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Characterizing multiple water-rock interactions in the critical
zone through Sr-isotope tracing of surface and groundwater.
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PLaboratoire d’Hydrologie et de Géochimie, CNRS UMR 7517, University of Strasbourg,
France.

Abstract

Here, we report on Sr isotopes, from shallow and deep groundwater from catchments located
on granite and schist around the world. This extensive approach of Sr isotope tracing, initiated
in France on areas impacted by intensive agricultural activities, was enlarged to Africa
(granite-gneiss and schists 2200-700 Ma of the Congo Basin; Archaean granitoid/gneisses and
sedimentary greenstone 3700-2500 Ma of the Orange River); India and Nepal (Archean
granites 2500 Ma and Palaeoproterozoic granodiorite and schists 3100-1600 Ma for India;
Himalaya metamorphic, silicate metasediments and gneisses 630 to 490 Ma); North America
(3500 to 2500 Ma silicate rocks in the Mackenzie basin; 1000 to 70 Ma silicate rocks in the
Fraser Basin in Canada and 1760 to 1430 Ma anorthosite and granite in the Laramie aquifer in
Wyoming); South America in French Guiana (Archean gneiss 3400 to 2700 Ma and granite-
gneiss rocks 2300 to 1900 Ma); Australia (65 Ma arenaceous and argillaceous rocks; and
considering both surface and groundwater). In this extensive approach, the Sr and Mg
contents are well correlated and both are partly related to agricultural and weathering inputs.
The relationship between Sr- isotope and Mg/Sr ratios allows definition of the relative impact
on surface and groundwater of processes occurring in the Critical Zone, mainly rain,

agricultural practices and water-rock interactions.
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1 — Introduction

The Critical Zone (CZ) is the lithosphere-atmosphere boundary where complex physical,
chemical and biological processes occur and control the transfer and storage of water and
chemical elements. This is the place of life-sustaining resources and where rocks release
nutrients. Because it is the place where we are living, this is a fragile zone and nowadays a
perturbed natural ecosystem. Surface water that drains such environments can interact with
groundwater. Either surface-water bodies gain water or solutes from ground-water systems or
the surface-water is a source of ground-water recharge, often causing changes in ground-water
quality. Surface water and shallow groundwater are particularly vulnerable to pollution, as in
many countries water resources are increasingly threatened by growing demand, wasteful use
and contamination, while deeper ground resources are more protected from contamination. As
climate change impacts are increasingly observed, existing challenges within science and
policy are being exacerbated by the rate of change within the physical system (Ostrom, 2007).
Understanding the diversity of water-rock interactions is a key issue for ensuring the CZ
functioning and the geochemical characterization of different hydrological compartments
(weathered rock, the weathered-fissured zone, and fractured bedrock; Larsson, 1984) involved
in the water circulations. This understanding will help to predict the CZ evolution in response
to environmental modifications due to tectonic, climatic or anthropogenic forcing (Brantley et

al., 2007; Banwart et al., 2011).

In crystalline basement rocks; which represent more than 50% of the earth’s terrestrial
surface (Amiotte Suchet et al., 2003), weathering leads to the formation of a cover of an
unconsolidated part named alterite or saprolite, usually representing a thickness of several
tens of metres. Considering the catchment scale, the base of the alterite cover can be
considered as sub-horizontal, parallel to the paleosurface contemporaneous with weathering

(Fig. 1). A fissured zone develops beneath the alterite, representing a thickness of several



hundred metres. The fissuring results from rock shattering under the influence of stress
generated by the swelling of certain minerals during the early stages of weathering (Wyns et
al., 2004). Moreover, weathering causes the dissolution and flush of soluble cations,
depending on the nature and stability of the minerals, which in turn generates mineralogical
phase changes, leading in particular to the formation of clayey minerals at the expense of
alumina silicates. Thus, although alterite has an interstitial porosity, their clayey mineral
content means that their permeability is generally low, especially in fine-grained rocks.
Conversely, the global permeability of the fissured zone is generally larger than that of the
alterite, even if the permeability decreases statistically with depth in close connection to

fissure density.

Water resources in hardrocks commonly involve different hydrogeological
compartments such as overlying sediments, weathered rock, the weathered-fissured zone, and
fractured bedrock (Larsson, 1984). Aims of the present study are to characterize the strontium
isotopic ratios in watersheds or continental basins worldwide draining crystalline basement, to
investigate the functioning of the different compartments of the CZ in terms of weathering

processes and water pathways.

