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Abstract

The geochemistry and isotopic composition (H, O, S, Osulfate, C, Sr) of groundwater from the Nubian Sandstone
(Kurnub Group) aquifer in the Negev, Israel, were investigated in an attempt to reconstruct the origin of the water
and solutes, evaluate modes of water–rock interactions, and determine mean residence times of the water. The results indi-
cate multiple recharge events into the Nubian sandstone aquifer characterized by distinctive isotope signatures and deu-
terium excess values. In the northeastern Negev, groundwater was identified with deuterium excess values of �16&,
which suggests local recharge via unconfined areas of the aquifer in the Negev anticline systems. The d18OH2O and d2H
values (�6.5& and �35.4&) of this groundwater are higher than those of groundwater in the Sinai Peninsula and southern
Arava valley (�7.5& and �48.3&) that likewise have lower deuterium excess values of �10&. Based on the geochemical
differences between groundwater in the unconfined and confined zones of the aquifer, a conceptual geochemical model for
the evolution of the groundwater in the Nubian sandstone aquifer has been reconstructed. The isotopic composition of
shallow groundwater from the unconfined zone indicates that during recharge oxidation of pyrite to SO4 (d34SSO4

��13&; d18OSO4
�+7.7&) and dissolution of CaCO3 (87Sr/86Sr �0.70787; d13CDIC = �3.7&) occur. In the confined zone

of the aquifer, bacterial SO4 reduction removes a significant part of dissolved SO2�
4 , thereby modifying its isotopic com-

position (d34SSO4
��2&; d18OSO4

�+8.5&) and liberating dissolved inorganic C that contains little or no radiocarbon
(14C-free) with low d13CDIC values (<�12&). In addition to local recharge, the Sr and S isotopic data revealed contribution
of external groundwater sources to the Nubian Sandstone aquifer, resulting in further modifications of the groundwater
chemical and isotopic signatures. In the northeastern Negev, it is shown that SO4-rich groundwater from the underlying
Jurassic aquifer contributes significantly to the salt budget of the Nubian Sandstone aquifer. The unique chemical and iso-
topic composition of the Jurassic groundwater (d34SSO4

� +14&; d18OSO4
� 14&; 87Sr/86Sr �0.70764) is interpreted as

reflecting dissolution of Late Triassic marine gypsum deposits. In the southern Arava Valley the authors postulate that
SO4-rich groundwater with distinctively high Br/Cl (3 · 10�3) low 87Sr/86Sr (0.70734), and high d34SSO4

values (+15&)
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is derived from mixing with underlying brines from the Paleozoic units. The radiocarbon measurements reveal low 14C
activities (0.2–5.8 pmc) in both the northeastern Negev and southern Arava Valley. Taking into account dissolution of
carbonate rocks and bacterial SO4 reduction in the unconfined area, estimated mean residence times of groundwater in
the confined zone in the northeastern Negev are on the order of 21–38 ka, which suggests recharge predominantly during
the last glacial period. The 14C signal in groundwater from the southern Arava Valley is equally low but due to evidence for
mixing with external water sources the residence time estimates are questionable.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Stable and radioactive isotopes are commonly
used in order to study the origin, age and chemical
evolution of groundwater. The deuterium excess (d-
excess = d2H � 8d18O) describes the conditions that
lead to kinetic isotope fractionation between water
and vapor during primary evaporation in the oceans
(e.g., Dansgaard, 1964). Deviation from a slope of 8
on a plot of d2H versus d18O may indicate evapora-
tion, mixing between different water groups, or
water–rock interactions. In cases where the slope
is equal to 8, the d-excess is commonly used as a
characteristic property of the recharge source (e.g.,
Gat and Issar, 1974). By examining the 14C activity
of water, it is sometimes possible to constrain the
ages of the recharge events. However, ground–water
systems are complex and therefore it is not always
possible to constrain the age and sources of the
water using only d18O, d2H and 14C tracers. In most
cases, the 14C ages are strongly influenced by water–
rock interactions. A better understanding of these
interactions may be obtained by adding information
on the isotopic compositions of the dissolved con-
stituents of the groundwater such as S and Sr iso-
topes. The advantages of this multi-isotope (O, H,
C, S and Sr) approach are demonstrated in the pres-
ent paper for the case study of the Nubian sand-
stone aquifer (NSA) in the Negev, Israel.

The scarcity of water resources in arid zones
often requires exploitation of ‘‘paleo’’ groundwater
that has recharged into the aquifers during earlier
geological times (i.e., water that is not participating
in the present hydrological cycle). Groundwater in
many basins of the NSA across the Sahara and
Sahel regions in northern Africa and in the arid
zones of the Middle East have low d18OH2O, d2H,
and deuterium-excess values (610&) relative to
modern precipitation in these regions (d-excess
>16&; Sonntag et al., 1978; Gat, 1981, 1983; Gat
and Issar, 1974; Gat and Galai, 1982; Sultan
et al., 1997; Levin et al., 1980; Yechieli et al.,
1992; Clark and Fritz, 1997). In addition, ground-
water from the NSA has typically low 14C activities
(Issar et al., 1972). These characteristics have been
interpreted as reflecting paleo-recharge during peri-
ods of higher humidity during the Late Pleistocene
(Issar et al., 1972; Issar, 1981; Gat, 1981; Gat and
Issar, 1974; Gat and Galai, 1982).

In the Sinai Peninsula and the Negev (Fig. 1), the
NSA is part of the Lower Cretaceous Kurnub
Group (Issar et al., 1972). Given that modern pre-
cipitation in this area is low (<150 mm annually;
Levin et al., 1980), the origin of groundwater in
the NSA in the Negev and Arava Valley in Israel
has been attributed to northeasterly flow of pal-
aeo-groundwater from the Sinai Peninsula. It has
been suggested that most of the recharge to this
aquifer occurred through the outcrops of the Lower
Cretaceous sandstone in southern Sinai during the
last glacial period (Issar et al., 1972; Issar, 1981;
Gat and Galai, 1982; Gat and Issar, 1974; Kroitoru,
1980; Yechieli et al., 1992).

In most parts of the NSA, the salinity of the
groundwater is low. In the Disi aquifer in southern
Jordan, for example, the level of the total dissolved
solids (TDS) in most parts of the aquifer does not
exceed 500 mg/L (El-Naser and Gedeon, 1996).
Likewise, groundwater from the NSA in western
Egypt is characterized by low salinity (Puri et al.,
2001). However, the salinity of groundwater from
the NSA in the Negev and northern Sinai Peninsula
is high with TDS ranging from 1000 to 7000 mg/L
(Yechieli et al., 1992; Guttman et al., 1999; Burg
et al., 1999; Rosenthal et al., 1998; Abed El Samie
and Sadek, 2001). Several different explanations
have been postulated for the origin of the dissolved
constituents in the NSA groundwater of the Negev,
including: (1) mixing with relicts of entrapped sea-
water that was not sufficiently flushed from the
aquifer (Issar, 1981), (2) mixing with Ca–chloride
brines (Yechieli et al., 1992; Guttman et al., 1999;
Burg et al., 1999), and (3) continuous salt dissolu-
tion and water–rock interactions along subsurface
groundwater flow from the Sinai Peninsula to the
Negev (Rosenthal et al., 1998).



