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Abstract

Dissolved Sr and ¥7Sr/%°Sr are measured in the Narmada, Tapi and the Mandovi estuaries linked to the eastern Arabian
Sea. The concentration of dissolved Sr and ¥Sr/*®Sr in the river water endmembers show significant differences reflecting the
lithologies they drain. The distribution of Sr in all these estuaries shows a near perfect two endmember mixing between river
water and seawater suggesting that there is no discernible net addition/removal of Sr from the estuarine waters. In contrast,
87Sr/86Sr shows non-conservative behaviour in all these estuaries, its distribution exhibits significant departure from the the-
oretical mixing lines. A likely mechanism for this difference in the behaviour between dissolved Sr and its %7Sr/%Sr is the dis-
charge of submarine groundwater (SGD) which can modify the 37Sr/3®Sr of the estuarine waters by exchange with sediments
without causing measurable changes in Sr concentration. The impact of such an exchange process on the ¥’Sr/*®Sr of the estu-
aries and therefore on the Sr isotope composition of dissolved Sr entering the Arabian Sea differs among the three estuaries
and also between seasons in the Narmada. The non-conservative behaviour of 3’Sr/3®Sr provides a handle to estimate the
quantum of SGD to these estuaries. The Sr concentration, 3’Sr/*Sr ratio and salinity of the submarine groundwater and esti-
mate of its fluxes to the Narmada estuary have been made using inverse model calculations. The model derived SGD flow
rates are ~5 and 280 cm/day during pre-monsoon and monsoon, respectively. The more radiogenic Sr isotope composition
of SGD relative to the seawater suggests that SGD acts as an additional source of 3’Sr to the Arabian Sea.
© 2012 Elsevier Ltd. All rights reserved.

1. INTRODUCTION the Arabian Sea. Such studies are directly relevant to the
budget of Sr and the evolution of 37Sr/*6Sr in the oceans.
Knowledge of the budget of oceanic Sr and ¥’Sr/%°Sr i.e.

their sources and sinks in the oceans, is essential as Sr iso-

Estuary is the major pathway through which dissolved
and particulate materials carried by rivers are transferred

to the oceans. The biogeochemical interactions between riv-
erine materials and seawater in estuaries play a key role in
determining the flux of elements entering the open oceans.
This makes the study of the behaviour of various elements
in different types of estuaries important to evaluate their
marine budgets and the factors controlling their geochemi-
cal behaviour in this transition zone. This study investigates
the distribution of Sr and ¥Sr/*Sr in major estuaries of
western India to learn about their behaviour and fluxes to
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tope composition of paleo seawater archived in marine
deposits are being used for stratigraphic correlation, chro-
nology and also to infer about the impact of temporal var-
iability in tectonics and climate on the isotope evolution. In
recent years, these studies have added significance in light
of the reports of imbalance in Sr isotope budget in the
oceans (e.g. Davis et al., 2003; Allegre et al., 2010).
Available studies on Sr and ®’Sr/%Sr in estuaries indi-
cate both conservative and non-conservative behaviour (In-
gram and Sloan, 1992; Ingram and De Paolo, 1993;
Andersson et al., 1994; Wang et al., 2001; Xu and Marcan-
tonio, 2004, 2007; Rahaman and Singh, 2009). For exam-
ple, non-conservative behaviour of Sr has been observed
in the Mississippi estuary and the Baltic Sea due to
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chemical speciation and biological processes (Andersson
et al., 1994; Xu and Marcantonio, 2004). The strong inter-
action between sediments and water during high energy
conditions in the Changjiang estuary releases Sr to water
(Wang et al., 2001) resulting in its non-conservative behav-
iour. Submarine groundwater discharge (SGD) has been
suggested as a potential source of dissolved elements includ-
ing Sr to coastal oceans (Basu et al., 2001; Charette and
Sholkovitz, 2006; Paytan et al., 2006; Johannesson et al.,
2010; Lin et al., 2010; Moore, 2010; Huang et al., 2011).
Basu et al. (2001) have identified SGD as an important sup-
plier of Sr to the global oceans based on their studies of Sr
and 37Sr/%Sr in the Bengal basin. The higher 8’Sr/*°Sr ratio
observed in coastal waters of the southern Okinawa Trough
and the Kao-ping Canyon compared to average seawater is
attributed to contribution of radiogenic Sr via recirculated
seawater interacting with sediments (Lin et al., 2010; Huang
et al., 2011). Some of these findings though bring out the
role of SGD in influencing the distribution of Sr and
878r/%6Sr in coastal and estuarine waters, better understand-
ing of its impact in contributing to the marine budget of Sr
and its isotopes and their applications to investigate marine
processes require investigation on more estuaries. This
work presented in this manuscript is a step in that direction.

The goal of this study is to investigate the behaviour of
Sr and its isotope composition in three tropical estuaries,
the Narmada, Tapi and the Mandovi along the west coast
of India. The Narmada and the Tapi are two medium river
systems of the Indian peninsular region, flowing mainly
through the Deccan basalt in their upstream and the Vindh-
yan sediments downstream. The Mandovi drains lateritic
terrains and the Archean Dharwar craton. All these estuar-
ies are linked to the Arabian Sea.

2. STUDY AREA

The Narmada, Tapi and the Mandovi rivers and their
estuaries (Fig. 1) are sampled in this study for their Sr con-
centration and %’Sr/®Sr ratio. This study is a part of our
investigations on the behaviour of selected trace elements
in Indian estuaries (Rahaman and Singh, 2010; Rahaman
et al., 2011). The Narmada originates from Amarkantak
in the Vindhyan Mountains in Madhya Pradesh (MP)
and flows through Deccan basalts, Vindhyan sediments
and alluvium before entering the Gulf of Cambay off Bha-
ruch (Fig. 1). The Tapi originates at Multai in Betal district
of MP. It drains the Deccan basalts and alluvial deposits
before draining into the Gulf of Cambay off Surat
(Fig. 1). The average annual rainfall in the Narmada and
the Tapi drainage basins are 1250 and 830 mm, respectively,
of this ~90% is received during the south-west monsoon
(Gupta and Chakrapani, 2007). The annual discharge of
the Narmada is ~47 x 10° m®, about 2-3 times that of
the Tapi ~19 x 10°m* (Alagarsamy and Zhang, 2005).
Both these rivers have dams/reservoirs along their courses.

The Mandovi river originates in the Western Ghats of
the Indian peninsula and flows east to west over a length
of 75 km through the rocky terrains of Goa, before drain-
ing into the Arabian Sea (Upadhyay and Gupta, 1995).
The average annual rainfall in this basin is 3000 mm, of
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Fig. 1. Location map of the Narmada, Tapi, and the Mandovi
river basins. Samples for this study were collected from the
estuaries of these rivers.

which about ~90% occurs during the southwest monsoon
(June-September). The average water discharge of the
Mandovi is 16 x 10° m*/y (Upadhyay and Gupta, 1995).
A large part of the drainage basin of the Mandovi consists
of basalts, phyllites, metagreywacke/metabasalts and
schists/gneisses. Most of the lithologies in the basin are
capped by laterite deposits that contain bauxites (Sastry
and Gopinath, 1985).

