
than the Vanur sandstone. In addition, elements with high affinities for Fe and/or Mn
oxyhydroxydes have accumulated in the Cuddalore formation during lateritization. According
to the data specific tracers for the charnockite reservoir are potentially Be, Sr, Ba, Cu and Ga.
Whereas, Fe, Mn, Ti, V, Cr, Pb, Se, Y, lanthanides, Th, U and HFSE could be considered as
specific tracers for the two sandstones. To distinguish the two sandstones, VVanur was enriched
in Li, Rb and Cs, but depleted in Co, Ni, Cu, Zn, Ge, As and Eu.

6. Trace elements in groundwater - Results and discussion

While the Cuddalore aquifer is unconfined (#19, 38, 39, 40, 42, 43, 44, 45, 46, 53), samples
from the Vanur aquifer were taken from both the confined (#4, 7, 10, 13, 26, 27, 29, 35, 47,



48) and unconfined (#15, 16, 17, 24, 25, 30) areas. The deepest boreholes are #4, 7, 13, 29,
35, 47 and 48. Fertilizer contamination was identified in borehole #16 through CI contents
(KCl input; Gassama et al., 2011). Because little information was available on borehole
casing, samples from the charnockite aquifer (#2, 23, 31, 32, 33, 34, 49, 50, 52) were
collected in the unconfined area to prevent the risk of sampling waters mixed within the
borehole.

In all the water samples analyzed, the Na concentration increased steadily in line with the
advancement of water—rock interaction (Fig. 3a). By comparing the concentrations of selected
elements with that of Na it was possible to classify boreholes: the lowest end-member
comprised the Cuddalore samples, followed by the Vanur recharge waters, whereas the
highest end-member comprised the deepest boreholes of the Vanur aquifer and the more
mineralized waters of the charnockite aquifer.
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Fig. 3. Distribution of: (a) Na versus TDS, (b) Li versus Na, (c) Li versus Mg, and (d) Sr versus Na in water
samples (molar concentrations).



6.1. Alkali and alkaline earth elements (Li, Sr, Rb, Ba, Be)

In the charnockite aquifer, waters were Li-depleted (Table 4a and Table 4b, Fig. 3b)
compared to those from Vanur for similar Na concentrations. The range for Cuddalore waters
were as for the samples from the Vanur recharge area, from 0.4 to 2.9 x 10 ° mol/L. In the
Vanur aquifer, the correlation (for January and October 2001 series; molar expression) can be
calculated as follows:

[Li] = 9.18 x 107" [Na] — 780 x 1077 n =22 R*=0.562

The weak correlation coefficient was due to #47 and 48, which were Li-enriched compared to
Vanur waters from the other boreholes. In the VVanur, the Li distribution followed the water—
rock interaction pattern, and its waters were richer in Li than those from charnockite, in
accordance with rock data. The Li distribution between the Cuddalore and the charnockite
waters did not match the rock ratio. It, therefore, seems that the available stock and reaction
time are not the only significant parameters controlling Li release in these waters; another
probable factor is the nature of the Li-bearing mineral. When Li originates from biotite, Mg
and Li are correlated (Beaucaire and Michard, 1982) because Li substitutes for Mg in the
octahedral site. This relationship was not observed in the charnockite waters (Fig. 3c).
Lithium can also originate from other micas and from pyroxene (Teng et al., 2008) where it
can substitute for Mg or for Fe(ll). As a result, no link with Mg was observed. In addition,
clays found in the soils and superficial parts of the aquifer may alter the Li distribution
(Neshitt et al., 1980).



Table 4a. January 2001. Trace element concentrations (mol/L) in waters. TDS as mg/L. n.d.: not detected. sw:
swamp; V: Vanur, ch: charnockite, K: Kaddaperikuppam, O: Ottai, T: Turuvai, and Cd: Cuddalore aquifer.

Label |‘_’| TSD Fe Mn Li Rb Sr Ba Al Cr Cu 2zZn Cd Pb Th U La Ce
HC f 6. |;; 6.88E 2.19E 59E- 3.01E 8.9E- 1.87E 6.00E 8.1E- 1.04E 1.62E .,  8.98E 2.15E 5.0E- 4.03E 5.85E
6 ) 2 -7 -07 08 —08 07 —07 —08 09 —-08 —-08 "% —10 -11 11 -10 -10
HC f 7. 409 671E 7.59E 4.16E 3.29F 2.22F 548E 153F 188E 301E 571E ,  473E 259E 2.18F 346E 207E
8 6 07 -08 -07 -08 -06 -07 -07 —08 -08 —-08 "% —10 -11 -09 -10 -10
HC s 7. 911 3.20E 1.05E 3.87E