Fig. 1. (a) A general map of Sinai Peninsula and the Negev. (b) A location map of sampling wells (M refers to the wells of Makhtesh),
major geological structures (doubled arrows), ground water levels (in meters above sea level), and major flow regimes after Guttman et al.
(1999) (arrows) in the Negev and Arava Valley (marked as I–III, respectively). Line A–A 0 marks the hydrogeological cross section
presented in Fig. 2. (c) A detailed location map of wells in the northeastern Negev with the values of the Cl� contents (in mg/L).
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The aim of this paper is to evaluate the sources of
the water and the dissolved constituents in ground-
water from the NSA in the Negev, and to provide
isotopic constraints for the existing hydrological
models of groundwater migration and evolution.
In particular, the questions of recharge, high salin-
ity, and high SO2�

4 content that characterize the
groundwater from the NSA are addressed. A large
suite of groundwater chemical data and isotopic
tracers that include O in water and sulfates
(d18OH2O, d18OSO4

), H (d2H), S (d34SSO4
), C

(d13CDIC, 14C), and Sr (87Sr/86Sr) are used. It is
demonstrated that an integration of a large suite
of geochemical and isotopic tracers can be a power-
ful tool for delineating the origin of groundwater in
a complex system like the NSA. The different isoto-
pic tracers are used to identify different recharge
regimes, mechanisms of water–rock interactions,
external groundwater sources that flow to the
NSA, and factors that affect the 14C activity of
groundwater. The application of the proxies utilized
for this study could be used for other NSA basins in
the Middle East and possibly other aquifers
worldwide.



Fig. 1 (continued )
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2. Hydrogeological background

The Nubian Sandstone Aquifer (NSA) is part of
the massive Paleozoic to Lower Cretaceous sedi-
mentary sequence that constitutes the major aquifer
units in the Middle East and northern and eastern
Africa. In the study area, the NSA is represented
by the Lower Cretaceous Kurnub Group, which is
composed of alternating beds of sandstone and
shale. The Kurnub Group is exposed at the margins
of the igneous massif in southern Sinai and along
the major anticline structures of the Negev
(Fig. 1). In the northern Negev the NSA overlies
Jurassic aquifers. In the northwestern Negev, the
underlying Jurassic aquifers are confined by imper-
meable layers (Kidod Formation), which do not
exist in the northeastern Negev (Rosenthal et al.,
1981; Weinberger and Rosenthal, 1994). Conse-
quently, a direct hydrological contact exists between
the NSA and underlying Jurassic units in the north-
eastern Negev (Nativ et al., 1987). In the southern
Negev and southern Arava Valley, the NSA overlies
and is hydraulically connected with the underlying
Paleozoic units (Nativ et al., 1987). Specific details
on the aquifer lithology and the hydrogeological
background are given in Kroitoru (1980), Nativ
et al. (1987), Rosenthal et al. (1990, 1992), Weinber-
ger and Rosenthal (1994), Weinberger et al. (1991),
Guttman et al. (1999) and Burg et al. (1999).

Fig. 2 illustrates a cross section from the uncon-
fined area in the vicinity of one of the anticlines
(Makhtesh Qatan) in the west to the confined area
of the NSA and the eastern margin of the NSA
Fig. 2. A schematic hydrogeological cross section from Makhtesh Qata
Fig. 1; modified from Rosenthal et al., 1981).
along the major faults of the Dead Sea Rift Valley.
The underlying Jurassic aquifer is accessed by the
Makhtesh 6 well (M6) in the vicinity of Makhtesh
Qatan anticline.

In the eastern Negev and Arava Valley, Guttman
et al. (1999) defined several flow regimes for the
eastern Negev and Arava Valley (marked as I–III
in Fig. 1b). The flow regimes are controlled by the
NE–SW asymmetrical anticlines that characterize
the northern and central Negev, in which the NSA
is exposed in erosion cirques that are associated
with the major anticlines (‘‘makhteshim’’). The flow
patterns are also controlled by the fault systems.
Along the Dead Sea – Arava Rift Valley, the major
faults divert the flow and act as the eastern bound-
ary of the aquifer. In the southern Arava Valley and
Negev, E–W faults also affect the flow lines. In gen-
eral, the water gradients in the Negev follow the
major geological structures with SW–NE flow
(Fig. 1b). In the southern Arava Valley the flow gra-
dient is north to south (Burg et al., 1999).

Groundwater from the NSA is highly mineral-
ized with TDS ranging from 1000 mg/L in southern
Sinai Peninsula to about 7000 mg/L in the northern
and eastern Negev (Yechieli et al., 1992; Rosenthal
et al., 1992; Burg et al., 1999; Guttman et al.,
1999). Kroitoru (1980) recognized that the ground-
water salinity progressively increases along flow
paths towards the northwestern and northeastern
Negev. This increase in salinity has been attributed
to changes in lithology and a higher clay fraction
that reduces the permeability and thus the flushing
of entrapped saline groundwater (Kroitoru, 1980).
n anticline in the west to the Rift Valley in the east (line A–A 0 in
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3. Sampling and analytical techniques

Groundwater samples were collected from 30
wells in the Negev and Arava Valley between 2001
and 2003. Water samples were collected from active
pumping wells and were initially preserved in a cold
box and later transferred to a refrigerator in the lab-
oratory. Field work included measurements of tem-
perature, pH, and conductivity. Water samples were
filtered immediately upon reaching the laboratory.
Cations and B concentrations were determined by
inductively coupled plasma-optical emission spec-
trometry (ICP-OES), Cl� and HCO�3 by titration,
and Br�, NO�3 and SO2�

4 by ion chromatography
(IC). Charge balance calculations showed that
charge imbalance did not exceed 5%.

Stable isotope ratios are reported in parts per
thousand (&) using the conventional delta notation:

dsampleð‰Þ ¼ ½ðRsample � RstandardÞ=Rstandard� � 1000

ð1Þ
where R represents the 34S/32S, 18O/16O, 2H/1H or
13C/12C ratios of the samples and the standards,
respectively. Oxygen and H isotope ratios of water
were determined at CSIRO, Adelaide, Australia
using a standard CO2 equilibration technique for
O and the Zn reduction method for H. The preci-
sions of measurements are ±0.1& and ±0.3&,
respectively, and results are reported relative to
Vienna Standard Mean Ocean Water (V-SMOW).
Strontium was separated through ion-exchange
using Biorad AG50X8 resin at Ben-Gurion Univer-
sity and the isotopic ratios were measured by ther-
mal ionization mass-spectrometry at the US
Geological Survey, Menlo Park, California, USA.
An external precision of 2 · 10�5 for the Sr isotope
measurements was determined by replicate analyses
of the N.I.S.T. 987 standard. Laboratory prepara-
tion and mass spectrometry procedures are identical
to those described in Bullen et al. (1996).