3. METHODS
3.1. Sampling

Surface water samples were collected from both the riv-
ers and the estuaries during low tide along the salinity gra-
dient. The Narmada estuary was sampled during pre-
monsoon (March) and monsoon (July) seasons whereas
the Tapi was sampled only during monsoon (July). The
Mandovi was sampled during post-monsoon (October). In
addition to estuaries, samples were also collected from the
rivers upstream, (including samples from up and down-
stream of the major dams in the Narmada and the Tapi).
Two groundwater samples were also collected ~40 km up-
stream of the Narmada estuary during pre-monsoon
(Fig. 1). Salinity, pH and temperature were measured at
site. Typically, 21 of water samples were collected from
the surface of the rivers and estuaries. Of this, about 11
was filtered through 0.2 micron nylon filters in the labora-
tory within 48 h of sampling. Soon after filtration, an ali-
quot of the filtered water was acidified to pH ~2 using
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double distilled ultra pure HNOj3 and stored for analysis of
Sr and other trace elements in precleaned high density poly-
propylene bottles.

Suspended particulate matter sampling was done only in
the Narmada estuary. Towards this, ~10 1 of water samples
were collected in plastic carbouys and the suspended matter
was separated from water by allowing them to settle for
2 days and decanting the supernatant clear water. The slur-
ry containing suspended matter was transferred to suitable
containers and brought to the laboratory.

3.2. Measurement of dissolve Sr and ¥’Sr/3°Sr

Sr concentration and ®’Sr/*®Sr in water samples were
determined by isotope dilution in the filtered, acidified sam-
ples using thermal ionisation mass spectrometry after chem-
ical separation. The amount of water samples taken for Sr
isotope analysis was decided based on their Sr concentra-
tion; about 2-10 pg of total Sr is analysed for Sr isotope
measurements. Higher amount of total Sr was analysed to
get better precision and to minimise the impact of proce-
dural blank. Sr was separated using Eichrom® Sr specific
resin (50-100 pm; Horwitz et al., 1992; Pin and Bassin,
1992; Pin et al., 1994; Rai, 2008). The procedure adopted
in this study for the extraction of Sr from water samples
and the measurement of its isotopic composition is similar
to that followed by Rai and Singh (2007). The pure Sr frac-
tions were loaded on degassed high purity Re filaments with
dissolved TaO activator. The Sr isotope measurements were
carried out using ISOPROBE-T Thermal Ionisation Mass
Spectrometer (TIMS) in multi collector static mode. Mass
fractionation corrections for Sr were made by normalising
86Sr/%8Sr to 0.1194. Along with samples, the NBS 987 Sr
standard was measured regularly. The average 3’Sr/*°Sr
of the NBS 987 Sr standard measured during the period
of this study yielded a value of 0.710222 + 0.000015 (1o,
n = 13) well within its recommended value. The Sr concen-
tration and %’Sr/%®Sr in all the three estuaries are given in
Table 1. Several repeat measurements were also made to
check the reproducibility, the results of which are listed in
Table 2. The precision of measurements of Sr concentration
and ¥Sr/*°Sr, based on repeat analysis are 0.6% and
0.0008%, respectively (Table 2). The total procedural blank
for Sr was ~500 pg, three to four orders of magnitude lower
than typical amount of Sr processed in the samples; there-
fore blank correction was not done.

3.3. Analysis of sediments

Major elements (Na, K, Mg, Ca, Al and Fe) and Sr were
measured in suspended sediments collected from the Nar-
mada estuary during pre-monsoon. A known weight
(~0.5 g) of sediment samples were ashed at 600 °C and di-
gested by repetitive treatment with HF, HNO; and HCI. A
few samples were digested in duplicate to check analytical
precision. USGS reference standard materials W-1 and G-
2 were also analysed following the same analytical proce-
dure to ascertain the accuracy of measurements. Mg, Ca,
Al, Fe and Sr were measured using ICP-AES (Jobin Yvon,
ULTIMA-2) and Na & K were measured by Flame AAS

(Perkin Elmer Model 4000). The analytical precision and
accuracy of these measurements is better than 5%.

4. RESULTS

The dissolved Sr and ¥’Sr/%®Sr are measured in the estu-
aries along with salinity, pH and alkalinity. Briefly, in the
Narmada estuary, the pH remains within a narrow range
of ~8, unlike the Tapi and the Mandovi estuaries which
show variation between 7.57-8.02 and 6.61-8.18, respec-
tively (Rahaman and Singh, 2010). Alkalinity lies between
2000 and 3000 peq// in the Narmada and the Tapi estuaries
where as in the Mandovi it ranges from 384 to 2236 peq//
(Rahaman et al., 2011). Lower pH and alkalinity in the
Mandovi river is due to limited water-rock interaction in
its basin, particularly carbonate dissolution. Alkalinity
shows an increase in the 4-12 salinity range in the Tapi
estuary.

4.1. Dissolved Sr and ¥Sr/°Sr

The concentration of dissolved Sr and its 8’Sr/*Sr in the
three estuaries, the Narmada, Tapi and the Mandovi are
presented in Table 1. In addition, the Sr data for the two
groundwater samples (depths ~18 and ~24 m) analysed
are also given in Table 1. The chemical characteristics of
these estuaries are discussed in Rahaman and Singh
(2010) and Rahaman et al. (2011).