20w2 5 —08 —06 —06

HC s 7. 102 1.10E 7.6E— 3.88E 1.84E 3.68E 7.78E 156E 8.66E 8.44E 7.97E 6.9E— 5.30E 5.90E 7.15E 5.44E 1.85E
22 w8803 —08 09 —06 -07 —05 —-07 —-07 —07 —08 —08 10 —10 —11 —09 ~-10 ~—10
HC |, 6. 105 8.00E 3.66E 582F 3.25E 2.12E 4.29E 167E 2.87E 1.24E 560E .  7.87E 1.72E 2.22E 2.30E 8.6E-
4 691 -07 —08 —06 —08 —05 —-07 -08 —-08 —-08 -08 "% —10 -11 -09 -10 11
HC |, 7. 104 347E 661E 3.79E 6.11E 1.10E 7.13E 550€ 181E 115E 217E . 2.85E 8.6E- 9.7E- 1.O4E 7.9E-
7 566 -07 -08 -06 —08 —05 -07 -08 -08 -08 -08 "% —10 12 11 -10 11
HC |, 6. 109 650E 53E- 4.35E 349E 2.76E 1.00E 4.63E 348E 173E 1.39E ,  526E 8.6E~ 847E 137E 7.1E-
10 Y897 -08 09 -06 -08 -05 —-06 -08 -08 -08 -07 ™ —10 12 09 -10 11
HC |, 7. 109 6.16E 7.00E 3.87E 3.03E 114E 9.7E- 149E 358E 115E 4.20E ,  241E 6.46E 3.48F 259E 2.11E
13 Y009 -06 -07 -06 —-08 —05 08 —-07 -08 -08 -08 "¥ —10 -11 -08 -10 —09
HC |, 7. ;,) 6.70E 221 2.87E 3.08F 494E 114E 500E 92E- 8.7E- 103€ ,  410E 1.72E 130E 7.9E- 2.9E-
15 Vo508 08 -06 —08 —-06 —07 -08 09 09 -07 "% -0 -11 -08 11 11
HC |, 6. goo 6.50E 6SE~ 7.17E 2.88E 751E 6.63E 230E 3.44E 148E 214 .  5.89E 8.6E- 109E 6.5E~ 14E-
16 Y 69°° 08 09 -07 -08 -06 -07 -08 -08 -08 -07 "% —10 12 08 11 11
HC |, 6. ;50 1.30E 1.3E~ 1L09E 5.80E 4.72E 1.00E 3.96E 98E- 7.7E- 439E ,  3.67E 431E 208E 9.4E- 2.9E-
17 V70 ™ 08 09 06 -08 -06 -07 -08 09 09 -08 ™% -0 -11 -08 11 11
HC |, 7. g,q 148E 183E 2.14E 1.93E 9.63E 52E- 1.25E 363E 2.33E 2.29E 8.E-1 3.38E 250E 397E 137E 9.3E-
24 Y 08°" —07 —08 -06 -08 -06 08 —07 -08 —08 -07 1  —10 -11 —08 -10 11
HC |, 6. 1, 261E 445E 1.91E 346E 301E 3.0E- 448E 2.7E~ 6.0E~ 5.69E 9.E-1 5.16E 4.22E 284E 331E 2.9E-
5 Vg 97 —08 —07 -08 -06 08 -08 09 09 08 1 -10 -11 -09 -10 11
HC |, 6. 103 6.67E 9.51E 563E 146E 150E 1.08E 2.63E 2.73E 2.17E 3.89E 10E- 5.31E 2.80E 9.89E 158E 3.6E-
26 Y82 -07 -08 -07 -08 -05 -06 -08 —-08 —08 —-07 10 —10 —-11 —09 -10 11
HC |, 6. g05 211E 147E 141E 147E 890E 1.39E 3.11E 154E 157E 5.18F 12E- 3.11E 155 110E 122E 2.1E-
27 V' 57°° 07 —08 07 -08 -06 -06 -08 -08 —08 -07 10 —09 -11 —08 -10 11
HC |, 6. 144 8.18F 130E 7.99E 3.74E 146E 158E 3.26E 6.75E 187E 4.22E 14E- 9.89E 1.08E 143E 7.9E- 5.0E-