2 — Samples and methods

First, fields representing different catchments in France are used as summarized in the paper
by Négrel and Pauwels (2004) and illustrated in Fig. 2: shallow and deep groundwater from
granite and schist of the Armorican Massif in Brittany, northwestern France (Arguenon, Coét-
Dan, Pleine-Fougeres, Négrel and Pauwels (2004); surface and shallow groundwaters from a
small watershed underlain by granite or granite-gneiss in the Margeride Mountains, southern
Massif Central in France (Négrel, 1999); stream- and spring-waters from the VVosges massif

draining granite (NE France; Tricca et al., 1999; Probstet al., 2000; Aubert et al., 2002;



Schaffhauser et al., 2014); water flowing from the Morvan draining granite (SE Paris Basin;
Négrel et al., 1988; Seimbilleet al., 1989); waters flowing in the upstream part of the Hérault
watershed draining granite and mica schist (S France; Petelet,1998); and water flowing on
mica schist from the Cantal (eastern Massif Central; Négrel, 1997).Other sets of samples were
used: one corresponding to the Seine River draining granite (Roy et al., 1999); waters flowing
in the upstream part of the Garonne River (Semhi et al., 2000); waters flowing upstream in the
Pyrénées (Oliva et al., 2004); and waters flowing in the upstream part of the Moselle River
(Brenot et al., 2008). These different catchments in France all drain silicate bedrocks (300-
450 Ma).

We have extended to larger basins draining silicate rocks and located worldwide as
illustrated in Fig. 3 for some of them: India (3a), South America (3b), Africa (3c), North
America and Canada (3d), as summarized below for all considered sites:

- In India with two locations and Himalaya (Nepal). The first location in India is the
Subarnarekha River Basin, located in northeastern India, rising in southern Bihar state
(Négrel et al., 2007a), the river drains Precambrian metasediments, mainly mica
schists, and Archean granites aged 2500 Ma. The second location in India is the
Maheshwaram hydrosystem (35 km south of Hyderabad in the Ranga Reddy District,
State of Andhra Pradesh). This watershed is 53 km? in surface area, purely endorheic
and groundwater interact with Palaeoproterozoic granodiorite and schists 3100-1600
Ma (Négrel et al., 2010). In Nepal with the Himalayan rivers (the Bothe Kosi
River;Harris et al., 1998) draining sillimanite-grade migmatites, gneisses and
leucogranites in the upper section and kyanite—garnet metapelitic sediments in the
lower sections, mid-Palaeozoic to Eocene age (450 — 50 Ma) and the Ganges

headwaters (Bickle et al., 2005) that cross the major lithotectonic units of the



Himalaya (metamorphic units of the Himalayas and the silicate metasediments and
gneisses of High Himalayan Crystalline Series 630 — 490 Ma in age).

In South America with the French Guiana where the Maroni Basin (Négrel and
Lachassagne, 2000) and groundwater over the whole country were investigated
(Négrel and Petelet-Giraud, 2010) where weathered rocks are Archean gneiss aged
3400-2700 Ma and granite-gneiss rocks aged 2300-1900 Ma.

In Africa with the Congo Basin with the Oubangui River (Négrel and Dupré, 1995a),
the Congo River (Négrel et al., 1993; Négrel and Dupré, 1995b) and rivers draining
the western part of the Congo Basin (Négrel and Dupré, 1995a). These rivers drain
mainly granite-gneiss and schists, 2200-700 Ma in age. Also, in South Africa with the
Orange River Basin (de Villiers et al., 2000) using the Vaal River catchment area that
is underlain by granitoid/gneisses and volcano-sedimentary greenstone of the Archean
Kaapvaal Basement (3700-2500 Ma) belt and below the Vaal confluence where the
Orange River traverses the Namaqualand Basement Complex, lower Karoo sequences
and Kalahari sands.

In North America with the Mackenzie and Fraser Basin in Canada and the Laramie
aquifer (Wyoming USA, Frost and Toner, 2004). The Mackenzie River (Slave
Province, Millot et al., 2002) where rivers drain 213,000 km? of old crystalline
basement from 3500 to 2500 Ma with silicate rocks predominating (potassium-rich
rocks, gneisses) and the Fraser River (British Columbia, Cameron et al., 1995)
draining 238,000km? and crossing through a number of geological belts (Upper
Proterozoic to tertiary -1000 to 70 Ma - metamorphic and I- or S-type granitic rocks,
silicate sedimentary rocks). The aquifer in the Laramie basin (Wyoming) crosses

Precambrian igneous and metamorphic rocks (1760 Ma Horse Creek Anorthosite



Complex with anorthosite, monzonite, and granite, 1430 Ma Sherman Granite
Batholith).

- Central Australia with groundwater from Tertiary sedimentary aquifers of the arid Ti-
Tree Basin (Harrington and Herczeg, 2003). The basin is composed of a suite of
arenaceous and argillaceous Cenozoic rocks (65 Ma) derived through weathering of
the Proterozoic igneous and metamorphic rocks also including granite, gneiss, schist

and quartzite (2500 to 540 Ma).