Dissolved Sr in the Narmada river (salinity < 0.2) dis-
plays a range from ~1.4 to 2.1 umol/kg and from ~1.3 to
1.7 umol/kg during pre-monsoon and monsoon, respec-
tively (Table 1). Some of the river water samples (NEO7-
20, 21, 22, NEMO07-14; Table 1) were collected near the Sar-
dar Sarovar Dam ~170 km upstream of the estuary.
87Sr/%%Sr of the river water varies from 0.71001 to 0.71079
and 0.70994 to 0.71053 during these two seasons. The dis-
solved Sr concentration and its isotope composition in the
Narmada river measured in this study (Table 1) is within
the range of those reported by Trivedi et al. (1995) and Des-
sert et al. (2001). Sr isotope composition of the Narmada
bears the signatures of Deccan basalts and Vindhyan sedi-
ments through which it flows. The two groundwaters dis-
play narrow range in Sr isotope composition, 0.70941-
0.70951 though their Sr concentrations differ widely, 9.6—
57.4 umol/kg (Table 1). The Tapi estuary was studied only
during monsoon. The two river water samples from the
Tapi have ¥’Sr/%¢Sr of 0.70875 and 0.70894, marginally less
radiogenic than the Narmada waters. The Sr concentra-
tions in these samples are ~1.3 and ~2.5 pmol/kg, similar
to those reported earlier (Trivedi et al., 1995; Dessert
et al., 2001). Analogous to the Narmada, the 878r/%Sr of
the Tapi is also dominated by Sr supply from the Deccan
basalts which is unradiogenic in Sr (Das et al., 2006). The
Mandovi river and estuary were sampled during post-mon-
soon. The Sr concentration and ¥’Sr/%¢Sr in the Mandovi
river water are ~0.7 umol/kg and 0.71062, respectively.
Among the three rivers, the lowest concentration of dis-
solved Sr is in the Mandovi, consistent with the lateritic
lithology exposed in its drainage basin, its higher runoff
and lower water-rock interaction. This inference is also
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Table 1
Dissolved Sr concentrations and 37Sr/*°Sr in the Narmada, Tapi and the Mandovi estuaries.
Sample Latitude Longitude Salinity Sr S.E. o, 87Sr/86Sr S.E. g,
(umol/kg) (%0) (Vo)
Narmada (pre-monsoon, March 2007)
NE07-20 21°49.49 73°11.57 0 1.71 0.03 0.71064 0.0013
NEO07-21 21°5002/ 73°45.34 0 1.37 0.02 0.71079 0.0011
NE07-22 21°51.81 73°41.75 0 1.41 0.02 0.71076 0.0009
NEO07-18 21°40.51 72°57.00/ 0.2 1.94 0.03 0.71006 0.0011
NE07-19 21°40.63 72°57.54 0.2 2.05 0.03 0.71001 0.0012
NEO07-1 21°40.81 72°54.57 4.8 12.37 0.02 0.70939 0.0009
NE07-2 21°41.26/ 72°52.60/ 9.3 27.35 0.03 0.70929 0.0008
NEO07-3 21°40.58 72°50.39 11.8 31.12 0.03 0.70933 0.0009
NE07-4 21°39.20/ 72°47.42 15.9 41.53 0.03 0.70922 0.0007
NEO07-5 21°38.80/ 72°45.34 18.2 46.29 0.03 0.70919 0.0010
NE07-6 21°40.75 72°42.05' 20.0 51.29 0.03 0.70921 0.0008
NEO07-7 21°40.71 72°49.83 21.3 53.82 0.04 0.70918 0.0009
NE07-8 21°39.46/ 72°35.89 22.1 55.86 0.03 0.70921 0.0010
NE07-9 21°39.3¢ 72°34.51 23.9 59.78 0.03 0.70919 0.0007
NE07-10 21°39.62 72°33.28' 253 65.11 0.03 0.70915 0.0009
NEO07-11 21°38.7% 72°33.02/ 25.5 65.19 0.02 0.70919 0.0009
NE07-12 21°38.04' 72°32.70/ 27.2 68.03 0.03 0.70917 0.0010
NEO07-13 21°38.0/ 72°32.7 29.0 72.72 0.02 0.70920 0.0009
NE07-15 21°37.94' 72°32.05 31.1 77.08 0.03 0.70915 0.0008
Groundwater upstream Narmada estuary
GW08-4 22°02.02' 72°50.31" 0.6 9.59 0.05 0.70951 0.0025
GW08-6 22°03.01 72°47.81 1.9 57.4 0.13 0.70941 0.0020
Narmada (monsoon, July 2007)
NEMO07-14 - - 0 1.30 0.02 0.70994 0.0010
NEMO07-1 21°40.59 72°55.58' 0 1.55 0.02 0.71053 0.0009
NEMO07-2 21°39.08 72°46.64' 0.1 1.74 0.02 0.71026 0.0010
NEMO07-3 21°40.07' 72°37.12 1.3 4.38 0.02 0.70942 0.0011
NEMO07-4 21°39.58% 72°36.34' 22 8.15 0.02 0.70937 0.0011
NEMO07-6 21°39.1% 72°34.28' 5.1 13.45 0.02 0.70927 0.0009
NEMO07-7 21°38.55 72°33.18' 6.0 15.16 0.03 0.70926 0.0010
NEMO07-8 21°38.39 72°33.26 8.0 18.63 0.02 0.70921 0.0010
NEMO07-9 21°39.27 72°35.26 9.8 24.44 0.04 0.70921 0.0009
NEMO07-10 21°38.52 72°33.2' 12.1 37.40 0.04 0.70918 0.0007
NEMO07-11 21°38.81" 72°33.94 14.1 34.24 0.03 0.70917 0.0010
NEMO07-12 21°38.05 72°33.19 15.5 37.91 0.02 0.70918 0.0010
NEMO7-13 21°38.55 72°32.93' 17.2 42.40 0.02 0.70918 0.0011
Tapi (monsoon, July 2007 )
TPMO7-14 - - 0 1.32 0.02 0.70875 0.0009
TPMO07-1 21°10.56¢ 72°46.74 0-0.2 2.48 0.02 0.70894 0.0009
TPMO07-2 21°8.9 72°45.8' 1.1 4.99 0.02 0.70903 0.0009
TPMO07-3 21°8.52 72°43.61 2.1 7.27 0.02 0.70906 0.0011
TPMO07-4 21°8.86¢ 72°42.26 39 11.17 0.03 0.70909 0.0010
TPMO7-5 21°9.15 72°4.73 4.9 14.25 0.03 0.70911 0.0009
TPMO07-6 21°9.3 72°40.19 5.8 16.33 0.02 0.70911 0.0008
TPMO07-7 21°7.97 72°39.58' 7.8 21.22 0.02 0.70910 0.0009
TPMO07-8 21°7.05 72°39.74 9.8 25.60 0.02 0.70913 0.0008
TPMO07-9 21°5.79' 72°39.98' 11.5 29.93 0.03 0.70912 0.0009
TPMO07-10 21°4.97 72°40.64 13.1 33.41 0.02 0.70915 0.0008
TPMO7-11 21°4.41 72°40.71" 14.9 38.40 0.02 0.70915 0.0008
TPMO07-12 21°3¢ 72°40.68’ 17.4 44.64 0.02 0.70915 0.0008
TPMO07-13 21°3.16/ 72°40.35' 20.3 51.22 0.02 0.70915 0.0008
Mandovi (post-monsoon, October 2007)
MDO07-1 15°32.56/ 73°57.69 0-0.1 0.69 0.03 0.71062 0.0007
MDO07-2 15°32.39 73°55.95 2.7 6.87 0.02 0.70928 0.0009
MDO07-3 15°31.5% 73°55.60/ 6 14.30 0.03 0.70924 0.0009
MDO07-4 15°31.33 73°55.38' 13.5 32.85 0.05 0.70916 0.0009
MDO07-5 15°30.33 73°54.82 16.1 39.82 0.04 0.70916 0.0008
MDO07-6 15°30.27 73°54.16 19.7 48.09 0.03 0.70917 0.0008
MDO07-7 15°30.11 73°52.88' 26.9 65.67 0.02 0.70914 0.0007

(continued on next page)
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Table 1 (continued)
Sample Latitude Longitude Salinity Sr S.E. g, 87Sr/8%Sr S.E. g,

(pmol/kg) (%) (Vo)