29 Y932 -07 07 -06 -08 -05 -07 -08 -08 —-08 -07 10 —10 -11 —08 11 11
HC |, 6. ;o0 63E~ S.1E~ 2.14E 345E 653E 8.44E 2.74E 148E 161E 7.04E 13E- 444E 550E 142E 7.9E- 2.9E-
30 VY8 ™09 09 -06 -08 -06 -07 -08 -08 —08 -08 10 -10 -11 —-08 11 11
HC |, 6. 117 2.07E 460 2.16E 2.09E 1.84E 7.48E 3.33E 3.46E 2.12F 9.29E 1.24E 3.33F 1.08E 153E 1.30E 6.4E-
35 Y571 —07 —08 -06 -08 -05 —-07 —08 -08 —08 —08 —09 -10 ~-11 —08 ~—10 11
HC |, 7. 110 1.16E 108E 9.71E 456E 540E 291E 4.11E 469E 197E 1.89E ,  7.72E 8.6E~ 386E 180E 6.4E-
47 Vo61 -07 -07 -06 -08 -05 —07 -08 -08 -08 -07 "% -0 12 -10 -10 11
HC |, 6. g7 448E 3.34E 504E 344E 490E L1SE 1.13E 145E 3.88E 130E 137E 8.6E-
48 Y 94 08 -05 -07 -08 -08 -08 -07 "% —10 -11 -10 -10 11
HC ¢ 7. ..o 1.80E 2.98E 6.45E 42F- 241E 6.37E 452E 200E 168E 1.326 ,  128E 2.15E 113E 158E 3.6E-
2 hs51° 08 —07 —07 09 -06 -07 -08 -08 -08 -06 " —09 -11 -10 -10 11
HC ¢ 6. 125 2.93E 2.18E 7.99E 6.10E 6.44E 6.81E 8.00E 1.48E 1.83E 1.08E 1.7E— 4.25E 1.94E 1.72E 1.94E 2.9F—
23 h 970 -06 -07 —08 -07 -06 -07 —-08 —-07 —07 —-06 10 —10 —-11 -10 -10 11
HC ¢ 7. oo 9.7E~ 330E 191E 83E- 820E 131E 2.70E 40E- 102 6.16E ,  8.2E- 2.97E 6.06E S58E- 1.4E-
31 h16°°09 -08 -07 09 -06 -06 -08 09 —08 -08 "% 11 -11 -09 11 11
HC ¢ 7. 143 360E 3.36E 563E 1.77E 2.64E 2.28F 5.93E 8.17E 3.19E 1.35E ,  348E 2.37E 101E 37E 2.9E-
32 h 59 -08 -08 -07 —-08 —-05 -06 —08 -08 —08 —-07 "% —10 -11 -08 -10 11
HC ¢ 6. o 250E 107E 141E 1.06E 746E 4.08E 7.06E 481E 175€ 4026 ,  166E 1.98E 540E 173E 5.7E-
33 he o7 —08 -07 -08 -06 -07 -08 -08 -08 -08 "% —09 -11 -09 -10 11
HC ¢ 7. ,., 350E 7.54E 2.95E 19F- 523E 200 3.19E 229E 124E 554E ~,  130E 9.1E- 591 8.6E- 4.3E-
34 h 24 1% 08 —08 —07 09 -06 -07 -08 -08 -08 -08 "% —10 12 —09 11 11
HC ¢ 7. o0 142E 7.03E 6.60E 1.60E 9.76E 177E 7.30E 260E 337E 1.28E , 531 431E 6.68F 274 5.78E
50 h 14°° —07 08 -07 -08 -06 -06 —-08 -08 —08 -07 "% —10 -11 -09 -10 -10
HC ¢ 7. 101 2.20E 284E 4.11E 76E- 226E 171E 3.00E 4.96E 132E 531E .  193E 43E- 789E LISE 8.6E-
52 h 290 -08 -07 -07 09 05 -06 —-08 -08 —08 —08 "% —10 12 -09 -10 11
HC | 6. 107 1.20E 2.08E 2.13F 9.2E- 2.23E 185 2.22E 352E 157E 237€ ,  555E 172 192E 151E 7.1E-
9 833 -08 -08 -06 09 05 -06 —-08 -08 —-08 —08 "% —10 -11 -08 -10 11