Sulfate in groundwater was extracted by anion
exchange resins (Biorad AG-1X8) at Ben Gurion
University and shipped to the University of Calgary
(Canada) for determination of S and O isotope
ratios. Sulfate was quantitatively recovered from
the resin with 15 mL of 3 M HCl, and BaSO4 was
precipitated by adding 5 mL of 0.2 M BaCl2 to solu-
tion. The precipitate was recovered by filtration,
carefully washed with distilled water, and dried
prior to isotope analyses. Sulfur isotope analyses
were performed by continuous flow isotope ratio
mass spectrometry (e.g., Giesemann et al., 1994).
For O isotope analyses on SO2�
4 , BaSO4–oxygen

was converted to CO at 1450 �C in a pyrolysis reac-
tor (Finnigan TC/EA). The resultant gas was subse-
quently carried by a He stream into a mass
spectrometer for isotope ratio determinations in
continuous-flow mode (CF-IRMS). d34S values are
reported relative to Canon Diablo Troilite (CDT)
and d18O values relative to Vienna Standard Mean
Ocean Water (V-SMOW). Two international refer-
ence materials, NBS-127 and OGS, as well as sev-
eral lab-internal standards were repeatedly
measured to ensure accuracy. Reproducibility is
±0.3& for d34S measurements and ±0.5& for
d18O measurements on SO4.

Carbon isotope ratios (13C/12C) and radiocarbon
(14C) were measured at the Lawrence Livermore
National Laboratory (LLNL), California. Water
samples were collected and preserved without any
atmospheric contact. For sample preparation, the
total inorganic C dissolved in groundwater (DIC)
was transformed into CO2 by acidifying the samples
with H3PO4 and extracting the liberated CO2 gas
using a standard vacuum extraction line with con-
tinuous N2 flow (McCrea, 1950; Friedman and
O’Neil, 1977). The CO2 gas was split into two
sub-samples for d13C and 14C measurements. d13C
measurements were carried out on a VG Prism II
isotope ratio mass spectrometer with a precision of
±0.1&. For 14C measurements CO2 was converted
into graphite and then analyzed on a 10 MV Tan-
dem Van de Graaff Accelerator at LLN (Vogel
et al., 1987; Davis et al., 1990; Southon et al.,
1990, 1992; Kirner et al., 1995). Results are given
in the standard notation as percent modern carbon
(pmc). The reproducibility is generally better than
±0.1%.
4. Results

The chemical and isotopic compositions of
groundwater from the NSA in the Negev and
Arava Valley are presented in Tables 1 and 2,
respectively. The results and discussion in the paper
are focused on only two geographical areas that
reflect different flow zones in the NSA: the south-
ern flow regime I referred to as ‘‘Southern Arava
Valley’’ and the northern flow regime (marked as
III in Fig. 1b) referred to as ‘‘Northeastern
Negev’’. The results for groundwater of the
‘‘Northern Arava Valley’’ (marked as ‘‘II’’) are
not discussed in this article.



Table 1

Chemical compositions and field data of groundwater sampled from the Nubian Sandstone aquifer in the Negev

No. Name Date Depth

(m)

pH Temperature Ca Mg Na K Cl SO4 HCO3 Br Br Sr SI

Northeastern Negev – flow regime III

Unconfined aquifer (Group III-A)

NB-10 Makhtesh 1 06.05.01 214 6.4 28.7 5.39 2.95 10.64 0.55 9.19 9.33 1.77 0.004 0.052 0.012 �0.91

NB-45 Makhtesh 1 28.08.02 214 – – 3.52 2.36 7.31 0.43 6.46 6.40 1.94 0.002 0.050 0.010 –

Ni-2 Makhtesh 1 04.08.03 214 7.2 28.1 4.67 2.69 8.23 0.44 7.30 6.91 1.80 0.003 0.047 0.011 1.62

Ni-1 Makhtesh 5 04.08.03 287 6.6 29.8 6.26 3.57 13.63 0.75 11.28 9.98 1.84 0.005 0.067 0.017 1.92

Confined aquifer (Group III-B)

NB-11 Makhtesh 3 06.05.01 709 7.0 37.7 3.79 2.55 19.77 0.73 21.38 4.27 5.20 0.023 0.091 0.022 0.14

NB-46 Makhtesh 3 13.08.02 709 – – 3.12 2.72 20.17 0.70 21.51 4.21 3.72 0.022 0.097 0.022 –

Ni-8 Makhtesh 3 04.08.03 709 7.4 37.0 3.67 2.86 20.90 0.66 20.94 3.82 5.53 0.021 0.107 0.024 1.61

NB-12 Makhtesh 4A 06.05.01 800 7.4 35.0 5.04 3.07 20.17 0.84 21.47 6.82 4.96 0.020 0.086 0.021 0.56

NB-47 Makhtesh 4A 28.08.02 800 – – 4.89 3.30 20.11 0.65 21.36 6.73 4.53 0.021 0.081 0.023 –

Ni-4 Makhtesh 4A 04.08.03 800 8.3 37.9 5.25 3.37 19.64 0.78 22.30 6.10 4.83 0.020 0.093 0.024 �0.40

NB-14 Ein Yorqe’am 1 06.05.01 819 6.9 38.0 3.97 2.76 18.96 0.68 21.18 4.38 5.32 0.020 0.089 0.021 0.07

NB-44 Ein Yorqe’am 1 27.06.02 819 7.5 34.0 2.20 2.18 16.87 0.69 15.77 3.46 3.13 0.020 0.091 0.019 �0.37

Ni-6 Ein Yorqe’am 1 04.08.03 819 8.7 34.2 3.38 2.82 19.00 0.71 22.18 3.97 4.17 0.021 0.097 0.025 �1.13

NB-15 Ein Yorqe’am 2A 06.05.01 850 7.2 37.2 3.77 2.51 17.21 0.65 18.82 3.91 4.95 0.019 0.075 0.021 0.28

NB-49 Ein Yorqe’am 2A 13.08.02 850 – – 3.66 2.76 16.31 0.57 18.43 3.87 4.91 0.019 0.082 0.023 –

Ni-5 Ein Yorqe’am 2A 04.08.03 850 8.1 37.1 3.88 2.62 16.30 0.66 19.06 3.63 5.28 0.018 0.086 0.023 �0.40

NB-43 Ein Yorqe’am 3 27.06.02 855 6.3 34.9 4.94 4.01 21.36 0.58 24.79 4.79 5.49 0.026 0.083 0.027 0.22

NB-50 Ein Yorqe’am 3 13.08.02 855 – – 5.11 3.81 21.38 0.60 25.38 5.18 5.48 0.025 0.088 0.031 –

NB-51 Ein Yorke’am 4 13.08.02 759 – – 3.22 2.87 16.91 0.53 17.97 3.66 4.20 0.019 0.079 0.022 –

Ni-7 Ein Yorqe’am 4 04.08.03 759 7.5 37.0 3.62 2.83 17.10 0.50 18.97 3.42 5.21 0.017 0.078 0.021 0.27

Confined aquifer along the eastern margin (Group III-C)

NB-8 Tamar 9 26.2.01 450 7.2 39.2 3.70 2.69 16.88 1.31 19.01 4.73 4.76 0.019 0.081 0.018 0.26

NB-41 Tamar 9 12.06.02 450 7.3 38.5 4.22 3.63 17.75 0.54 18.73 4.43 4.95 0.016 0.085 0.018 0.50