MDO07-8 15°30.34/ 73°50.63' 31.3 77.75 0.02 0.70917 0.0009
MDO07-9 15°29.29 73°48.40/ 33.7 81.90 0.02 0.70915 0.0009
MDO07-10 15°29.07 73°41.09 33.6 82.78 0.02 0.70912 0.0009
S.E. 6, Standard error on the measurements (internal precision).
Table 2
Precision of dissolved Sr and ¥’Sr/%¢Sr measurements in estuary samples.
Sample [Sr] (umol/kg) As: (%) 87Sr/8%sr Asg,sose (ppm)
NEO07-1 12.3 0.70939
NEO07-1R 12.2 0.8 0.70940 14.1
NEMO07-10 374 0.70918
NEMO7-10R 37.1 0.8 0.70918 2.8
TPM-10 29.9 0.70915
TPM-10R 33.4 10.5 0.70915 1.4
MDO07-8 77.7 0.70917
MDO07-8R(1) 77.3 0.5 0.70916 11.3
MDO07-8R(2) 76.9 0.5 0.70916 5.6
MDO07-8R(3) 77.3 0.5 0.70916 5.6
Average 0.6+0.1" 79+4.1

A External precision, based on repeat analysis.
# Excluding the TPM-10 pair.

corroborated by its lowest alkalinity and concentrations of
dissolved U, Mo and Re among the three rivers analysed
(Rahaman et al., 2011).

Dissolved Sr and %’Sr/*°Sr in the Narmada estuary
(excluding river samples collected near the Sardar Sarovar
Dam) ranges from 1.4 to 77.1 pmol/kg and 0.71006 to
0.70915, respectively for the salinity range 0.2-31 during
pre-monsoon whereas during monsoon, it ranges from 1.6
to 42.4 umol/kg and from 0.71053 to 0.70918 in the salinity
range 0-17 (Table 1). This estuary could not be sampled be-
yond salinity of 17 during monsoon because of inadequate
facilities for sample collection in the highly turbulent condi-
tions. The Tapi estuary has Sr and 8’Sr/*°Sr in range of 2.5-
51.2 ymol/kg and 0.70894-0.70915, respectively in the
salinity range of 0-20.3 (Table 1). Sr concentration and
87Sr/%°Sr in the Mandovi estuary vary from 0.7 to
82.8 umol/kg and 0.71062 to 0.70912, respectively in the
salinity range of 0-33.6 (Table 1).

4.2. Sr and major elements in particulate matter of the
Narmada estuary

The concentrations of Sr and major elements in particu-
late matter along the course of the Narmada estuary during
pre-monsoon are given in Table 3. The Sr concentrations in
samples vary from 178 to 284 ng/g with an average of
239 =+ 31 pg/g, within the range of Sr in sediments of rivers
draining the Deccan basalts, 79-273 pg/g (Das and Krish-
naswami, 2006; Das et al., 2006). The abundance of Al in
the particulates is almost uniform from fresh water to

Table 3
Sr and major element abundances in particulate matter from the
Narmada estuary during pre-monsoon.

Sample id  Salinity AlI* Fe Ca Mg Na K Sr
(Yowt) uglg

NE-SS-1 4.8 91 88 27 25 05 1.1 178
NE-SS-2 9.3 83 83 32 24 05 12 207
NE-SS-3 11.8 86 81 31 23 05 12 207
NE-SS-5 18.2 89 84 34 25 07 13 236
NE-SS-6  20.0 85 83 34 24 08 14 243
NE-SS-7 21.3 83 82 35 24 09 13 250
NE-SS-8 22.1 85 85 35 24 06 19 259
NE-SS-9 239 84 82 35 24 06 13 276
NE-SS-10  25.3 82 80 38 23 1.0 13 284
NE-SS-11  25.5 90 88 39 26 09 14 253
Average 86 84 34 24 07 13 239

% Al data from Rahaman et al. (2011).
seawater along the salinity gradient with an average con-
centration of (8.6 + 0.3) wt.%.
5. DISCUSSION
5.1. Behaviour of dissolved Sr in the estuary
During both the seasons, dissolved Sr vs. salinity plots in
the Narmada estuary show conservative mixing with corre-

lation coefficient, R* > 0.99 (Fig. 2a and b). The data of all
samples (except NEMO07-10) during monsoon fall on the
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Fig. 2. (a—d) Dissolved Sr vs. salinity plots for the Narmada, Tapi and the Mandovi estuaries. Sr exhibits conservative behaviour in all these

three estuaries.

mixing line. The sample NEMO07-10 collected during mon-
soon at salinity 12.1 has Sr concentration of 37.4 umol/kg
(Table 1) which deviates from the trend set by other sam-
ples. This sample also shows anomalous behaviour for all
the other elements analysed, Re, Mo and U (Rahaman
et al., 2011); the reason for which is unclear. This sample,
therefore, has not been included in the mixing plot. The
intercepts of the mixing lines on the Sr-axis are
1.02 +0.63 and 1.54 + 0.40 (Fig. 2a and b) which overlap
with the measured Sr concentration, ~1.5 umol/kg in the
Narmada river. Extrapolation of the mixing lines to 35
salinity yield values of 88.0 1.2 and 83.4 + 1.5 umol/kg
for Sr concentration of seawater for pre-monsoon and
monsoon sampling (Fig. 2a and b); these compare with
the value of 88 pmol/kg reported for Sr in the open ocean
(Palmer and Edmond, 1989; de Villiers, 1999). The slopes
(Sr/salinity) of the mixing lines of the pre-monsoon and
monsoon data are nearly the same and quite close to that
of seawater. The Sr vs. salinity scatter plots for the Tapi
and the Mandovi estuaries also show strong conservative
mixing between river water and seawater endmembers with
correlation coefficient, R> ~ 0.99 (Fig. 2¢ and d). The esti-
mated Sr concentrations at 35 salinity (Fig. 2¢ and d) are
87.1 0.4 and 85.9 £ 0.5 umol/kg, respectively consistent
with the average seawater concentration deduced from the
Narmada data. The distribution of dissolved Sr in the Nar-
mada, Tapi and the Mandovi estuaries (Fig. 2a—d) clearly
demonstrate the conservative behaviour of Sr in all of them.
The data do not show any measurable loss or gain of Sr in
these estuaries during the sampling periods.

The Ca/Al and Sr/Al of the particulate matter in the
Narmada estuary increase with salinity (Fig. 3a) most likely
a result of increase in biogenic carbonates. Dilution effects
by quartz can be ruled out as the Al concentration is nearly

uniform through out the salinity range and the plots are
normalised to Al. This argument is further confirmed by
the property plot Ca/Al-Sr/Al (Fig. 3b) which shows that
Sr and Ca increase concomitantly, attributable to incorpo-
ration of Sr in calcareous tests.