L abel |E’| TSD Fe Mn Li Rb Sr Ba A Cr Cu zn Cd Pb Th U La Ce

HC | 7. oo L17E 1.27E 4.22E 159E 7.81E 167E 2.74E 3.96E 148E 106E ,  198E 8.6E— 9.87E 1.87E 8.0E-

1 7 -07 -08 —06 —08 —06 —06 —08 —08 —08 —08 = -10 12 —09 -10 11

HC 6. 508 8.69E 4.01E 2.95E 4.84E 7.74E 5.16E 5.15E 5.60E 551E 3.26E 2.2E- 4.97E 1.03E 8.07E 2.38E 1.0E-

28 - 775 —05 -08 —07 -08 -05 —07 -08 —07 —-08 —07 10 -10 —-10 —08 ~—10 10

HC L 6. oo 2.35E 1.09E 2.09E 254E 2.71E 2.08E 2.85E 4.52E 2.83E 1.05E 1.E-1 2.56E 6.21F 1.78E 1.30E 2.1E-

36 76 -06 —07 -06 —08 —05 —06 —08 —08 —08 —06 O -10 -11 -08 -10 11

HC 6. 102 134E 5.0E- L65E 7.1E- LO3E 1.00E 581E 3.13E 181E 5.60E 1.2E~ 1.11E 5.60E 1.94E 8.6E~ 2.9E-

37 ~ 345 —07 09 06 09 —05 -06 —08 —08 —08 —08 10 —09 —11 —08 11 11

HC C 5. ., 3.90E 2.07E 8.49E 1.72E 261E 3.86E 5.89E 1.04E 44E- 9.29E 13E- 3.28E 2.15E 145E 1.87E 1.14E

19 d 45 -08 —07 —07 —08 —06 —07 —08 —08 09 —08 10 —10 —I11 —09 —10 ~—10

HC C 5. .. 6.81E 1.09E 4.88E 1.30E 123E 4.05E 4.56E 9.0E- 123E 391E ,  192E 2.50E 4.12E 1.08E 4.92E

38 d 39 -06 —-07 -07 -08 —06 —07 —08 09 —06 —07 '~ —07 -11 -10 —09 ~-10

HC C 5. o, 7.80E 1.93E 451E 1.02E 101E 3.90E 2.93E 5.8E- 153E 7.82E 171E 185E 2.15E 7.60E 8.14E 5.7E-

39 d 57 -08 —-08 —07 —-08 —06 —07 —08 09 —07 -06 —09 —-08 -11 —-10 -10 11

HC C 5. ., 6.00E 1.28F 4.44E

40 d 34 -08 —08 —07

HC C 5. ... 6.40E 1.00E 5.72E

42 d 22 -07 —07 07

HC C 5. .., 5.20E 1.26E 7.59E

43 d 37 -06 —06 —07

HC C 5. 0. 2.95E 7.13E 8.87E

44 d 78 -07 —08 —07

HC C 5. .0 3.33E 6.87E 1.16E

45 d 82 -07 —08 —06

HC C 5. ..o 9.70E 5.12E 1O6E 1.32E 5.32E 4.74E 9.8E— 2.59E 2.05E 9.7E— 2.76E 4.3E— 1.60E 2.30E 1.57E

46 d 84 -08 —08 —06 —08 -07 -08 09 —07 —06 10 —08 12 —09 -10 -10

Table 4b. October 2001. Trace element concentrations (mol/L) in waters. TDS as mg/L. n.d.: not

detected. V: Vanur, ch: charnockite, Cd: Cuddalore, and O: Ottai aquifer.
tb P TP Fe Mn Li Be B Rb St Ba Al Ge As Se S
HE \, 6. 96 ., 105 536E . 106E 331E 126E 3.83E 435E 112E 88IE 275E 1.87E
4 8  -08 -06 - -05 -08 -05 -07 -08 —09 —08 —08 —08
HE 7. 81 ., 33E- 990E . 711E 6.13E 430E 54E- 6.69E 3.88E 3.57E 296E 3.10E
7 o006 7 09 -07 ' -06 -08 -06 08 —08 —09 —08 —08 —08
HE |, 7. 61 .  257E 125E 34E- 749E 347E 305E 7.8E- 183E .  807E 216E 2.20E
25 032 - 08 -06 09 —06 -08 —06 08 —08 08 —08 —08
HE , 6. 85 . 121E 241E 59E- 176E 259E 1.38E 549E 510E 6.3E- 6.72E 2.77E 2.77E
27 959 " 08 -06 09 05 -08 -05 —07 —08 10 08 —08 —08
HE |, 6. 14 128E 111E 7.37E 133E 137E 409E 122E 169E 174E 124E L14E 301E 1.94E
29 ' 95 48 06 -07 -06 —08 —05 -08 —05 —07 —08 —09 —07 —08 —08
HE |, 6. 12 448E 142E 102E L1IE 171E 480E 532E 296E 222E 2.76E 3.07E 342E 2.00E
47 7 9302 07 -07 —05 -08 05 —08 —05 —07 —08 —09 —08 —08 —08
HE \, 7. 97 . 239E 994E 39E- 100E 4.02E 293E 393E LISE 2.69E 261E 186E 1.28F
48 228 7 -07 —-06 09 -05 -08 -05 -07 —08 —09 —08 —08 —08
HE ¢ 6. 65 ,  174E 260E 1.IE- 444E 126E 7.79E 9.70E 5.85E 8.7E- 133E 251E 227E
31 heg2 ™ 08 -07 09 06 -08 —06 —07 —08 10 —08 —08 —08
HE ¢ 7. 15 = O66E 745 . 998E .,  212E 147E 544E 44E- 469E 545E 3.23F
32 h1934 ™ -8 -07  —-06 ~ —05 -06 —08 10 08 —08 —08
HE ¢ 7. 67 3.17E 1.96E 5.12E 1.19E 5.56E 2.14E 4.45E 3.89E 8.31E 1.23E 158E 2.09E 3.36E
3 h50 -07 -07 -07 -08 -06 -08 —06 —07 —07 —09 —08 -—08 —08
HE ¢ 7. 70 . 183E S8E- 22E- 821E 158E 1L19E 147E 4.62E 7.37E 101E 6.04E 2.85E
49 h 177 " -08 08 09 -06 -08 —05 -06 —08 —09 -08 —08 —08
HE ¢ 6. 10 . 464E 770E . 624E L41E 100E 183E 131E 109E 272E 341E 3.49E
50 h 9246 ° -08 -07 06 -08 —05 -06 -07 -09 —08 -—08 —08
HE ¢ 7. 13 = 120E 417E 42E- 505€ _,  204E 161E L09E 52E- 341E 238E 3.63F
52 h158 " -06 -07 09 —06  —05 —06 —07 10 —08 —08 —08
HE C5 3 , 154 113 2.6E- 9.28E 169E 255E 334E 922 . 557E L19E 4.25E
9 do941 " -07 -06 09 06 -08 -06 —07 —08 - —09 —08 —08



HE
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HE
HE
46

HE
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HE
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ch
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25 3.62E 1.36E 6.95E 2.0E- 7.59E 1.48E 1.18E 3.88E nd 1.25E