3 — Additional results in this study

All data compiled/reported in this paper have been already published except those from the
Maheshwaram catchment in India. In this small endorheic watershed, representative of South
Indian conditions in terms of geology (hard rock), land-use, overpumping of the hard-rock
aquifer (over 700 bored open-end wells in use, surface waters are ephemeral and occur only
during the monsoon period. Moreover, the chemical composition of groundwater is strongly
impacted by evaporation linked to irrigation return flow (Perrin et al., 2011). Samples in the
Maheshwaram hydrosystem (Fig. 4) were collected and analyzed in two sampling periods
2006 and 2008 (Négrel et al., 2010; Pauwels et al., 2015). The 2006 and 2008 samples were
analyzed for Mg contents by ICP-AES and Sr content by ICP-MS at BRGM. The 2006
samples were analyzed for Sr isotopes at National Geophysical Research Institute NGRI,
Hyderabad (A. Dayal, personal communication) whereas the 2006 samples were analyzed at
Laboratoire d'HYdrologie et de GEochimie de Strasbourg LHyGeS. The Sr was separated
using the classical procedure purification using ion exchange resins and the isotopic ratios
were determined by thermal-ionisation mass spectrometer with an analytical uncertainty of
around 20ppm (2omean). The ®’Sr/*Sr value of the NBS 987 standard was routinely

measured in both labs. For more details, see Prunier et al., 2015.



Strontium content varies greatly in groundwater samples between 2.3 and 33.1 pmol/I.
The range is between 2.3 and 33.10 umol/I in 2006 and between 4.6 and 17.1 umol/l in 2008.
The observed range partly agrees with that found in groundwater in the Subarnarekha River
basin with Sr contents from less than 3.4 up to 100.5 umol/l (Négrel et al., 2007a). Strontium
isotopes display a wide variation in the groundwater from 0.71606 (lower values both in 2006
and 2008) to 0.72843 observed in 2008 (0.72823 as higher value in 2006). The #’Sr/%°Sr ratios
observed in groundwater agrees with those of waters draining old cratons (Guyana Shield,
Edmond et al., 1995; French Guiana, Négrel and Lachassagne, 2000; Lena River Basin in
Russia, Huh and Edmond, 1999; Ganga-Brahmaputra-Indus River system in India,
Krishnaswamiet al., 992; Pande et al., 1994; Singh et al., 1998; Dowling et al., 2003;

Himalayan rivers, Galy et al., 1999).

4 - Discussion

4.1. The Sr isotope data from shallow and deep groundwater in silicate over France

Strontium isotopes are useful tracers of water-rock interaction (Blum et al., 1994; Brantley et
al., 1998; Négrel et al., 2001) and of mixing of water from different origins (Roy et al., 1999;
Négrel et al., 2001; Mc Nutt et al., 1990). Part of the Sr mass balance in a crystalline
environment is controlled by chemical weathering of the most commonly Sr-bearing phases
from the silicate host rock, either primary phases (apatite, plagioclase, K-feldspar, biotite and
muscovite) or their alteration products, e.g. epidote and clay minerals (Blum et al., 1994;
Brantley et al., 1998; Mc Nutt et al., 1987; Aubert et al., 2002; Pett-Ridge et al., 2009),inputs
from rainwater and anthropogenic disturbance. The latter, through agricultural activity,
induces an input of Sr that may be important (Négrel, 1999; Roy et al., 1999) depending on
the range of Sr contents in fertilizers and carbonate additives (3—1500 pg/g) with a Sr-isotope
ratio from 0.70794 to 0.7095. This range is reflected in manure from livestock, such as hogs

and poultry (Sr range from 2 to 4 pg/g, 3'Sr/*®Sr ratio from 0.7092 to 0.71092)



Starting from data of groundwater collected in three granitic and Brioverian ‘schist’
aquifers of the Armorican Massif, the observed Sr content is well correlated with Mg and both
are partly related to agricultural practices and water rock interaction (Fig. 5, Négrel and
Pauwels, 2004). Combined with additional data from surface and groundwater of catchments
draining silicate bedrocks (300-450 Ma) like the Hérault, Seine, Moselle, Garonne, Morvan,
Margeride, Cantal, Pyrenees and VVosges (from the literature, Fig. 5) revealed a unique trend
between Sr and Mg expressed by the relationship Mg (umol/l) = A x Sr (umol/l); with A
varying between 100 and 600 (Fig. 5).As demonstrated before (Négrel and Pauwels, 2004),
Mg is closely linked with Sr (and CI) and therefore the variability in the Cl vs. Mg
relationship interpreted as variations in the agricultural practices from a non-polluted status
(e.g. the water rock interaction), enhanced the use of Mg/Sr ratios. The use of this ratio rather
than absolute concentrations alone, avoids variations due to dilution or concentration effects
and the normalization to the Sr content transforms mixing curves into straight lines (Faure,

1986).

The relationship between Sr-isotope and Mg/Sr ratios (Fig. 6) allows better definition
of the different endmembers, mainly rain, agricultural practices and water-rock interaction.
Actually, the 3 endmembers rain inputs, fertilizer and manure present very close
characteristics with low #’Sr/%°Sr and low Mg/Sr ratios (Négrel, 1999; Négrel et al., 2007b).
Two binary mixing trends connect fertilizer and manure and the isotope composition of the
endmembers reflecting the water rock interaction in the different compartments. This implies
the occurrence of (i) high ®Sr/*°Sr and low Mg/Sr ratios, and (ii) low ®’Sr/**Sr and high
Mg/Sr ratios endmembers, which could be related to different water rock interaction
conditions. Water originating from the upper compartment of the aquifer in weathered rock
(alterite) is one of the water rock interaction endmembers. The interaction of water with

alterite thus led to higher ®’Sr/®Sr ratios in the water because of the weathering of residual



minerals (Bullen et al., 1997; Négrel, 1999). It is worth noting that the VVosges waters may
represent partly such a compartment with regard to the ®’Sr/%°Sr and Mg/Sr ratios. Water from
the lower compartment of the aquifer, mainly comprising fissured fresh rock, constitutes the
second water rock interaction endmember. Interaction in the fissured part implies that the Sr-
isotope characteristics of waters are more related to the weathering of whole rock (e.g. a lower

87Sr/%8Sr ratio: Négrel, 1999; Négrel and Pauwels, 2004).