5.2. Behaviour of dissolved 3’Sr/3°Sr in estuaries

Sr vs. salinity plots (Fig. 2) in all the three estuaries dem-
onstrate conservative mixing of Sr. The observation that al-
most all the data points fall on the mixing line suggests that,
in these estuaries there is no gain or loss of Sr discernible
within analytical uncertainty. The average precision of Sr
concentration measurements based on replicate analysis
of estuarine waters is 0.6%; therefore any gain and loss of
Sr within ~1% (220) is difficult to ascertain conclusively
from its distribution in the estuary. In contrast, the preci-
sion of ¥'Sr/®Sr determination is better than 0.0008%
(8 ppm) (Table 2). This suggests that 37Sr/*Sr variations
in excess of 0.0020% (20 ppm) can be measured reliably
making it a more sensitive tracer to investigate the mixing
behaviour of dissolved Sr in estuaries. Thus, small devia-
tions in ¥’Sr/*°Sr from theoretical mixing line (TML)
(>20 ppm) arising from the supply of Sr from additional
source(s) with isotope composition different from river
and seawater endmembers can be detected on the ¥’Sr/%°Sr
vs. 1/Sr mixing plot. This indicates that Sr isotope compo-
sition in estuary waters may serve as a better tracer to inves-
tigate the behaviour of Sr in this zone.

The Sr isotope mixing plots for the estuaries studied are
presented in Fig. 4a—d, along with theoretical mixing lines
between river and seawater. As all the estuaries investigated
are linked to the Arabian Sea, the ¥7Sr/3°Sr of this seawater
endmember is taken to be the same as that measured in the
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Fig. 3. (a) Scatter plots of Ca/Al and Sr/Al of suspended
particulate matter with salinity in the Narmada estuary. Both
Ca/Al and Sr/Al show increase with salinity. Ca/Al in (wt.%/wt.%)
and Sr (nug/g)/(wt.%). (b) The data in (a) above plotted on Sr/Al vs.
Ca/Al diagram. The plot clearly shows the co-variation of Sr and
Ca, most likely due to incorporation of Sr in CaCO3 matrix.

Arabian seawater 0.70915 4+ 0.00002 (n = 5, Rai, 2008) with
Sr concentration of 88 pmol/kg reported for open ocean
waters (Palmer and Edmond, 1989; de Villiers, 1999). The
Sr mixing diagrams (Fig. 4a—d) show that in all the estuar-
ies, majority of the data points plot away from the theoret-
ical mixing lines between river and seawater. The departure
of 87Sr/3%Sr from TML is in the range of 30-290 ppm, sev-
eral times the uncertainties associated with repeat measure-
ments of 8’Sr/*®Sr (Table 2). This suggests non-conservative
behaviour of #Sr/%¢Sr through the entire stretch of the estu-
aries, particularly at higher salinity ranges (Fig. 4). This
observation indicates supply of Sr to these estuaries from
sources in addition to river and seawater in spite of its near
perfect two endmember mixing (Fig. 2). The ¥’Sr/*®Sr—1/Sr
trends (Fig. 4a—d) can result either from desorption/ex-
change of Sr from particles and/or sediments in the estuar-
ies and/or supply of Sr by SGD such that its impact is
discernible only on the distribution of ¥’Sr/*°Sr but not
on Sr concentration. The SGD may be a mixture of fresh
groundwater and re-circulated seawater (Moore, 2010),
the mixing proportion being controlled by the hydraulic
gradient in adjacent aquifers and tidal conditions in coastal
waters (Fig. 5). Some of the earlier studies based on Sr and
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Fig. 4. (a-d) Plots of dissolved ¥’Sr/*Sr vs. 1/Sr concentration.
The dashed line is the theoretical mixing line for two end member
mixing; river and seawater. Most of the data points plot away from
the theoretical mixing line suggesting non-conservative behaviour
of ¥7Sr/%sr.

87S1/%%Sr also reported non-conservative behaviour of Sr in
estuaries (Wang et al., 2001; Xu and Marcantonio, 2004,
2007; Lin et al., 2010). These results were attributed to envi-
ronmental changes (Eh, pH, salinity, temperature) particle—
water interactions and other factors such as anoxia and
large storms in the coastal areas all of which have the po-
tential to release labile Sr from particulate to dissolve
phase. The role of desorption of Sr from particulate phases
(Wang et al., 2001) in contributing ¥’Sr/%¢Sr to the estuaries
investigated in the present study remains to be ascertained.
Efforts to assess this based on variations in Sr/Al in parti-
cles in the estuaries as a function of salinity were unsuccess-
ful because of association of Sr with carbonates. However,
the observation that the measured 3’Sr/*®Sr in water
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Fig. 5. Schematic of submarine groundwater discharge into coastal
regions. Figure modified from Burnett et al. (2006).

deviates from TML all along the estuary, particularly at
higher salinities (Fig. 4) and this trend is persistent even
during pre-monsoon season when particulate transport
from rivers is significantly lower seems to indicate that
desorption of Sr from particles is unlikely to be an impor-
tant source of dissolved ¥’Sr/*®Sr to these estuaries. This fa-
vours SGD as the likely source of additional Sr to the
estuaries studied. In this context, it must be mentioned that
Krupadam et al. (2006) and Jacob et al. (2009) have re-
ported significant SGD into the Tapi estuary and south-
west coast of India, respectively. Further, the important
role of SGD in contributing to Sr in estuaries and coastal
waters has been brought out in some of the earlier studies.
Basu et al. (2001) based on studies of Sr and ¥’Sr/*Sr in
groundwaters of the Bengal basin suggested that the Bay
of Bengal receives significant input of Sr via SGD, compa-
rable in magnitude to its combined flux from the Ganga—
Brahmaputra rivers. Charette and Sholkovitz (2006) based
on Sr in subterranean estuary suggested Sr contribution via
SGD to seawater even higher than rivers. 'Sr/*Sr mea-
surements have been successfully used to evaluate water-
mass mixing and the influence of submarine groundwater
discharge (SGD) in the Southern Okinawa Trough, South
China Sea, and Kao-ping Canyon coastal waters and mar-
ginal seas (Huang et al.,, 2011). The observation in this
study that the behaviour of Sr is conservative in the three
estuaries whereas ®7Sr/%°Sr is non-conservative, places strin-
gent constraints on the (Sr/salinity) ratio of the SGD sup-
plying Sr to these estuaries, it has to be within
uncertainties of that expected from the Sr-salinity mixing
line (Fig. 2a—d), but with 8’Sr/%¢Sr different from the TML.