75 -05 -06 —07 09 -06 -08 —-06 —07 =09
25 nd 758E 7.57E 8.5E— 8.82E 1.29E 1.23E 241E 7.38E 1.09E

3 9 o -08 07 09 -06 -08 —-06 —07 —08 —09
21 3.74E 1.05E 1.10E 1.32E 5.26E 1.35E 6.5E— 3.21E 3.26E 1.97E

15 -05 —-06 —-06 —-08 -06 —08 07 -07 08 —09
47 nd 3.28E 1.41E 1.11E 6.29E 2.81E 4.47E 5.66E 3.71E 2.76E

58 08 06 -08 -06 -08 06 07 -08 —09
70 3.61E 3.37E 2.73E nd 8.07E 2.44E 6.38E 2.53E 2.91E 2.36E

04 08 —07 -06 06 08 -06 -07 -08 09
34 452E 158E 9.47E 8.5E— 2.92E 2.12E 3.79E 4.56E 6.53E 9.0E—

6 27 04 -05 —06 09 -05 -08 -05 -07 —08 10
87 nd 82E— 2.21E 1.E-1 130E 7.4E- 7.76E 7.06E 2.41E 4.1E—

72 09 -06 0 -05 09 -06 -07 -07 10

Ti \Y Cr Co Ni Cu Zn Mo Cd

2.91E-0 5.71E-0 1.07E-0 1.23E-0 1.70E-0 2.24E—0

7 8 n.d. 1.1E-09 8 8 7 8 4E-11

3.61E-0 1.47E-0 3.8E-09 1.9E—09 4.9F—09 2.16E-0 2.34E-0 3.35E-0 nd.

7 7 8 7 9

2.85E-0 2.27E-0 nd. 9FE-10 5.1E-09 7.2E-09 1.60E-0 3.09E—-0 nd.

7 7 7 9

2.55E-0 2.37E-0 1.39E-0 1.64E—0 4.89E—0 1.31E-0 1.6E—1

7 7 2.3E-09 1.8E-09 8 8 7 8 0

3.81E-0 1.14E-0 8 0E-09 2.2E—-09 8.7E—09 2.34E-0 8.97E-0 1.51E-0 9F-11

7 7 8 7 8

6.47E-0 7.26E—0 1.19E-0 2.20E-0 6.13E-0 5.21E-0 8.9E-1

7 8 5.8E-09 1.7E-09 8 8 7 9 0

3.52E-0 4.88E-0 2 1E=09 1.2E—09 4.1E—09 1.87E-0 2.37E-0 3.72E-0 nd.

7 8 8 7 9

3.68E-0 3.68E-0 44F—09 1.8E-09 4.6E—09 1.56E-0 1.13E-0 1.23E-0 SE-11

7 7 8 7 9

8.69E-0 7.65E-0 2.10E-0 3.51E-0 1.36E-0 1.84E—0 1.1E-1

7 7 9.9E-09 4.9E-09 8 8 7 9 0

3.11E-0 3.44E-0 2 7E-09 2.9E-09 9 AE—09 2.09E-0 1.01E-0 6.16E-0 9F-11

7 7 8 7 9

2.05E-0 3.43E-0 2.47E-0 6.37E-0 3.34E-0 8.67E—0 2.9E—1

7 7 n.d. 8.9E-09 8 8 7 9 0

5.10E-0 7.14E-0 1.17E-0 3.33E-0 1.30E-0 4.08E—0

7 7 7.8E-09 3.0E-09 8 8 7 9 n.d.

4.73E-0 4.39E-0 2.47E-0 3.01E-0 1.14E-0 1.03E-0

7 7 n.d. 5.8E—09 8 8 7 9 n.d.

9.26E-0 1.48E—0 1.36E-0 1.68E—0 2.33E-0 1.8E-1

8 7 n.d. 4.E-10 8 9.0E-09 7 9 0

9.48E-0 1.82E-0 7.09E-0 7.57E-0 7.87E-0 2.5E-1

8 n.d. n.d. 8 8 7 7 7.0E-10 0

8.39E-0 5.67E—0 1.83E—-0 1.39E-0 2.05E-0 1.2E-1

8 8 8 5.E-10 8 7.6E—09 7 2.4E-10 0

4.11E-0 1.26E-0 1.39E-0 2.37E-0 6.50E-0 1.8E—-1

8 8 n.d. 5.5E-09 8 8 7 1.5E-10 0

1.59E-0 1.43E-0 77E-09 n.d. 8 5E-09 2.36E-0 1.72E-0 2.08E-0 nd.

7 7 8 6 9

4.03E-0 2.68E-0 nd. 2 6E—09 4.4E—09 1.70E-0 1.16E-0 3.88E—0 nd.

7 7 8 7 9

1.06E-0 1.60E—0 1.19E-0 2.47E-0 1.64E—0 4.78E—0 5.33E-0 4.67E—0 LE-10

6 7 8 8 7 8 6 8 ’