All ground- and surface waters for catchments draining silicate bedrocks are scattered
between at least three geochemical signatures with some particular points plotting close to the
different mixing lines. This is the case for the Garonne, Seine, Pyrénées and to a lesser degree
for the Morvan, Cantal and VVosges (Négrel et al., 1988; Roy et al., 1999; Probst et al., 2000;
Aubert et al., 2002; Pierret et al., 2014), and Margeride field (Négrel, 1999), which are in an
intermediate location along the mixing line between fertilizer and manure and the endmember
corresponding to alterite. The intermediate location suggests influences from either
agricultural practices (Négrel, 1999; Roy et al., 1999) or rain, the latter being less probable.
Regarding Brittany, high Mg/Sr samples from the Coet-Dan catchment plot along the mixing
line between fertilizer and manure and the endmember corresponding to the fissured part of
the aquifer, comprising fresh rock whereas high Mg/Sr samples from the Plaine-Fougeres and
Arguenon catchments plot along and/or near the mixing line between the two WRI
endmembers. These locations reflect the relative lack of anthropogenic contribution to Sr
content compared to water-rock interactions and, in the case of Arguenon, the occurrence of
waters corresponding to a mixing between upper and lower compartments of the aquifer. The
Plaine-Fougeéres field defines a linear trend towards the pollution endmember, with the
low®'Sr/%°Sr/ and Mg/Sr ratios of this field in agreement with the characteristics of the Hérault
upstream waters (Petelet, 1998), thus reflecting considerable anthropogenic input in the upper

part of the Hérault catchment as suggested by Petelet (1998). The Vosges (Probst et al., 2000;



Aubert et al., 2002; Pierret et al., 2014; Schaffhauser et al., 2014) partly agree with the alterite
endmember but some waters are marked by the endmember corresponding to the fissured part
of the aquifer as they plot near the mixing line between the upper and lower parts of the
aquifer.

4.2. Extensive approach using Sr isotope in surface and groundwater in the critical zone
4.2.1 The focus on the Maheshwaram hydrosystem

The fluctuations of the Sr contents in the endorheic Maheshwaram hydrosystem are correlated
with those of Cl by the equation Cl = 0.14 x Sr - 36.06 (N = 39, R? = 0.67). This relationship
suggests that the source of chloride is also a potential source of Sr that can be related to
agricultural practices (Atal et al., 2010) as the bedrock is only comprised of silicates (e.g.,
granite).

The Sr-isotope studies of water have shown that variations in Sr isotopes are primarily
caused by mixing of waters of various origins with different 8'Sr/®Sr ratios and Sr contents
such as mixing between different water pools, each of them possibly reflecting water-rock
interaction with different rock types or different stage of water rock interaction in the same
bedrock. A comparison of the 8’Sr/%Sr vs. Cl and Sr contents shows that all the water samples
from the Maheshwaram hydrosystem are largely scattered with regard to both Sr isotopes and
Sr concentrations. Comparing the Sr isotope ratios and the chloride contents argues in favour
of three endmembers as samples are scattered in three directions (Fig. 7a). Rainwater inputs
display low CI contents in the Maheshwaram hydrosystem, around 113 pumol/l (Négrel et al.,
2011) and anthropogenic inputs show the highest CI contents, up to 7042 umol/l, and the
natural background (e.g. the water rock interaction) has a low Cl content, near that of
rainwater. The most dilute endmember in Fig. 7a could be rainwater inputs for which
characteristics are usually a &’Sr/%Sr ratio ranging between 0.714 to 0.720 (Galy et al., 1999;

Négrel et al., 2007a), and CI contents around 113 to 563 pmol/l. With a mean weighted
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chloride content of 25 pumol/l in rainwater and the concentration factor related to the quantity
of precipitation and the evaporation rate, a maximum for rain-derived CI of 225 to 563 pmol/Il
was determined (Négrel et al., 2011), in agreement with the range observed for this
endmember. The most mineralised endmember has a broader range of Sr isotope ratios from
0.71609 to 0.72769 and CI contents in the range 7296-8028 pmol/l. This second endmember
is believed to correspond to anthropogenic inputs, mainly agricultural in origin (livestock
farming, fertilizer spreading and partly related to domestic sewage and in situ sanitation). The
third endmember is characterised by a® Sr/*®Sr ratio ranging between 0.72796 and 0.72843
and a CI content around 563 - 1408 pumol/l. This range of Cl contents agrees with the rain-
derived Cl as stated above and corresponds to water rock interaction.