In the subsequent section, attempts have been made to
characterise the SGD endmember for its Sr concentration
and ¥’Sr/®Sr ratios and to estimate the SGD flux based
on the Sr isotope budget. These estimates rely on the
hypothesis that deviations in *’Sr/*®Sr from the TML
(Figs. 4a and b; 6a and b) is only due to Sr contributions
from SGD. The distribution of data on the Sr/%¢Sr—1/Sr
plot during monsoon and pre-monsoon shows that the im-
pact of SGD on the ¥’Sr/%®Sr distribution in the Narmada
estuary occurs at different salinities (Fig. 6a and b) during
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Fig. 6. Plot of 8’Sr/%Sr vs. 1/Sr in the Narmada estuary. The data
points plot above and below the TML during pre-monsoon (a) and
monsoon (b), respectively. The deviation of the data points from
the TML is explained in terms of three endmember mixing,
riverwater, seawater and sub-marine groundwater. The Sr concen-
tration and ¥’Sr/%%Sr of the SGD endmembers estimated based on
the inverse model is also plotted. SW, RW and GW represent
seawater, riverwater and submarine groundwaters.

these two periods. This can be attributed to differences in
the morphology of the river mouth, hydraulic gradient of
the coastal aquifer and relationship between water table
and local topography. The water discharge of the Narmada
during monsoon is orders of magnitude higher than that
during pre-monsoon. As a result, the isohaline contours
are farther into the sea during monsoon compared to pre-
monsoon. For example, the location of the sample
NEMO07-4 with salinity 2.2 collected during monsoon coin-
cides with that of the sample NE07-8 of salinity ~22.1 dur-
ing pre-monsoon (Table 1). The maximum deviation of
87Sr/%6Sr from the theoretical line is observed at locations
21°40'N and 72°37'-72°50'E (Table 6, Fig. 4), therefore,
the maximum SGD contribution to the Narmada estuary
is also expected at these locations. The impact of SGD on
87Sr/%%Sr of the estuary during monsoon is opposite to that
during the pre-monsoon (Figs. 4a and b; 6a and b). This
could be due to lower 37Sr/%¢Sr or Sr concentration or both
of SGD to this estuary during monsoon displaying their
seasonal variations.

The 37Sr/%Sr—1/Sr plot of the Tapi estuary shows nega-
tive slope with majority of the data plotting below the TML
(Fig. 4c). This can arise if ¥’Sr/®Sr of the SGD is lower
than that of seawater. Considering that the Tapi drains
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Deccan Trap basalts which are generally characterised by
unradiogenic Sr, it seems likely that this requirement may
be met. In the absence of Sr concentration and ¥Sr/®¢Sr
data for groundwaters in and around the Tapi basin, quan-
tification of the contribution from SGD to the estuary is
difficult. In this context it is pertinent to mention that
Krupadam et al. (2006) have reported groundwater flux
of 18 x 10° m*/y to the Tapi estuary.

The river endmember of the Mandovi estuary has lower
Sr concentration with more radiogenic Sr than those of the
Narmada and the Tapi. However, similar to the Narmada
and the Tapi estuaries, two endmember %’Sr/**Sr—1/Sr mix-
ing plot for the Mandovi estuary also shows non-conserva-
tive behaviour. In this estuary, many of the samples from
the higher salinity region plot above the TML (Fig. 4d).
The lithology of the drainage basin of the Mandovi river
is more radiogenic in Sr as evident from the riverine
87Sr/%6Sr. Therefore, groundwaters draining this region
are also expected to have more radiogenic Sr than that of
seawater. If such groundwaters form part of SGD discharg-
ing into the estuarine region, it would increase the ’Sr/%¢Sr
of the estuary water compared to that defined by the TML
(Fig. 4d).

5.3. Characterising SGD and estimate of SGD fluxes in
estuaries using inverse modelling

In this study, an inverse model has been used to charac-
terise the SGD (combined freshwater and recycled seawa-
ter) based on the distribution of Sr and ¥’Sr/%Sr in the
estuary along with knowledge of seawater and riverwater
endmember composition. The inverse model has been used
successfully to apportion the contribution of cations from
different sources to river waters based on a priori values
for various endmembers (e.g. Negrel et al., 1993; Gaillardet
et al., 1999; Tripathy and Singh, 2010). In this study the cal-
culations have been made only for the Narmada estuary
(Fig. 6a and b) as the deviations in %’Sr/*®Sr from TML
is less pronounced in the Tapi and the Mandovi estuaries.
The a priori values of Sr and 37Sr/%Sr for the SGD entering
the Narmada estuary are assumed to be the same as that
measured in one of the two groundwaters. The calculated
values of Sr concentration, ¥’Sr/®°Sr and salinity of the
SGD contributing to the Narmada estuary represents the

best fit values consistent with the various measured param-
eters (i.e. salinity, dissolved Sr and ®7Sr/*®Sr) in the estuary.

Details of the modelling approach and calculations are
the same as that followed by Tripathy and Singh (2010)
for river water source apportionment. The calculation is
based on the mass balance equations for salinity, Sr and
87Sr/%%Sr in the estuary and a priori values of these param-
eters for the three endmembers i.e. seawater, riverwater and
SGD (Fig. 6a and b). The relevant equations are

Salinity,, = _é Salinity, x f; (1)

St = En:l Sti % fi 2)
87Sr n 87Sr

(@> i X Srm = i§1 (@)I X Sri X Ji (3)

Bt (4)

where i =1-3 and represents the three endmembers, i.e.
seawater, riverwater and SGD and the subscript m repre-
sents the measured values. f; is the fraction of water contrib-
uted to the estuary from source i.

Eqgs. (1)—(4) represent budgets of salinity, Sr concentra-
tion, ¥’Sr/*°Sr and fractional contribution from these
sources. The best possible set for model parameters and
their associated uncertainties were obtained from Egs.
(1)~(4) using nonlinear weighted fit following the Quasi-
Newton method (Tarantola, 2005; Tripathy and Singh,
2010).

St concentrations, ¥’Sr/%°Sr and salinity of two of the
three endmembers, seawater and riverwater are known
and are given in Table 4. As discussed in the earlier section,
the 37Sr/*®Sr of the seawater endmember is taken to be the
same as that measured in the Arabian seawater
0.70915 4 0.00002 (n = 5, Rai, 2008) with Sr concentration
of 88 pumol/kg reported for open ocean waters (Palmer and
Edmond, 1989; de Villiers, 1999) at salinity 35 (Table 4).
River water endmembers are based on the measured values
of samples collected during both monsoon and pre-mon-
soon periods. For the third endmember, SGD, there is no
Sr data, therefore the a priori value for this endmember is
assumed to be same as that measured in one of the nearby
groundwaters (GWO08-6). Similarly, for calculating the

Table 4

Salinity, Sr and 87Sr/%%Sr in seawater, river waters and SGD endmember.

Component Salinity [Sr] (umol/kg) 87Sr/36Sr esr
Pre-monsoon

Seawater 35 88 0.70915 4 0.00002* 0.0
Riverwater® 0.2 1.9 0.71006 4 0.00001 128 £0.14
SGD (a priori)° 1.9+1.0 574+ 20 0.70941 4+ 0.00014 3.74+2.0
Monsoon

Seawater 35 88 0.70915 =4 0.00002* 0.00
Riverwater® 0 1.6 0.71053 4 0.00001 19.4 +0.14
SGD (a priori)® 1.9+1.0 57.4+ 20 0.70941 4+ 0.00014 3.7+20