6.77E-0 1.78E—0 1.08E-0 4.16E-0 1.19E-0 1.86E—0

7 7 7.4E-09 2.6E-09 8 8 7 8 9.E-11

2.32E
-09
2.96E
-09

9.1E-
10

9.34E
—09

9.08E
—09

8.76E
—08

2.41E
—08

Pb

9.79E
-09

3.71E
-09

S.4E-
10

1.39E
—08

1.24E
—08

1.83E
—07

3.5E—
10

Th

1.23E-0 nd

9

5.94E-1

nd

0 )
72811 ™d

1.05E-0 nd
9

7.24E-1
0

9.65E—-1
0

3.19E-1
0

8.16E-1
0

1.33E-0 nd
9

6.18E—-1
0

1.83E-0 nd
9

6.61E-1
0

9.51E-1
0

9.32E-1
0

1.48E-0 nd
9

n.d
n.d
nd

n.d

n.d

n.d
nd

n.d

nd. n.d

2.63E-0 nd
9

3.38E-0 nd
9

2.32E-1 nd
0

1.01E-0 nd
9

1.16E-0 nd
9

3.21E
—08

3.76E
—08
3.86E
-08

4.23E
—08

3.11E
—08
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Strontium distribution followed the water—rock interaction pattern (Fig. 3d) in all the aquifers,
except in #47 which exhibited a particularly high Sr content. Strontium can substitute for Ca
in plagioclase, hornblende and carbonate minerals. Calcium and Sr can also substitute for K in
micas and alkali feldspars. In the charnockite, Sr was probably mainly released from
plagioclase (Bau et al., 2004). In the Vanur sandstone, Sr was probably released from detritic
plagioclase and alkali feldspar, and from carbonate cement dissolution. Strontium distribution
suggested that the Sr-bearing minerals were more Sr-enriched in the Vanur aquifer than in the
charnockite aquifer (Fig. 4a). Due to Sr incorporation during calcite precipitation (e.g. Tang et
al., 2008) and to its structural properties (Lucas-Girot et al., 2007), the Sr-rich mineral in
Vanur is likely to be carbonate cement. In the Vanur aquifer, the following correlation (for the
January and October 2001 series) can be calculated, omitting HC35 which was suspected to
have an input from another aquifer (Gassama et al., 2011; input from Ottai-like water (HC37),
see also results for Ba):

[Sr] = 2.43 x 1077 [Ca] —2.44 x 107° n =22 R®=10.521
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The low correlation coefficient is probably due to the low degree of mixing with other
aquifers and because Sr can originate from different minerals.

Strontium was not a suitable tracer to distinguish between the aquifers. Waters from the
Vanur and from the charnockite aquifers exhibited a similar pattern (Figs. 3d and 4a) although
the Vanur rocks were Sr-depleted compared to charnockite (Table 3).

Rubidium substitutes for K in both biotite and K-feldspar. Distribution of Rb with that of K
followed the expected pattern (Fig. 4b). However, #7, a deep borehole (210 m deep), and #17,
in the recharge area, exhibited an exceptionally high concentration of K compared to other
Vanur waters (Table 4a and Table 4b) and a higher Rb/K ratio. The high ®Sr/%°Sr ratio and
the high Rb contents (Fig. 4c) of #7 and #17 could be explained by contamination from
fertilizer input such as Fert2 (mainly composed of KCI, ¥'Sr/®Sr ratio = 0.714050) (Gassama
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etal., 2011). Vanur waters were richer in Rb than those from charnockite (Table 3) in line
with the contrasting distribution in host rocks. This apparent correlation between rocks and
waters was not observed in the Cuddalore aquifer. In the VVanur aquifer, the correlation (for
January and October 2001 series) can be calculated as follows, omitting #7 and 17:

[Rb] =221 x 107* [K]+ 8.7l x 10 n=20 R®=0.637

The potential location of Ba in minerals is the same as for Sr. In the water samples studied, Ba
distribution was independent of K, but followed that of Ca (Fig. 4d). As in the rocks, waters
from the charnockite aquifer were Ba-enriched compared to those from the Vanur and
Cuddalore aquifers (Table 3, Fig. 4d). Even the deepest VVanur boreholes exhibited a lower Ba
content than charnockite boreholes. Barium, therefore, appears to originate mainly from
weathering of plagioclase (and to a lesser degree of hornblende). By plotting Ba against Li
distribution it is possible to differentiate between charnockite and Vanur waters (Fig. 5a) even
if some Vanur boreholes appear to have mixed waters. However, waters from the carbonate
reservoirs display a similar pattern to that of the charnockite group (Fig. 5a). Thus, 3 types of
water can be distinguished (Fig. 5a): (i) “superficial”, i.e. waters from unconfined aquifers
with high Ba and low Li concentrations (charnockite, Kaddaperikuppam and Turovai), (ii)
shallow to deep waters from confined aquifers with low Ba and high Li concentration (Ottai
and Vanur), and (iii) waters from the Cuddalore aquifer with low Ba and Li concentrations.
As previously reported (Gassama et al., 2011), #53 (Cuddalore) appears to have a significant
input from the Vanur (Fig. 5a). In the Vanur (Fig. 5b), the marked input of superficial water
recorded in #16 and #30 was expected, but that recorded for #26, 27, 35, 7 and 10 (confined
aquifer) was not. This observation suggests hydraulic connections between some Vanur
boreholes and the above aquifers. Because of the low relief and the traditional rainwater
harvesting through shallow tanks (D’Ozouville et al., 2006), running waters supplying the
swamp came mainly from the charnockite outcrop area. Infiltration of swamp waters was
suspected in #7 and 10 from major elements in January 1999 and October 2000, and in
January 1999 and October 2001, respectively (Gassama et al., 2011). In contrast to major
elements, the swamp signature seems to remain measurable for Ba in January 2001. The
recorded fertilizer input in #7, from Rb and the 8’Sr/%Sr ratio, could be ascribed to an
infiltration of swamp waters mixed with irrigation waters. The input signature can sometimes
fall rapidly as observed in #27 between January 2001 and October 2001 (Fig. 5b).
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For Be, in contrast to rock analyses (Table 3), water samples did not display any difference
between the aquifers (Table 4b). Concentrations of this element remained low and within the
same range for all the samples. The chemical properties of Be are closer to those of Al than to
those of the alkaline earth elements (Greenwood and Earnshow, 1997). This could explain the
difference observed.