A comparison of the ¥Sr/%°Sr vs. Sr contents shows that all the water samples from the
Maheshwaram hydrosystem are largely scattered with regard to both Sr isotopes and Sr
contents. It is worth noting that (1) the large variation in the Sr contents corresponds to the
highest ®’Sr/%Sr ratios and (2) the relatively restricted range of the Sr contents in the
lowermost values corresponds to large variations in 8 Sr/*°Sr ratios. lllustrated in a diagram of
87Sr/%%Sr ratios vs. 1/Sr (Fig. 7b), the endmembers defined in Fig. 7a cannot be fully used.
Two endmembers can be considered, meaning the endmember corresponding to
anthropogenic inputs with high Sr contents and variable ®’Sr/*°Sr ratio and the endmember
corresponding to water rock interaction with a high ®Sr/%°Sr ratio and large Sr content
variations. The endmember previously related to rain inputs cannot be considered here as the
Sr contents in the groundwater are too large compared to the values for the rain inputs (Sr
content around 1pg/l, Négrel et al., 2007a). This implies the existence of a second endmember
corresponding to water-rock interaction with a restricted range in Sr content and a®'Sr/®Sr

ratio close to 0.715 (Fig. 7b). Such variations in the 8'Sr/®*Sr vs.Sr contents in groundwater
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issued from a similar granitic catchment, and related to changes in water-rock interactions,

have been observed by Négrel et al. (2000).
4.2.2 The extensive approach by enlarging to worldwide basins and catchments

An extensive approach was done by enlarging to Africa (granite-gneiss and schists 2200-700
Ma of the Congo Basin; Négrel et al. 1993;Archaean granitoid/gneisses and sedimentary
greenstone 3700-2500 Ma of the Orange River; de Villiers et al., 2000);India and Nepal
(Archean granites 2500 Ma and Palaeoproterozoic granodiorite and schists 3100-1600 Ma,
Négrel et al., 2007a and this study for India; Himalaya metamorphic, silicate metasediments
and gneisses 630 to 490 Ma; Harris et al., 1998; Bickle et al., 2005); North America (3500 to
2500 Ma silicate rocks in the Mackenzie basin; Millot et al., 2002 and 1000 to 70 Ma silicate
rocks in the Fraser Basin in Canada; Cameron et al., 1995 and1760 to 1430 Ma anorthosite
and granite in the Laramie aquifer in Wyoming; Frost and Toner, 2004); South America in
French Guiana (Archean gneiss 3400 to 2700 Ma and granite-gneiss rocks 2300 to 1900 Ma;
Négrel and Petelet-Giraud, 2010); Australia (65 Ma arenaceous and argillaceous rocks; and

considering both surface and groundwater; Harrington and Herczeg, 2003).

In a way identical to observations made at the scale of France, the Sr content is well
correlated with Mg as illustrated in Fig. 8, when enlarging to worldwide basins and
catchments. The highest values are observed in India in the Maheshwaram watershed (this
study) where more than 700 boreholes are used for agricultural irrigation in this endorheic
watershed of 53 km? surface area. The second place in India (the Subarnarekha River Basin),
also with high agricultural activities, has high Sr-Mg contents (Négrel et al., 2007a), however
with a lower range then that observed in the Maheshwaram watershed. Also, in South Africa
with the Orange River Basin the high contents in these elements are related, according to de
Villiers et al. (2000), to agricultural practices. The Ti-Tree Basin in Central Australia also has
groundwater with high Sr-Mr contents. As this is a very arid part of the Australian country

12



with a ratio of mean annual rainfall over potential evaporation of less than 0.1 (Harrington
and Herczeg, 2003), the groundwater resource is intensively used for a small but lucrative
horticulture industry, thus inducing the high Sr-Mg contents. Contrary to the zones where the
high Sr-Mg contents are related to larger agricultural practices, the lowest values are observed
in French Guiana and Africa (Congo and Congo occidental basin, Oubangui) where rain
inputs and water rock interactions are predominant processes. The rest of the studied sites are
scattered between low and high Sr-Mg contents as representing a mix between rain inputs,

water-rock interaction and anthropogenic inputs.

The weathering processes studied here all focus on old silicate environments, with
ages up to 3100 Ma, such weathered silicates therefore yield clearly larger ranges in the Sr-
isotope ratios as illustrated in Fig.9 when compared to the Mg/Sr ratio. The lowest ¥ Sr/®°Sr
value being observed in the Congo Basin (Kouilou river, Négrel and Dupré, 1995a, b), in
French Guiana (Négrel and Lachassagne, 2000; Négrel and Petelet-Giraud, 2010) and in the
Fraser River basin (Cameron et al., 1995). The higher #’Sr/**Sr value (up to 0.765) being
observed in Australia (Harrington and Herczeg, 2003) as other high values are observed in in
the Ganga headwaters (0.7526 and 0.7489,Bickle et al., 2005), in the Fraser river Basin
(0.7513, Cameron et al., 1995) and in groundwater from Finland draining tills developed on
granites (0.7508, Négrel et al., 2005). The Sr-isotopes tracing the origin of dissolved
compounds define and identify the circulation pathways of waters and compare to the former

plot with the French sites, the additional data define a large scatter for the Sr- isotope ratios.