% Arabian Sea data (Rai, 2008).
® Measured in river water during pre-monsoon and monsoon.
¢ Assumed to be the same as in GW08-6 (Table 1).
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fractions of water from different endmembers a priori values the three endmembers to the estuary samples during pre-
are assumed to be ~50 + 50%. monsoon and monsoon (Table 6). Sr concentration and
The numerical values of Sr/%¢Sr ratios are too small 87S1r/%8Sr of the SGD endmember derived from the inverse
compared to the other parameters used in the model (Sr model are 20.6, 3.6 umol/kg and 0.70971, 0.70938 with
concentration and salinity). Therefore to make the model salinity of 6.4 and 0.7 during pre-monsoon and monsoon,
sensitive to 87Sr/%°Sr, its values have been expressed as &g, respectively (Table 5, Fig. 6a and b). The model derived
defined as parameters show seasonal variations in the SGD endmem-
R_R ber with higher values during pre-monsoon (Table 5). The
s = K :W) 104] (5) Sr concentration of the SGD calculated for the pre-mon-
v soon and monsoon seasons using the inverse model is close
The R, is 3’Sr/*°Sr ratios of seawater and R is 37Sr/%°Sr to that expected from their salinity and Sr vs. salinity rela-
ratios measured in estuary water and that of the tions observed in the Narmada estuary (Fig. 2a and b). The
endmembers. deduced salinity of the SGD indicates that it is recycled
The model calculation yields a posteriori values of Sr estuary water. Water from the Narmada estuary enters
concentration, ¥’Sr/*®Sr ratio and salinity of the SGD end- the local aquifer during high tide and returns to the estuary
member (Table 5) and the fraction of water supplied from during low tide (Sinha et al., 2010). In this cycling process
Table 5
A-posteriori values of SGD contributing to the Narmada estuary.
Component Salinity [Sr] (nmol/kg) 87Sr/%6Sr Esr
Pre-monsoon
SGD 64+1.8 20.6 £4.3 0.70971 4+ 0.00015 79420
Monsoon
SGD 0.7+£0.3 3.6+£0.7 0.70938 4+ 0.00006 33+0.8
Table 6
Estimated contribution of seawater, river water and SGD along the salinity gradient in the Narmada estuary.
Sample Location Salinity Contribution of water flux (%)
Latitude Longitude Seawater River water SGD
Pre-monsoon
NEO07-18 21°40.51 72°57.00/ 0.2 0.2 92.7 1.1
NEO07-19 21°40.63 72°57.54' 0.2 0.3 92.5 1.2
NEO07-1 21°40.81" 72°54.57 4.8 9.4 75.4 14.2
NE07-2 21°41.26¢/ 72°52.60/ 9.3 24.9 56.3 18.8
NEO07-3 21°40.58 72°50.39 11.8 25.0 335 41.9
NEO07-4 21°39.20/ 72°47.42 15.9 41.8 39.2 19.2
NEO07-5 21°38.80 72°45.34 18.2 49.2 39.4 11.3
NEO07-6 21°40.75 72°42.05 20.0 52.8 26.6 21.1
NEO07-7 21°40.71 72°49.83' 21.3 58.1 31.3 10.7
NEO07-8 21°39.46' 72°35.89 22.1 579 20.3 22.7
NEO07-9 21°39.36 72°34.51 23.9 61.9 14.3 25.5
NEO07-10 21°39.62 72°33.28’ 253 74.4 10.4 0.5
NEO07-11 21°38.73' 72°33.02 25.5 68.9 12.6 20.5
NEO07-12 21°38.04 72°32.70/ 27.2 74.5 15.9 10.7
NE07-13 21°38.0/ 72°32.7 29.0 75.1 4.2 29.7
NEO07-15 21°37.94' 72°32.05 31.1 87.2 9.7 1.6
Monsoon
NEMO7-1 21°40.59 72°55.58' 0.01 0.1 98.6 35
NEMO07-2 21°39.08 72°46.64' 0.1 0.3 86.8 8.9
NEMO7-3 21°40.07' 72°37.12 1.3 1.9 27.2 67.9
NEMO07-4 21°39.58 72°36.34' 2.2 6.9 78.2 17.8
NEMO07-6 21°39.42 72°35.49 5.1 13.3 65.3 22.6
NEMO07-7 21°39.1% 72°34.28 6.0 15.6 72.4 14.5
NEMO7-8 21°38.39 72°33.26/ 8.0 19.3 40.3 39.8
NEMO07-9 21°39.27 72°35.26' 9.8 26.2 58.8 16.9
NEMO7-11 21°38.52 72°33.2 14.1 37.1 10.4 50.3
NEMO07-12 21°38.81" 72°33.94' 15.5 41.8 35.2 23.7

NEMO07-13 21°38.05 72°33.19 17.2 46.9 56.9 5.6
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the estuary water exchanges its Sr pool with that in the sed-
iments/aquifer solids in such a way that it makes the
87S1/%6Sr of the SGD more radiogenic without measurable
changes in its Sr concentration. Similar effect of exchange
has been reported on the Sr isotope composition of intersti-
tial waters of marine sediments (Elderfield and Gieskes,
1982). Sediments of the Narmada river are more radiogenic
in Sr compared to seawater/ estuary water of the Narmada.
Therefore, exchange of Sr isotopes between these sediments
and estuary water will make the 8’Sr/*Sr of the SGD more
radiogenic. Further, it has been suggested that radiogenic
87Sr produced by the decay of ¥’Rb may be preferentially
released during weathering (Blum and Erel, 1997; Colin
et al., 1999) from aquifer sediments to SGD. Such a process
can also alter the 3’Sr/®Sr of the SGD without modifying
its Sr concentration. The impact of SGD in the Narmada
estuary is observed upstream of 21°40'N and 72°36'E with
salinities lower than 22.1 and 2.2 during pre-monsoon
and monsoon.

The SGD contribution to the water budget of the Nar-
mada estuary at various salinities shows a wide range; from
~1-42% and 3-68% (Table 6; Fig. 7), respectively during
pre-monsoon and monsoon. In general, SGD contributes
about 20% of water to the estuary (Fig. 7). The uncertain-
ties associated with the best fit estimates of model parame-
ters are given in Table 5. These range from 1% to 9% for the
three components during the two seasons. The uncertainties
on seawater fraction decrease with increasing salinity and
vice versa in the case of river and SGD endmembers.

The contribution of SGD to the water flux of the Nar-
mada estuary is calculated using the relation:

Osc = fmaxOriv (6)

where f,,,. 1s the maximum SGD to river water ratio mea-
sured in the estuary (e.g. NE07-3 in the Narmada pre-mon-
soon) and Q the discharge, the subscripts SG and riv

River water

100
0 20 40 60 80 100
SGD Seawater

Fig. 7. Ternary diagram of contributions of seawater, riverwater
and SGD along the Narmada estuary. The deviation of data points
from the mixing line defined by river water and seawater is the
measure of contribution from the SGD. Filled and open circles
represents pre-monsoon and monsoon samples, respectively.

representing sub-marine groundwater and river water,
respectively. The water flux of the Narmada river is highly
variable from monsoon to pre-monsoon and hence the
SGD rates also vary accordingly. The pre-monsoon and
monsoon samples were collected during March and July,
2007, respectively. Water discharge of the Narmada during
March and July are 73 and 2189 m%/s (http://www.grdc.
sr.unh.edu/html/Polygons/P2853200.html). These yield
SGD fluxes of ~100 and ~5500 m*/s during these two
seasons. This corresponds to SGD flow rates of ~5 and
~280 cm/day considering the area of the Narmada estuary
impacted by SGD, ~170 km?. The SGD flow rates in the
Narmada are consistent with those reported from the south-
west coast of India using dissolved >*Rn (Jacob et al., 2009)
and those from other coastal regions of the world which are
in the range of 10-100 cm/day (Burnett et al., 2003a,b and
references therein). The SGD flow rates in the Narmada
estuary display seasonal variation with higher flow during
monsoon. Similar seasonal variation with varying time gap
between precipitation and SGD discharge also have been
reported for other coastal regions (Michael et al., 2005).
Increased water table during monsoon not only increases
the supply of fresh groundwater to estuary but also increases
the recycled seawater component by pushing the salinity
transition zone (STZ) towards the sea as head of the STZ in-
creases its height several times higher than the water table
during monsoon (Michael et al., 2005).