Ni-32 Tamar 9 11/19/

2003

450 6.1 35.5 4.15 2.53 19.35 0.66 21.03 4.21 4.80 0.020 0.095 0.022 –

NB-9 Tamar 11 26.2.01 – 7.0 39.5 7.55 3.38 21.88 1.46 21.38 10.77 4.64 0.021 0.105 0.026 0.34

Ni-39 Tamar 11 11/26/

2003

– 6.2 37.6 7.65 3.59 22.00 1.03 21.69 9.65 4.63 0.021 0.122 0.035 1.01

Ni-40 Tamar 8 11/26/

2003

– 6.8 39.8 6.56 3.04 19.79 0.95 21.26 7.25 4.52 0.024 0.102 0.030 0.58

NB-2 Admon 5 26.2.01 535 6.1 38.8 8.75 4.46 41.15 1.43 42.79 12.51 4.67 0.048 0.109 0.038 �0.64

Ni-42 Adamon 2 11/26/

2003

145 6.5 34.0 6.65 4.56 48.14 1.67 52.41 8.22 5.30 0.073 0.248 0.044 �0.50

NB-34 Yeelim 3 12.06.02 470 7.1 35.3 15.57 5.47 60.03 1.72 66.48 19.46 4.43 0.093 0.196 0.060 0.49

Jurassic aquifer

NB-13 Makhtesh 6 06.05.01 657 6.7 – 10.82 2.61 17.13 0.99 17.23 13.45 4.18 0.022 0.075 0.025 –

Ni-3 Makhtesh 6 04.08.03 657 7.1 35.8 11.53 2.91 16.31 0.94 17.71 11.99 3.72 0.022 0.087 0.029 1.95

Central Arava (flow regime I)

NB-18 Paran 20 29.10.01 1536 7.0 54.0 7.03 3.72 13.58 0.94 21.13 6.01 3.70 0.048 0.042 0.039 0.43

NB-57 Paran 20 14.10.02 1536 – – 6.82 3.71 13.64 0.69 21.37 6.41 3.60 0.055 0.044 0.033 –

NB-19 Ye’elon 6A 29.10.01 791 7.2 38.8 2.27 2.07 5.29 0.24 6.96 1.59 4.18 0.009 0.016 0.010 0.13

Ni-17 Ye’elon 6A 8/18/

2003

791 9.3 38.8 2.28 2.27 5.38 0.23 7.49 1.63 4.52 0.015 0.016 0.010 0.04

NB-20 Grofit 4 29.10.01 388 7.1 30.4 6.95 4.31 12.98 0.54 21.36 5.66 3.89 0.051 0.032 0.037 0.20

Ni-21 Grofit 4 8/18/

2003

388 8.9 31.3 6.14 4.41 14.23 0.47 20.14 6.09 4.38 0.046 0.036 0.034 �0.09

NB-23 ktora 5 29.10.01 473 7.0 33.0 5.64 3.64 9.81 0.40 16.97 3.85 4.07 0.036 0.024 0.027 –

Ni-18 Ktora 5 8/18/

2003

473 5.9 33.4 5.19 3.66 10.79 0.31 16.75 4.16 4.50 0.042 0.027 0.023 0.01

Ni-24 Ketora 4 8/18/

2003

450 9.1 31.3 4.26 3.35 10.04 0.49 12.29 4.92 4.59 0.016 0.037 0.029 �0.18

Ni-25 Ketora 6 8/18/

2003

422 9.4 34.8 7.17 5.12 13.28 0.85 15.77 8.93 6.38 0.019 0.054 0.048 �0.36

NB-24 Shizafon 1 29.10.01 960 6.8 48.9 8.29 4.31 13.50 1.05 17.11 9.30 3.63 0.019 0.041 0.051 0.16

Ni-45 Shizafon 1 4/1/2004 960 6.5 48.2 8.29 6.60 27.96 2.66 17.06 0.00 0.00 0.000 0.046 0.034 2.31

NB-26 Ye’elon 3A 29.10.01 399 6.8 33.7 6.32 3.91 13.25 0.83 18.98 5.95 3.55 0.026 0.032 0.038 –

Ni-20 Ye’elon 3A 8/18/

2003

399 8.5 34.3 5.88 3.79 15.11 0.70 19.19 6.56 3.82 0.032 0.037 0.033 0.20

NB-27 Zofar 20 29.10.01 1017 7.1 27.8 23.68 8.28 50.46 2.02 95.28 6.72 0.96 0.368 0.110 0.148 �0.01

Ni-12 Zofar 20 8/12/

2003

1017 8.5 35.3 23.48 6.89 53.98 1.98 102.56 6.10 0.00 0.349 0.105 0.114 –

Data for chemical concentrations are reported in mM unit. SI values are Saturation Index for calcite calculated by geochemical code NETPATH 2.0 Plummer et al. (1994).
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Table 2
Isotopic compositions of groundwater sampled from the Nubian Sandstone aquifer in the Negev

No Name Date d18O
(&)

d2H
(&)

d-Excess
(&)

d34SSO4

(&)
d18OSO4

(&)

87Sr/86Sr 14C
(pmc)

d 13C
(&)

Northeastern Negev – flow regime III

Unconfined aquifer (Group III-A)

NB-10 Makhteshh 1 6.5.01 �5.60 �32.1 12.7 – – 0.70787 – –
Ni-2 Makhtesh 1 04.08.03 – – – –13.6 7.6 – 67.7 �3.75
Ni-1 Makhtesh 5 04.08.03 – – – �13.4 7.7 – – –

Confined aquifer (Group III-B)

NB-11 Makhtesh 3 6.5.01 �6.59 �36.2 16.5 0.70779
Ni-8 Makhtesh 3 04.08.03 – – – 0.5 8.2 – 1.2 �8.83
NB-12 Makhtesh 4A 6.5.01 �6.74 �40.1 13.8 – – 0.70777 – –
Ni-4 Makhtesh 4A 04.08.03 �1.9 8.5 2.3 �7.80
NB-14 Ein Yorqe’am 1 6.5.01 �6.41 �33.7 17.6 – – 0.70777 – –
NB-44 Ein Yorqe’am 1 27.06.02 �6.62 �35.1 17.9 – – 0.70774 – –
Ni-6 Ein Yorqe’am 1 04.08.03 – – – �0.3 8.6 – 0.4 �7.26
NB-15 Ein Yorqe’am 2A 6.5.01 �6.49 �34.3 17.6 0.70775
Ni-5 Ein Yorqe’am 2A 04.08.03 – – – 0.1 8.3 – 0.2 �8.69
NB-43 Ein Yorqe’am 3 27.06.02 �6.32 �33.0 17.6 0.70777
Ni-7 Ein Yorqe’am 4 04.08.03 – – – 0.3 9.4 – – –

Confined aquifer along the eastern margin (Group III-C)