More detail in Fig. 9, the scattering of the data sets from India is between alterite and
rain or agricultural practices for Maheshwaram site and between the three endmembers
(alterite, underlying weathered-fissured and fractured bedrock and rain or agricultural
practices) for the Subarnarheka site reflecting the larger influence of deep alteration processes

in the water in this area (Négrel et al., 2007a). For the Himalayan rivers, the Bothe Kosi River
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(Harris et al., 1998) has scatteredSr-isotope ratios ranging between 0.7187 and 0.7409 and a
low Mg/Sr (145 — 208) that reflects a mixing between the alterite compartment and
agricultural practices (also reflected by the range of Sr — Mg contents). The Ganges
headwaters (Bickle et al., 2005) are scattered between the three endmembers, one sample with
high Sr — Mg content displays the lowest ®’Sr/®°Sr ratio reflecting a large contribution of the
anthropogenic endmember. The other samples reflect the influence of the alterite endmember
with increasing ¥ Sr/*®Sr ratio (up to 0.7526) combined with Mg/Sr ratio in the range 120 —
220. One sample appears to be a mix between the alterite compartment and underlying
weathered-fissured and fractured bedrock as the sample plots along the mixing line between

these two endmembers with a Mg/Sr ratio of 470 and a®'Sr/%°Sr ratio of 0.7489.

In Africa, the scattering of the surface water data in the Congo Basin lies between the
three endmembers: rain inputs as previously evidenced by Négrel et al. (1993, 19953, b) but
also the alterite compartment and underlying weathered-fissured and fractured bedrock. The
weak influence of agricultural practices is confirmed by the low Sr-Mg values (Fig. 8). For
the Oubangui basin (Négrel and Dupré, 1995a), the alterite compartment has a strong
influence on the groundwater while the surface waters are scattered between the three
endmembers with a stronger influence of underlying weathered-fissured and fractured
bedrock. For the Congo Basin (Fig. 2c¢), both the yearly survey at Brazzaville (Négrel and
Dupré, 1995b) and the investigation at the basin scale (Négrel et al., 1993) show a strong
influence of the rain inputs and underlying weathered-fissured and fractured bedrock
reflecting the groundwater influence with an increase of the Mg/Sr ratio during low water
stage and slight decrease of the ®’Sr/®Sr ratio. Rivers draining the western part of the Congo
Basin (Négrel and Dupré, 1995a) show a strong influence of the alterite and underlying
weathered-fissured and fractured bedrock as most of the samples plot along the mixing line

between these two endmembers. In South Africa, the Orange River Basin is marked by a
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strong influence of agricultural practices as confirmed by the relatively high Sr-Mg values but
also the alterite compartment and a weak influence of underlying weathered-fissured and

fractured bedrock with a Mg/Sr ratio remaining around 350.

In French Guiana, the scatter of the data is between the three endmembers. In the
surface waters collected during low water stage the data clearly reflect the influence of the
alterite for some samples (Négrel and Lachassagne, 2000), the influence of rain inputs for
others (no water rock interaction as shown by Négrel and Petelet-Giraud, 2010) and the
influence of underlying weathered-fissured and fractured bedrock for the rest. Regarding the
groundwater, there is less influence of the alterite compartment and the data being scattered
between the rain inputs and the underlying weathered-fissured and fractured bedrock as

demonstrated by Négrel and Petelet-Giraud (2010).

In North America, regarding the Mackenzie River basin in Canada, scatter of the data
is between the three endmembers reflecting the prominent influence of the alterite and rain
inputs and less influence of underlying weathered-fissured and fractured bedrock. The role of
anthropogenic endmembers can be discarded as illustrated by the lowSr-Mg values (Fig. 8).
Most of the samples from the Fraser Basin in Canada plot between the anthropogenic inputs
and the alterite compartment with less influence of the latter. It is worth noting the location of
one sample along the mixing line between the alterite compartment and the underlying
weathered-fissured and fractured bedrock. In the Laramie aquifer (Wyoming USA), one
sample plots close to the weathered-fissured and fractured bedrock whereas the second one is
marked by the three endmembers, reflecting a more prominent role of the alterite and less
from anthropogenic inputs.

In Australia (Harrington and Herczeg, 2003), the groundwaters are scattered along the

mixing line between the alterite compartment and the anthropogenic inputs reflecting a more
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prominent role of the weathering processes in the alterite and the lack of any influence of
deeper interaction of the weathered-fissured and fractured bedrock.

Groundwaters from Finland are close to the field defined in the Mackenzie River basin
in Canada reflecting again the prominent influence of the alterite and rain inputs and less
influence of underlying weathered-fissured and fractured bedrock and anthropogenic

endmembers (as illustrated by the low Sr-Mg values in Fig. 8).
4.2.3 Variation in the alterite endmember: a consequence of bedrock age?