The results obtained in this study on dissolved Sr con-
centration and 3’Sr/%®Sr in the estuaries of the west coast
of India bring out the importance of SGD fluxes in modify-
ing the Sr isotope composition of coastal waters and their
potential to estimate SGD fluxes. The data show that the
SGD fluxes can be constrained better as more systematic
data on regional hydrological parameters, Sr and ¥Sr/%¢Sr
in groundwaters of the region during different seasons be-
come available.

5.4. SGD flux of Sr from Narmada River to the Arabian Sea

The Sr flux through SGD is calculated to be
~240 x 10° mol/year with average 3’Sr/%°Sr ~0.70943 based
on the Sr concentration and isotope data in Table 5 and
SGD estimated in Section 5.3 during the pre-monsoon and
monsoon seasons. For these estimates, the SGD flux for four
months during monsoon season is taken to be the same as
that of monsoon and for the remaining eight months it is as-
sumed to be same as the flux estimated for pre-monsoon. The
Sr flux from the Narmada river is ~76 x 10° mol/year based
on the water flux of ~47.3 x 10° m>/y with Sr concentration
of ~1.5 pmol/kg (Table 1). These estimates though show
that the Sr flux via SGD is ~3 times more compared to that
of its riverine supply; it does not contribute to the budget of
Sr in the Arabian Sea as almost all of it is derived from recy-
cled seawater through coastal sediments and continental
aquifers. During this recycling process, the isotope composi-
tion of Sris altered through exchange with aquifer solids and
sediments making it more radiogenic, i.e. enriched in ®’Sr
with respect to the seawater. As a result the SGD serves as
an additional source of ¥Sr to the Narmada estuary. It
can be estimated, based on Sr flux and difference in the
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87Sr/%°Sr of SGD and seawater, that SGD would supply
about 6.2 x 10> mol ¥’Sr/year to the Arabian Sea through
the Narmada estuary. This ¥’Sr supply from SGD needs to
be included in the Sr isotope budget of seawater, however,
its impact on both regional and global scale is difficult to
asses due to paucity of data from various estuaries and coast-
al regions.

6. IMPLICATIONS

Evolution of marine Sr isotope during the Phanerozoic
has often been used to study the continental/climatic evolu-
tion of the earth (Burke et al., 1982; DePaolo and Ingram,
1985; Palmer and Elderfield, 1985; Chaudhuri and Clauer,
1986; Hess et al., 1986; Veizer, 1989; Richter et al., 1992;
Blum, 1997; Tripathy et al., 2011). The interpretation of
marine Sr isotope records in terms of tectonics/ climate evo-
lution, knowledge of oceanic Sr budget, i.e. its sources and
sinks is required. The Sr isotope composition of seawater is
determined by contributions of radiogenic Sr through rivers
and mantle like unradiogenic Sr delivered by hydrothermal
supply and weathering of basalts from volcanic islands
(Richter et al., 1992; Davis et al., 2003; Allegre et al.,
2010). In these budget estimates of Sr and 878r/%Sr, much
attention has not been given to the impact of SGD though
its potential role has been indicated in some of the earlier
studies (e.g. Basu et al., 2001). The present study has dem-
onstrated that SGD is an additional source of ’Sr to the
Arabian Sea. Considering that SGD is a global phenome-
non (Burnett et al., 20006), it is very likely that it would serve
as a source of Sr isotopes to the world oceans.

The temporal variations in Sr isotope composition of
seawater on long time scales has been explained in terms
of variations in the relative proportion of supply of radio-
genic and mantle like Sr from different sources (Richter
et al., 1992; Allegre et al., 2010; Tripathy et al., 2011). In
this context, Chaudhuri and Clauer (1986) introduced the
concept of ‘runout’ Sr which represents the Sr supplied to
the ocean by subsurface waters to explain the temporal var-
iation in oceanic ¥’Sr/®¢Sr. It was postulated that the run-
out flux of Sr and its ¥’Sr/®Sr could vary in response to
continental break-up/collision and seawater regression/
transgression which in turn could influence seawater Sr iso-
tope composition. The results of the present study contrib-
ute to this concept of runout Sr by bringing out its role in
contributing to the Sr isotope composition of oceans. Tem-
poral variations in 8’Sr/%¢Sr of SGD may be a contributing
factor to the marine Sr isotope evolution during the
Phanerozoic.

7. CONCLUSIONS

The concentrations of dissolved Sr and its 8Sr/%¢Sr were
measured in the Narmada, Tapi and the Mandovi estuaries
of western India. The results show that (i) significant differ-
ences in Sr and its ¥’Sr/%%Sr exist among the river waters
which can be understood in terms of the lithologies of the
basin they drain, (ii) the plot of Sr vs. salinity in these estu-
aries show “near perfect” conservative mixing between riv-
erwater and seawater suggesting that there is no measurable

net addition or removal of Sr in these estuaries and (iii) the
mixing plots of ¥’Sr/*®Sr vs. 1/Sr, however, show clearly
discernable deviations from the theoretical mixing line,
indicating non-conservative behaviour of Sr isotopes in
the estuary. The departure of ¥’Sr/%¢Sr from the theoretical
mixing lines is explained in terms of supply of Sr from sub-
marine groundwater discharge with isotopically distinct
87Sr/%Sr. An inverse model has been used to determine
the Sr concentration, 3’Sr/%°Sr ratio and salinity of the
SGD endmember contributing to the Narmada estuary.
This calculation indicates that SGD in the Narmada estu-
ary is predominantly recycled water which exchanges Sr
with the aquifer sediments making it more radiogenic in
Sr without changing its Sr concentration. As a result, the
SGD acts as source of 5’Sr to the Arabian Sea but without
discernable supply of Sr. The model calculations also yield
data on the fractions of riverwater, seawater and SGD con-
tributing to the estuary at various salinities. The flow rate of
SGD in the Narmada estuary is estimated to be 5 and
280 cm/day during pre-monsoon and monsoon, respec-
tively. The SGD in the Narmada estuary supplies
6.2 x 10° moles of ¥’Sr annually to the Arabian Sea. This
study underscores the application of Sr concentration and
its isotope composition to quantify the magnitude of sub-
marine groundwater discharge to estuaries and coastal
regions.
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