NB-8 Tamar 9 26.2.01 �6.75 �36.0 18.0 – – 0.70775 – –
NB-41 Tamar 9 12.06.02 �6.65 �37.5 15.7 – – 0.70776 – –
Ni-32 Tamar 9 11/19/2003 – – – 3.1 9.4 – – –
NB-9 Tamar 11 26.2.01 �7.50 �46.4 13.6 – – 0.70773 – –
Ni-39 Tamar 11 11/26/2003 – – – 7.2 12.7 – – –
Ni-40 Tamar 8 11/26/2003 – – – 8.7 12.4 – – –
NB-2 Admon 5 26.2.01 �7.62 �49.2 11.8 – – 0.70764 – –
Ni-42 Adamon 2 11/26/2003 – – – 4.1 10.6 – – –
NB-34 Yeelim 3 12.06.02 �7.02 �48.5 7.7 7.7 14.1 0.70758 – –
Ni-65 Yeelim 1 7/30/2004 – – – 19.8 15.9 – – –

Jurassic aquifer

NB-13 Makhtesh 6 6.5.01 �7.83 �50.5 12.1 0.70764
Ni-3 Makhtesh 6 04.08.03 – – – 15.4 14.4 – 1.5 �7.72

Central Arava (flow regime I)

NB-18 Paran 20 29.10.01 �7.83 �52.9 9.7 – – 0.70739 – –
NB-19 Ye’elon 6A 29.10.01 �5.73 �27.6 18.2 – – 0.70778 – –
Ni-17 Ye’elon 6A 8/18/2003 – – – �0.5 9.7 – 2.9 �7.18
NB-20 Grofit 4 29.10.01 �7.25 �48.4 9.6 0.70734
Ni-21 Grofit 4 8/18/2003 – – – 6.9 10.7 – 0.6 �6.69
NB-23 ktora 5 29.10.01 �6.60 �37.8 15.0 – – 0.70734 – –
Ni-18 Ktora 5 8/18/2003 – – – 6.4 11.4 – 5.8 �7.87
Ni-24 Ketora 4 8/18/2003 – – – 5.2 10.6 – – –
Ni-25 Ketora 6 8/18/2003 – – – 9.4 11.0 – – –
NB-24 Shizafon 1 29.10.01 –8.62 �58.5 10.5 – – 0.70733 – –
Ni-45 Shizafon 1 4/1/2004 – – – 11.3 12.5 – – –
NB-26 Ye’elon 3A 29.10.01 �8.39 �58.2 8.9 – – 0.70738 – –
Ni-20 Ye’elon 3A 8/18/2003 – – – 6.1 10.8 – 1.0 �6.68
NB-27 Zofar 20 29.10.01 �7.84 �54.7 8.0 – – 0.70791 – –
Ni-12 Zofar 20 8/12/2003 – – – 14.2 10.7 – – –

A. Vengosh et al. / Applied Geochemistry 22 (2007) 1052–1073 1059
4.1. The Northeastern Negev – flow regime III

The chemical and isotopic characteristics of the
investigated groundwater samples varied widely
(Table 1) and were used to group the samples into
several categories. Water grouping was based on
aquifer setting (i.e., unconfined versus confined)
and geographical distribution. Geochemical distinc-
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tions were also used by determining the relation-
ships between Cl� and Br� contents (Fig. 3),
d18OH2O and d2H values (Fig. 4), and d34SSO4

and
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Fig. 3. Bromide versus Cl� of groundwater from the NSA in the
northeastern Negev (Groups III-A, III-B, III-C), Southern Arava
Valley (Group I), and underlying Jurassic aquifer. Note the
distinction between groundwater from the unconfined zone
(Group III-A), confined zone (Group III-B), and eastern section
of the aquifer (Group III-C). The line represents seawater Br/Cl
ratio (�1.5 · 10�3).
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Fig. 4. d2H versus d18OH2O values of groundwater from the NSA
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(eastern Mediterranean) meteoric lines, respectively. Note the
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(Group III-A), confined zone (Group III-B) with a slope �8
and relatively high d2H and d18OH2O values, and eastern section
of the aquifer (Group C) with lower d2H and d18OH2O values.
SO2�
4 concentrations (Fig. 5). The observations sug-

gest that there are three major types of groundwater
in the NSA in the northeastern Negev (Table 1): (1)
shallow, low-saline, high d18OH2O, and high SO2�

4

groundwater from the unconfined part of the aqui-
fer referred to as Group III-A; (2) groundwater in
the deep and confined area of the NSA with lower
d18OH2O and SO2�

4 concentrations (Group III-B);
and (3) groundwater with much lower d18OH2O val-
ues and high SO4 and Cl contents from the eastern
part of the aquifer adjacent to the Rift Valley faults
(Group III-C). The three different water-type groups
have distinct chemical and isotope compositions
that are described below, and the three groups ter-
minology is used throughout the article.

4.1.1. Group III-A

Groundwater samples that represent the uncon-
fined part of the NSA in the northeastern Negev
(Makhtesh 1 and Makhtesh 5 wells) and are charac-
terized by relatively low Cl content (6.5–11.3 mM)
and Br/Cl ratio (3 · 10�4), high SO2�

4 (6.4–10 mM)
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Fig. 5. d34SSO4
values versus SO2�

4 contents (mmol/L) in ground-
water from the NSA in the northeastern Negev (circles and
squares) and Arava Valley (triangles). Arrow A represents
possible evolution from the recharge to the confined zone
through SO4 reduction processes and 34S enrichment. Line B
reflects mixing of the SO4-depleted groundwater in the confined
zone (Group III-B) with SO4-rich ground water with a high
d34SSO4

value, particularly along the eastern boundary of the
aquifer (represented by Group III-C). M6 is groundwater from
the underlying Jurassic aquifer and may represent a possible end-
member for the saline groundwater in that aquifer. Line C
represents mixing with SO4-rich ground water with a high d34SSO4

value in the southern Arava Valley.
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and Fe contents (0.05–0.15 mM; Fig. 6), high
d18OH2O (�5.6&; n = 1) and d-excess (12.7&), low
d34SSO4

(�13&) and d18OSO4
(+8&), high 87Sr/86Sr

(0.7079), high d13CDIC (�4&), and high 14C (68
pmc) values.
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4 contents in

groundwater from the unconfined area relative to low concen-
trations in groundwater from the confined zone.
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SO4 reduction process. Line B reflects mixing of groundwater in
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4.1.2. Group III-B

Deep groundwater that represents the confined
zone (e.g., Yorqe’am 2A, Yorqe’am 4, and Makh-
tesh three wells; Fig. 2) and is characterized by rel-
atively higher Cl concentrations (15.8–25.4 mM)
and Br/Cl (0.9 to 1.3 · 10�3), lower SO2�

4 content
(3.4–6.8 mM), d18OH2O of ��6.5 ± 0.15& (n = 7),
relatively high d-excess (13.8–17.9&; Fig. 4), higher
d34 SSO4

(��2&) and d18 OSO4
(�+8.5&; Fig. 7),

lower 87Sr/86Sr (0.70774–0.70779), lower 14C (0.2–
2.3 pmc), and lower d13CDIC values (�7.3 to
�8.8&) as compared to the unconfined zone
(Group III-A).