Through the use of different databanks of ground- and surface waters collected worldwide, we
have illustrated large variations in Sr-isotope ratios with variations in the Mg/Sr ratios (Fig. 5,
8 and 9). Evidence of such co-variation has not previously been reported for isotopic ratios of
Sr at this scale, and this result highlights the impact of the degree of silicate weathering on

strontium isotopes due to different water-rock interaction processes.

In silicate rocks, a pattern is generally observed of increasing ®’Sr/%°Sr in the order
plagioclase, hornblende, K-feldspar, and biotite, in close connection with the Rb/Sr ratio of
each mineral. Meaning that minerals having a high Rb/Sr will have greater ®'5r/%°Sr than
minerals having low Rb/Sr because the ®’Rb decays to Sr with a half-life of 48.8 billion
years. The preferential alteration of strontium-rich, rubidium-poor minerals during weathering
causes the increase of the Rb/Sr ratio in weathered rock compared to the Rb/Sr ratio of the
fresh rock (Dasch, 1969) and thus the increase in ¥Sr/*°Sr ratios in the bulk alterite can be
related with weathering removal over time of the remaining nonradiogenic plagioclase, apatite
and hornblende (Pett-Ridge et al., 2009). This relative enrichment of rubidium over strontium
is evident in most weathering profiles (Dasch, 1969) and continuous interaction in the alterite
thus led to high Sr-isotope ratios in waters because of the weathering of residual minerals.

However, in addition to the role of the Rb/Sr ratio, the age of rocks, in connection with decay,
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promotes high ratios in minerals having high Rb/Sr. This means that for alterite developed on

silicate rocks, older the rocks are, the more radiogenic the residual minerals are.

Interactions within the alterite of silicate in France, mainly having an age of
approximately 300 to 400 Ma show lower isotope ratios as proved by comparison of water
samples representing this horizon when comparing to those having older age like VVosges in
France and Australia for example. These interactions in alterite of different ages can be
modified by the impact of agricultural inputs (Africa, Laramie aquifer in Wyoming USA,
Australia, ...) or rain inputs (Himalaya, French Guiana, Mackenzie River basin in Canada,
Finland...). In water in which we may state that Sr and Mg are mostly of natural sources, but
due to human pressures, Sr and its isotopes are not an excellent tracer of natural processes.
However, we have demonstrated that all considered sites, Sr isotopes can serve as a tracer of

water-rock interaction in the context of silicate weathering.

5 — Conclusion

Strontium isotopic tracers allow the water-rock interaction and complex relationships
between the different compartments of hard-rock aquifers to be more clearly defined, from
small-scale catchments to the scale of continental basins, using data acquired from sites
worldwide. The existence of relatively deep alteration processes, whose role in the
functioning of the critical zone will have to be properly taken into account in future studies,
i.e. regarding the leaching of toxic element such as fluorides (Pauwels et al., 2015) or water
pathways (Chabaux et al., 2017), is evidenced by tracing Sr isotopes. The contrasting
strontium-isotope signatures are linked to differences in weathered mineral phases of the
bedrock regardless of the age of the geological formations. The ground- or surface waters
can show either an increase or a decrease in the proportions of weathered phases, which

probably are related to the functioning of the weathering profile in crystalline rock (Dasch,
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1969; Négrel, 1999; Probst et al., 2000). The Sr-isotope tracing defines and identifies the
relative signature of water circulation in alterite and underlying weathered-fissured and
fractured bedrock. Due to its large range in abundance of the residual minerals, the alterite
endmember has Sr isotope ratios that may vary as a function of the age of the bedrock.
Effective water management is considered crucial for building adaptive capacity to be
resilient to the impacts of climate change (Nelson et al., 2007). Thus, a greater
understanding of the nature of weathering processes involved and their relationships with
water circulation is seen as being at the heart of present and future water challenges (Négrel

and Petelet-Giraud, 2013).
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Figure captions

Fig. 1. Conceptual model of hydrogeological properties in weathered basement rock, i.e.the

hard rock aquifer concept, modified from Wyns et al. (2004).

Fig. 2. Map of the site locations of studied crystalline catchments in France (modified from
Négrel and Pauwels, 2004).

Fig. 3. Map of the site locations: (a) India(Subarnarekha, Négrel et al., 2007,Maheshwaram,
Négrel et al., 2010; Pauwels et al., 2015) and Himalayan rivers (Bothe Kosi River, Harris et
al., 1998; Ganges headwaters, Bickle et al., 2005), (b) French Guiana (Négrel and Petelet-
Giraud, 2010), Africa (Congo and Oubangui Rivers, Négrel et al., 1993; 19953, b).

Fig. 4. Location of the study area in Andhra Pradesh (India) and simplified geological map of
the Maheshwaram hydrosystem with location of sampled boreholes (Mxx for agricultural

used boreholes and IFPX for scientific used boreholes).

Fig. 5. Sr vs. Mg contents (all umol/l) in surface and groundwater interacting with silicate in

France, modified from Négrel and Pauwels (2004).
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Fig.6. Sr isotope ratios vs. Mg/Sr ratios modified from Négrel and Pauwels (2004) and

additional data from the literature covering waters interacting with silicate in France.