Alkali and alkaline earth elements are very soluble and are not sensitive to the redox state of
the solution. Their input to solution mainly depends on the available stock present in the host
rock and on the reaction time between water and rock. The rate of release of one trace element
may vary considerably depending on the bearing mineral and its dissolution characteristics.

In the water samples studied, Rb appears to originate from the same minerals in all the
aquifers, but Li and Sr in the Vanur and charnockite aquifers could originate from different
minerals. The available stock of Be was too low to lead to different concentrations in solution,
and it, therefore, cannot be used as a discriminating tracer. The difference between the



weathering properties of Li-bearing minerals (biotite, other micas and pyroxenes) was
sufficiently significant to distinguish between aquifers, but this was not the case for Sr. The
main factor explaining the differences observed for Ba appears to be the available stock of the
parent rock. Thus, of the alkali and alkaline earth metals, only Li and Ba can be used to
characterize the aquifers in this study. The trace element/major element ratios recorded in
waters were systematically inferior to ratios measured in the host rock (Table 5). This result
was expected due to the incongruent mineral dissolution.

Table 5. Li/Na, Sr/Ca, Rb/K and Ti/Ca ratio recorded in waters and host rock of the
Vanur aquifer.

Vanur aquifer
Ratio (mol/mol)
Water Host rock

Li/Na 9.2x1070.38
Sr/Ca 24%x10724.7%x107°
Rb/K 27x10*27%x107°
Ti/Ca 25x10*0.51

6.2. Transition elements, and Ga, Ge, As, Se

This group comprises redox-sensitive elements whose solubility mainly depends on the redox
characteristics of water (Stumm and Morgan, 1970). Low circulation and/or confined parts of
these aquifers may show anoxic conditions. Iron and Mn are the most abundant elements of
this group, and their oxides control the solubility of most trace elements (e.g. Jenne, 1968,
[Salomons and Forstner, 1984], [Dzombak and Morel, 1990] and [Ponthieu et al., 2006]). Iron
and Mn (in the dissolved phase) exhibited a wide range of concentrations (Table 4a and Table
4b): from below detection limit to 4.52 x 10™* mol/L for Fe; from below detection limit to
1.58 x 10~ mol/L for Mn. Borehole #28 (the Ottai aquifer) exhibited the highest
concentrations. The redox potential may reduce along the flow path and as the water travels
deeper the solution may become enriched in dissolved Fe and Mn. This pattern was observed
for all the aquifers (Fig. 5¢) except for the Cuddalore, which was characterized by Fe- and
Mn-enriched waters (Table 4a and Table 4b). This result was unexpected for a superficial
aquifer with high transmissivity. This redox window can only be explained by the degradation
of organic matter occurring in the soils and consuming O, during the infiltration of water.
This respiration signature was also noticed from the high content of carbonate species
(Gassama et al., 2011). A weak correlation between Fe and Mn was found in all the aquifers
(for January and October 2001 series) (Fig. 5d) as follows:

Log([Fe]) = 0.92 log([Mn]) +0.058 n =44 R =0.415

In contrast to what is generally observed in superficial waters, no correlation between Fe or
Mn and any trace elements was observed. This lack of relationship could be attributed to a
modification of the redox state during pumping, when air bubble cavitations in the pump body
oxidize the solution. Each element reacts according to its specific redox potential and
oxidation rate. Therefore, any relationships between elements in the aquifer would have been
erased during pumping.



Within this group of elements, Ti, As and Sc exhibited interesting patterns (Fig. 6). Sodium
and Ca showed a positive correlation with Ti. For Na, 3 types of water can be distinguished
(Fig. 6a): (i) “recharge” (Cuddalore, Vanur and low TDS charnockite waters), (ii) Vanur, and
(iii) high TDS charnockite waters. #47 seemed to have an input from another aquifer. Calcium
and Ti were correlated throughout the aquifer (Fig. 6b). For the October 2001 series:

[Ca] = 4.04 x 10° [T +2.03x 107" n =21 R®>=0957
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Fig. 6. Distribution of: (a) Na versus Ti, (b) Ca versus Ti, (c) As versus Ti, and (d) As versus Sc in water
samples from October 2001 (molar concentrations).

Two main parameters regulate the concentrations of elements such as Ti in water: available
stock in rock-forming minerals, and water—rock reaction rate. As expected, analyses of whole



rocks (Table 2) revealed higher levels of Ti in the Vanur and Cuddalore sandstones than in
charnockite. In charnockite, Ti-bearing minerals were observed to be rutile crystals on
plagioclase cleavage planes (Fig. 7). In the two sandstones, Ti was still present in detrital
parent material and was also observed as rutile and sphene in the Cuddalore. Differences
observed in Vanur and charnockite waters (Fig. 6a) can be attributed to the nature of the
feldspar from which the Na and Ca originated. As feldspar weathering increases with Ca
content, Vanur sandstone is Ca-feldspar-depleted in comparison with the charnockite, but it is
enriched in alkali feldspars, which are not associated with Ti-bearing minerals. The available
stock of Na was higher in the Vanur aquifer formation than in the charnockite. However,
because Na is a major element, its input in water is also regulated by the electroneutrality of
the solution. As a result, Na and Ti distribution differs in the Vanur and charnockite aquifers
(Fig. 6a): Na concentrations in the two aquifers were within the same range, but the
charnockite rocks were richer in Ti-bearing plagioclase. As expected, the Ti/Ca ratio recorded
in waters was inferior to the ratio measured in the host rock (Table 5).