4.1.3. Group III-C

Groundwater along the eastern boundary of the
NSA that is adjacent to the Rift Valley faults
(e.g., Ye’elim 3, Admon 2, and Admon 5 wells).
The groundwater is saline with the highest Cl con-
tents reported in this study (18.7–66.5 mM), high
SO2�

4 (4.2–19.5 mM), marine Br/Cl ratio
(�1.5 · 10�3), a wide range of d18OH2O (�7.6 to
�6.7&; n = 5), a wide range of d-excess (7.7–
18&), high d34S (up to +7&) and d18OSO4

(+14.1&), and slightly low 87Sr/86Sr ratios
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Fig. 8. d13CDIC values versus HCO�3 contents (mmol/L) in
groundwater from the NSA in the northeastern Negev (circles)
and Arava Valley (triangles and squares). The linear correlation
between d13CDIC and HCO�3 suggests mixing between a HCO3-
rich source that is depleted in 13C and recharge water with lower
HCO�3 and a higher d13CDIC value. It is suggested that SO2�

4

reduction processes would generate high HCO�3 with a depleted
13C signature, while carbonate dissolution in the recharge zone
would produce HCO�3 with a relatively high d13CDIC value.
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(0.7076 ± 0.0007; n = 5) as compared to Group III-
B.

In addition, it was found that groundwater from
the underlying Jurassic aquifer (represented by
Makhtesh 6 well, referred to as ‘‘M6’’ in Figs. 5–
11) is characterized as follows: Cl �17 mM,
SO2�

4 �13 mM, Br/Cl = 1.3 · 10�3, d18OH2O =
-7.8&, d-excess = 12.1&, d34SSO4

= +15&,
d18OSO4

= +14& (Fig. 7), 87Sr/86Sr = 0.70764,
14C = 1.5 pmc, and d13C values = �7.7&.

4.2. Southern Arava Valley – flow regime I

Groundwater from the southern Arava Valley is
characterized by relatively low Cl (2.3–21.4 mM)
and SO2�

4 (1.6–6.4 mM) contents, relatively high
Br/Cl (2.5 · 10�3), predominantly low d18OH2O (five
samples with d18OH2O ranging from �8.7& to
�7.25& but with two heavier samples �6.6 and
�5.7&), low d-excess (�10&), a large range of
d34SSO4

(�0.5 to +11.3&) and d18OSO4
(+9.7 to

+12.5&), conspicuously low 87Sr/86Sr ratios
(0.70735), low 14C (0.6–5.7 pmc), and d13C values
(�7.3 to �8.8&). The only exception from these
values is the Zofar 20 well with exceptionally high
salinity (Cl � 100 mM) and significantly different
chemical and isotopic compositions (Table 1).

5. Discussion

5.1. The origin of groundwater: Sinai versus local

recharge

According to the conventional interpretation
(e.g., Issar et al., 1972; Issar, 1981; Rosenthal
et al., 1998), groundwater in the NSA in the Negev
and Arava Valley in Israel is exclusively derived
from subsurface flow of groundwater from the Sinai
Peninsula with a characteristic d-excess (deuterium
excess) value of �10&. Indeed, most of the ground-
water from the Arava Valley as well as the SO4-rich
groundwater from the northeastern Negev (Group
III-C) and underlying Jurassic aquifer (M6) have
d-excess values similar to those in groundwater
from Sinai, possibly suggesting a common origin.
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In contrast, Fig. 4 shows that the low-SO4 ground-
water from the confined area in the northeastern
Negev (Group III-B) has relatively high d18OH2O

and d2H values and high d-excess values of �16&,
pointing towards a different origin and/or evolution
of this groundwater.

Many studies have attempted to use differences in
d-excess values to determine the time of groundwa-
ter recharge under different climatic conditions (see
Clark and Fritz, 1997). Several processes, such as
evaporation during or after rain infiltration, can
influence the d-excess value of the residual ground-
water. An important criterion for identifying the
meteoric origin of groundwater relative to post-pre-
cipitation processes is the relationship between
d18OH2O and d2H values. Groundwater with a
d2H/d18OH2O slope of �8 indicates origin from
meteoric water with minimal post-precipitation
effects, whereas a slope <8 may reflect evaporation
during or after rainfall and/or mixing with an exter-
nal water source with high d18OH2O and d2H values.
The data (Fig. 4) show that groundwater from the
confined area (Group III-B) has a d2H/d18OH2O

slope of �8 and thus the d-excess value is an indica-
tor for the nature of the meteoric water during the
aquifer replenishment, reflecting the relative humid-
ity in the atmosphere during the formation of the
vapor (Gat, 1981, 1983). Groundwater with differ-
ent d-excess values was probably formed under dif-
ferent climatic conditions or at least from different
moisture sources. Since the NSA is a continuous
basin from Sinai Peninsula to the in northeastern
Negev (Fig. 1), one would expect that the isotopic
imprints of O and H in the upstream groundwater
in the aquifer would have prevailed in downstream
groundwater. The different d-excess values thus
implies that the origin of groundwater in the con-
fined area of the NSA in northeastern Negev (d-
excess � 16&) may be different than groundwater
from the Arava Valley and the Sinai Peninsula (also
with a d2H/d18OH2O slope of �8 and d-excess
�10&), thus questioning the hypothesis that all
groundwater in the NSA has a common origin in
the Sinai Peninsula.

It has been suggested that low d-excess values
around 10& indicate palaeo-recharge (>30 ka PB),
while higher d-excess values (>20&) indicate mod-
ern-day recharge to the NSA (Gat and Galai,
1982; Yechieli et al., 1992). Indeed, Levin et al.
(1980) showed that modern precipitation over the
Negev is characterized by d-excess values in the
range of 15–25& which falls between the d-excess
values of the Global Meteoric Water Line (�10&)
indicative of more humid climates, and those of
modern arid Mediterranean air masses (�22&;
Gat and Carmi, 1970; Gat, 1981). Therefore, one
could argue that the high d-excess values found in
the confined zone in the northeastern Negev (Group
III-B) are modern, particularly since modern
groundwater from the overlying Avedat aquitard
with modern-day 3H levels (Levin et al., 1980) has
similarly high d-excess values of 15–20&. However,
the d18OH2O and d2H values in the NSA are signifi-
cantly lower than those of the Avedat aquitard. In
addition, the groundwater from the NSA in the
Negev contains no 3H (Yechieli et al., 1992), and
14C activities are very low (see below), suggesting
a different recharge regime for groundwater from
the NSA in the northeastern Negev. The combined
isotope evidence strongly suggests that groundwater
from the confined section of the NSA in northeast-
ern Negev is different from modern groundwater in
the area and clearly has a different origin than
groundwater from the southern Arava and the Sinai
Peninsula. The most probable source for this
groundwater is from local recharge in areas where
the NSA is not confined along the major anticlines
(‘‘makhteshim’’) of the northeastern Negev.
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In contrast, groundwater from the southern
Arava has very similar isotope values to groundwa-
ter from the Sinai Peninsula with low d18OH2O, d2H,
and a similar d-excess value (�10&). These values
reflect groundwater replenishment under more
humid climatic conditions during earlier times
(Gat and Issar, 1974; Yechieli et al., 1992; Gat
and Magaritz, 1980; Gat and Galai, 1982; Abed El
Samie and Sadek, 2001). In fact, most of the pal-
aeo-groundwater (i.e., 14C ages >30 ka BP) along
the Sahara and Western Desert in Egypt have d-
excess values of �10& or even lower (Sonntag
et al., 1978; Sultan et al., 1997). This suggests, that
the confined groundwater in the southern Arava
originated from lateral flow from the Sinai Penin-
sula (Gat and Issar, 1974).