Fig.7. (a) Plot of the ®'Sr/*®Sr vs. CI concentration expressed in pmol/I for the groundwater
samples collected in the Maheshwaram hydrosystem in 2006 (A. Dayal, personal
communication) and 2008 (this study); (b) plot of ®Sr/*®Sr vs. 1/Sr (Sr concentration

expressed in pmol/l).

Fig. 8. Sr vs. Mg contents (all umol/l) when enlarging to worldwide basins and catchments in
Africa (Congo Basin Négrel et al. 1993; Orange River; de Villiers et al., 2000); India and
Nepal (Négrel et al., 2007a and this study for India; Himalaya metamorphic, silicate
metasediments and gneisses 630 to 490 Ma; Harris et al., 1998; Bickle et al., 2005); North
America (3500 to 2500 Ma silicate rocks in the Mackenzie basin; Millot et al., 2002 and 1000
to 70 Ma silicate rocks in the Fraser Basin in Canada; Cameron et al., 1995 and 1760 to 1430
anorthosite and granite in the Laramie aquifer in Wyoming; Frost and Toner, 2004); South
America in French Guiana (Archaen gneiss 3400 to 2700 Ma and granite-gneiss rocks 2300 to
1900 Ma; Négrel and Petelet-Giraud, 2010); Australia (65 Ma arenaceous and argillaceous

rocks; and considering both surface and groundwater; Harrington and Herczeg, 2003).

Fig. 9. Sr isotope ratios vs. Mg/Sr ratios, modified from Fig. 6, and additional data when
enlarging to worldwide basins and catchments in Africa (Congo Basin Négrel et al. 1993;
Orange River; de Villiers et al., 2000); India and Nepal (Négrel et al., 2007a and this study for
India; Himalaya metamorphic, silicate metasediments and gneisses 630 to 490 Ma; Harris et
al., 1998; Bickle et al., 2005); North America (3500 to 2500 Ma silicate rocks in the
Mackenzie basin; Millot et al., 2002 and 1000 to 70 Ma silicate rocks in the Fraser Basin in
Canada; Cameron et al., 1995 and 1760 to 1430 anorthosite and granite in the Laramie aquifer
in Wyoming; Frost and Toner, 2004); South America in French Guiana (Archaen gneiss 3400
to 2700 Ma and granite-gneiss rocks 2300 to 1900 Ma; Négrel and Petelet-Giraud, 2010);
Australia (65 Maarenaceous and argillaceous rocks; and considering both surface and

groundwater; Harrington and Herczeg, 2003).

Table captions
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Table 1. Mg and Sr concentration expressed in pmol/l, 8’Sr/%Sr ratios for the groundwater
samples collected in the Maheshwaram hydrosystem in 2006 (A. Dayal, personal

communication) and 2008 (this study).
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Sample
2006
IFP 12
All
HP3
MO03
MO06
M08
M12
M13
M15
M17
M18
M20
M25
M26
m27
M30
M33
M35
M38B
M44
M46
M48
M51
M58

Table 1

Mg umol
umol/L
1747
1145
4664
1041
1496
740
1583
2674
3337
2964
2628
1155
1192
1895
1362
1146
1130
1272
1244
1460
1014
490
2265
2895

Sr umol
umol/L
10.1
7.1
21.8
8.6
9.0
6.3
9.8
13.1
33.0
16.5
16.3
4.7
7.2
11.4
7.6
5.3
7.5
6.8
7.3
8.9
8.3
2.7
10.2
11.2

873y /B8y

0.728226
0.72083

0.716094
0.722701
0.723293
0.724064
0.718774
0.71606

0.724582
0.719486
0.718987
0.72183

0.720891
0.722921
0.723186
0.723503
0.71606

0.723252
0.723981
0.724783
0.722471
0.724826
0.727728
0.719925

Sample
2008
M2
M3
M6
M8
M12

M30
M35
M48
M50
M51
M53
M57
IFP1/1
IFP1/1a
IFP1/7
IFP1/7a
IFP1/7b
IFP5
IFP6
IFP6
IFP8
IFP8
IFP9
IFP9
IFP13
IFP14
IFP15
IFP25

Mg umol
umol/L
2404
888
1105
739
1101
999
1877
1241
1114
2272
1935
3065
1474
1481
2910
2821
3335
1478
1747
1813
1316
1248
836
785
1228
1060
1093
1572

Sr umol
umol/L
12.7
8.8
8.0
8.0
7.4
6.6
10.7
7.9
6.8
12.8
10.8
16.8
7.1
8.1
13.5
13.9
14.8
9.8
9.4
12.8
9.5
9.7
4.7
4.7
9.3
7.3
8.5
11.0

873y /B8y

0.726301
0.723328
0.724011
0.720892
0.720694
0.721741
0.722948
0.724700
0.727282
0.727688
0.724285
0.719595
0.720433
0.722106
0.720743
0.720857
0.722931
0.723768
0.724389
0.724689
0.726401
0.726405
0.728431
0.727958
0.723954
0.726056
0.721001
0.716063