Fig. 7. Example of rutile inclusions in charnockite plagioclase (on cleavage planes). The thin section length
measures about 3.2 mm.

Titanium is a low-mobility element, but examples of Ti mobility have been reported in some
saprolites under equatorial (Gardner, 1980) and temperate (Chiquet et al., 2000) climates.
This mobility can be related to specific conditions such as high concentrations of organic
acids (Colin et al., 1993).

Of the redox-sensitive elements, only As appears to record the redox condition of the aquifers
(Fig. 6¢ and d), the deepest boreholes (see Table 1 in Gassama et al., 2011) exhibiting the
highest As concentrations. The boreholes can be differentiated by comparing the distribution
of As and Sc concentrations (Fig. 6d), which revealed that #47 and 48 were mixed with oxic
or low-As-containing waters. This apparently “conservative” behavior (depending on
sampling conditions) was recorded in some shallow and deep aquifers (Dhar et al., 2008),
where Fe and Mn distributions over time were erratic, whereas As exhibited a regular



seasonal distribution. Arsenic(l11) oxidation by O, is slow (Eary and Schramke,

1990 and [Kuhn and Sigg, 1993]). A half-life of around 4-9 days in air-saturated water
(pseudo first-order reaction) with low Fe contents and pH between 7.6 and 8.5 has been
measured (Kim and Nriagu, 2000). This half-life depends on Fe content because of removal
of As by adsorption on Fe(OH)3 during oxidation.

Results for this group of elements illustrate the difficulty in preserving redox conditions when
sampling water from boreholes, which have not been designed for experimental studies. In
experimental boreholes, it is possible to measure the aquifer redox potential (Grenthe et al.,
1992) and even to preserve species when sampling shallow or deep aquifers (Schurch et al.,
2004) through the use of packers and N, pressure (Roy and Fouillac, 2004). However, this
type of operating procedure cannot be applied to boreholes used for agriculture and, therefore,
these elements cannot be used as tracers. However, under certain conditions, it seems that the
As concentrations were only slightly modified during water pumping. The distribution of Na
versus Ti and of Ca versus Ti in the water samples allows differentiating between water
sources.

6.3. Lanthanides, Y, Th, U, HFSE

This group comprises very insoluble species. Only La, Ce, Th and U concentrations were
measured (Table 4a and Table 4b, Fig. 8). These elements did not exhibit a regular pattern
with regard to water—rock interaction (Figs. 8a and c). HC38 and 39 (Cuddalore) were richest
in La, whereas HC13 and 24 (Vanur) were richest in U. No correlation with any element was
recorded. Lanthanum and Ce showed a slight trend (Fig. 8b), but Th and U were not
correlated (Fig. 8d).
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(molar concentrations).

The marked contrast in concentrations observed in rocks was not recorded in waters, and,
therefore, these elements cannot be used as fingerprints to identify the aquifer through which

the waters flow.

7. Conclusions

The results confirm that weathering and lateritization have lead to different trace element
contents in sandstone and the parent rock. However, the aquifer formation signature recorded
by trace elements is not necessarily observed in the water flowing within it. Three categories
of trace elements can be identified: (i) mobile elements, (ii) elements whose solubility
depends on the oxidation state, (iii) low-solubility elements.

The first group comprises alkali and alkaline earth elements. In the study, aquifers could be
differentiated by Li and Ba contents, Li because it originates from different minerals in
sandstone (such as micas) and in charnockite (not micas because of the Li/Mg ratio), and Ba
because the available stock is greater in charnockite (plagioclase).



The second group comprises most of the transition elements and As, Se, Pb and U.
Potentially, some of these elements could be used to characterize aquifers, but the difficulty is
to preserve Eh conditions during sampling. However, As may preserve the aquifer signature
due to its slower oxidation rate.

The third group comprises low-mobility transition elements such as Ti, lanthanides, Y, Th and
HFSE. These elements are potentially the most suitable for use as tracers, their main
limitation being their very low solubility (with corresponding low concentrations). The only
one that could be used in the studied aquifers is Ti. Titanium-bearing minerals which are
associated with plagioclases appeared to be less stable than isolated ones, leading to a good
correlation between Ca and Ti throughout the aquifer. This correlation integrates both
available stock (plagioclase) and reaction rate. The Vanur and charnockite aquifers could also
be differentiated by Na due to their different plagioclase contents.

This study showed that trace elements can be used as specific tracers to assess sources of
waters and mixing within the aquifer. However, the mineralogical composition of the aquifer
formation (trace element-bearing minerals), rate of alteration (for low-solubility species), and
specific physico-chemical conditions (e.g. Ti solubility) may restrict their use to aquifers with
similar origin or long-residence time groundwater.
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