The differences in the d-excess values in the three
water groups in the northeastern Negev suggest
multiple recharge phases in the region: (1) modern
local recharge (14C = 67 pmc; see later in this paper
and Yechieli et al., 1997) under modern arid condi-
tions yielding the highest d18OH2O and d2H values
(Group III-A; unconfined aquifer of NE Negev);
(2) past local recharge from a source with d-excess
�16& and relatively lower d18OH2O and d2H values
(Group III-B; confined aquifer of NE Negev); and
(3) past recharge from a source with d-excess
�10& with the lowest d18OH2O and d2H values
(Group III-C), indicating either subsurface flow of
depleted 18O and 2H groundwater from the Sinai
Peninsula or local recharge in the northeastern
Negev with a distinguished low d-excess value. If
the latter is the case, it means progressively increas-
ing aridity over the northeastern Negev with contin-
uous rise of the d-excess values of the recharged
water. The possible timing of the different recharge
events will be discussed in Section 5.3.

It is concluded that the replenishment of the
NSA and underlying Jurassic aquifer did not occur
from a single source in Sinai Peninsula as previous
models suggested (e.g., Issar et al., 1972; Issar,
1981; Rosenthal et al., 1998) but rather from multi-
ple air masses with different isotopic characteristics
and recharge zones in the Negev.

5.2. The origin of the solutes: Sources of sulfate-rich

groundwaters

5.2.1. Sulfide oxidation and bacterial sulfate

reduction

Previous studies have attributed the enrichment
of SO2�

4 and the lack of a balance between Ca2+
and SO2�
4 in the NSA aquifer to dissolution of Ca-

and Mg-sulfate salts and/or chemical fractionation
in the unsaturated zone (Yechieli et al., 1992). The
basic assumption of these studies was that recharge
in arid zones may be associated with formation and
recycling of sulfate salts in the recharge areas. The
d34SSO4

and d18OSO4
data (Table 2) suggest an alter-

native explanation. The low d34SSO4
and d18OSO4

values of shallow groundwater in the unconfined
area of the NSA in the northeastern Negev clearly
indicate that the SO2�

4 is primarily derived from oxi-
dation of pyrite. Recycling of meteoric S in the
unsaturated zone via evaporation, gypsum precipi-
tation and dissolution would preserve the meteoric
S isotopic signature (d34SSO4

range of 0& to
+15&; Herut et al., 1995). In the northern Negev
meteoric S is characterized by a d34SSO4

value of
�+15& (Issar et al., 1988), which is significantly
higher than the value of �13& observed in ground-
water SO2�

4 from the unconfined zone. In addition,
the high Fe content that characterizes the SO4-rich
groundwater in the unconfined area of the NSA
(Fig. 6) provides additional evidence for oxidation
of pyrite under conditions that oxidation of disul-
fide proceeds at a lower redox potential than full
Fe2+ oxidation.

Pyrite oxidation generates acidity, and thus the
relatively high 87Sr/86Sr ratio (0.7079) that was
observed in this groundwater may be attributed to
dissolution of carbonate and/or silicate minerals
with a higher 87Sr/86Sr ratio in the soil overlying
the NSA. The low Br/Cl ratios that also character-
ize the shallow groundwater indicate halite dissolu-
tion. The high Na/Cl ratio (>1.1; Table 1) suggests
further Na+ release from water–rock interactions
such as plagioclase dissolution or cation-exchange
with clay minerals in the soil.

As discussed above, the water from the uncon-
fined area (Group III-A) and from the confined
area (Group III-B) formed during two distinct
recharge phases. However, it is reasonable to
assume that both water groups were subject to sim-
ilar processes during their infiltration through the
unconfined part of the aquifer. Therefore, the rela-
tively low concentrations of SO2�

4 and the higher
d34SSO4

(Fig. 5) and d18OSO4
values (Fig. 7) in the

confined zone relative to the unconfined area are
consistent with oxidation of the abundant organic
matter in the aquifer matrix (mainly coal) asso-
ciated with bacterial (dissimilatory) SO4 reduction.
It is important to note that the d34S and d18OSO4

values of this groundwater deviate from a possible
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mixing relationship between recharge water (Group
III-A) and underlying Jurassic groundwater
towards a lower d34SSO4

/d18OSO4
slope (Fig. 7).

Consequently, it is argued that the SO4-rich shal-
low groundwater with low d34SSO4

values from
the recharge zone was modified into low-SO2�

4

and relatively high-d34SSO4
(�2&) groundwater in

the confined zone via bacterial SO4 reduction. This
process results in formation of HCO�3 and H2S gas.
Indeed, low-SO4 groundwater from the confined
zone is associated with relatively high HCO�3 con-
tents (Table 1). These variations are also consistent
with the increase of d34SSO4

and d18OSO4
values

(Fig. 7) and the decrease of d13CDIC values
(Fig. 8) caused by the contribution of organic C
with low d13C values to HCO�3 .

In addition to the isotopic variations, two inde-
pendent lines of evidence support the hypothesis
of bacterial SO4 reduction in the confined zone of
the NSA. The first is the high H2S contents that
have been reported for this groundwater by the local
water company (Mekorot Ltd.; a range of 2.9–
5.6 ppm in the wells of Makhtesh 3 and Makhtesh
4) relative to negligible amounts in the recharge
zone (a range of 0–0.3 ppm in the wells of Makhtesh
1 and Makhtesh 5). The second line of evidence is
the relatively low Fe content in groundwater from
the confined area (Fig. 6). As H2S is generated dur-
ing bacterial SO4 reduction, it is likely that it will
rapidly react with dissolved Fe in the aquifer and
form Fe sulfide minerals, thus decreasing the overall
Fe content in the residual groundwater. In most of
the groundwater from the NSA, dissolved Fe occurs
in reduced form (Fe2+), and during water produc-
tion from the wells the anoxic groundwater contain-
ing Fe2+ is rapidly oxidized and Fe-oxides are
precipitated.

Bacterial (dissimilatory) SO4 reduction (BSR) is a
process that causes decreasing SO2�

4 concentrations
while enriching the remaining SO2�

4 in 34S and 18O
(e.g. Harrison and Thode, 1957). In a closed system,
isotope fractionation during BSR can be described
by the Rayleigh equation:

Rt ¼ R0f ða�1Þ ð2Þ
where Rt and R0 are the S isotope ratios of SO2�

4 , f is
the ratio between SO2�

4 concentration at time t (Ct)
and the initial concentration of SO2�

4 (C0), and a is
the isotopic fractionation factor. Using d values, Eq.
(2) can be re-written as follows:

dt ¼ ðd0 þ 1000Þf ða�1Þ � 1000 ð3Þ
Assuming that the chemical composition of the
water before bacterial SO4 reduction was similar
to that in the present-day unconfined water (i.e.,
C0 = 10 mM and d34S0 = �13&) the isotopic frac-
tionation factor that is required to lower the SO2�

4

concentration in the groundwater of the confined
aquifer to the lowest measured value (i.e.,
Ct = 3.65 mM and d34St = 0.1&) was calculated
using Eq. (3) to be a = 1.013. Isotope fractionation
factors for S during bacterial (dissimilatory) SO4

reduction can be quite variable, depending upon
environmental conditions (Canfield, 2001), but typ-
ically range between 1.010 and 1.020 in hydrological
settings (e.g., Strebel et al., 1990). This range is con-
sistent with the fractionation factor determined
above for the confined groundwater in the north-
eastern Negev (i.e., a = 1.013).

5.2.2. Mixing with external sulfate-rich water sources

5.2.2.1. Northeastern Negev. The third water source
(Group III-C) in the northeastern Negev is saline
SO4-rich groundwater along the eastern margin of
the NSA that is characterized by low d18OH2O, low
87Sr/86Sr, and high d34SSO4

and d18OSO4
values (Figs.

5, 7, 9 and 10). This water group may be subdivided
into two sub-groups: C1 – the water from the Tamar
wells (Fig. 1b), which are similar in their salinity to
the other water of the confined aquifer (Group III-
B); and C2 – water with significantly higher salinity
from the northern wells of Yeelim and Admon
(Fig. 1C). It is suggested that the water of group
C1 is derived from mixing of groundwater from
Group III-B with groundwater from the underlying
Jurassic aquifer water (M6) having
87Sr/86Sr = 0.70764 and a d34S value of +15&. This
interpretation is based on linear correlations
between SO2�

4 and d34SSO4
(Fig. 5), SO2�

4 and
d18OH2O (Fig. 9), and SO2�

4 and d-excess (Fig. 11),
in which the composition of Jurassic aquifer water
(M6) represents a possible end-member. Some of
the more saline waters (sub-group C2) are located
on the same mixing line, but given their high Cl�

and SO2�
4 contents it seems that their composition

was also affected by another source of salinity.
The correlations between SO2�

4 concentrations
and d18OH2O values (Fig. 9) and SO2�

4 and d-excess
(Fig. 11) suggest that a significant fraction of the
groundwater in the eastern part of the NSA in the
northeastern Negev, particularly along the aquifer’s
eastern margin, is derived from mixing with SO4-
rich groundwater from the underlying Jurassic aqui-
fer. Variations in the d34SSO4

, d18OSO4
values and
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SO2�
4 concentrations were used to calculate the rela-

tive contribution of the external SO4-rich source,
and found that it can contribute up to 80% of the
salts dissolved in groundwater from the NSA in
the northeastern Negev. The extent of contribution
from the SO4-rich source was found to vary locally.
For example, while the water from the Tamar 9
(Fig. 1b) well is geochemically similar to the other
groundwater of the confined aquifer, the composi-
tion of the water from the adjacent Tamar 11 well
is strongly influenced by water from the Jurassic
aquifer. In conclusion, it is suggested that the com-
bined evidence from Sr and S isotope ratios indi-
cates a significant flow of groundwater from the
underlying Jurassic aquifer into the eastern part of
the NSA.

Given the d34SSO4
and 87Sr/86Sr variations in the

NSA and the Jurassic aquifer in the northeastern
Negev, it is suggested that the SO2�

4 source of the
high SO4-containing groundwater is dissolution of
the underlying massive marine Triassic anhydrite
deposit (Mohila Formation; Druckman, 1974). Sec-
ular variations of 87Sr/86Sr and d34SSO4

values in
seawater through time are recorded in marine sul-
fates since both S and Sr isotopes undergo at most
minor isotope fractionation during gypsum precipi-
tation from seawater. Likewise, dissolution of sul-
fate minerals by groundwater would not modify
the original 87Sr/86Sr and d34S signatures. During
the late Triassic, seawater had an 87Sr/86Sr signature
of �0.7076 (Burke et al., 1982; Korte et al., 2003;
Veizer, 1989; Veizer and Compston, 1974; Veizer
et al., 1997, 1999) and a d34SSO4

range of +8& to
+15& (Kampschulte and Strauss, 2004). Nissen-
baum (1978) reported a d34SSO4

range of +15.7&

to +16.6& in gypsum from Middle to Upper Trias-
sic from the northern Negev that is consistent with
the groundwater isotopic results of >+15&.

The relatively high salinity of the groundwater
from the Northern Arava Valley (Yeelim and
Admon wells) along the eastern boundary of the
NSA (Sub-group C2; Fig. 4) indicates that either
some of the underlying groundwater from the Juras-
sic aquifer is also saline or that there is another
source of salinity. The first possibility is consistent
with Nativ (1987) who reported brackish groundwa-
ter in the Jurassic aquifers in the northeastern
Negev. Given that the most saline groundwater
has a Br/Cl ratio (1.4 · 10�3) that is similar to that
of seawater, any contribution of hypersaline brine
from the Rift valley that typically have higher Br/
Cl ratios (Yechieli et al., 1992; Guttman et al.,
1999) is ruled out. Instead, the approach of Issar
(1981) is followed, suggesting that the salinity may
be derived from remnants of seawater that was
not effectively flushed from the aquifer. Hence, the
composition of the saline groundwater from the
eastern part of the NSA may indicate a mixture of
three components; diluted connate seawater,
groundwater from the underlying Jurassic aquifer
that is influenced by dissolution of anhydrite with
low 87Sr/86Sr and high d34S values, and fresh water
with d-excess �10&.

5.2.2.2. Southern Arava. In the southern Arava val-
ley the positive relationships between Cl� and Br�

(Fig. 3) and between SO2�
4 and d34SSO4

values
(Fig. 5) indicate that the groundwater is derived from
a source with high d34SSO4

and Br/Cl values. How-
ever, the 87Sr/86Sr values measured in the groundwa-
ter (0.70735) are lower than the Triassic oceanic
signature (0.7076; Burke et al., 1982; Korte et al.,
2003; Veizer, 1989; Veizer and Compston, 1974; Vei-
zer et al., 1997, 1999). In addition, due to the major
unconformity of the Negev, the Jurassic aquifer units
do not exist in the southern Negev and Arava valley
(Nativ, 1987; Nativ et al., 1987). Thus, the SO4-rich
groundwater cannot be derived from dissolution of
Triassic anhydrite as suggested for the northeastern
Negev, but rather from another source with a signif-
icantly lower 87Sr/86Sr ratio.ource with a signifi-
cantly lower 87Sr/86Sr ratio.

Conspicuously low 87Sr/86Sr ratios (0.7061) were
reported in SO4-rich saline water (TDS up to 13 g/
L) in the vicinity of Timna in the southern Arava
valley (Beyth et al., 1981). The saline water from
Timna is characterized by high Br/Cl ratios
(�3 · 10�3; Fig. 4) and has a Ca-chloride composi-
tion (i.e., Ca/(SO4 + HCO3) > 1). In addition, the
saline water from Timna has a low d18OH2O value
(�9&; Rosenthal et al., 1992). These geochemical
and isotopic signatures are similar to those of
groundwater from the NSA in the southern Arava
Valley, although the d34SSO4

value of Timna brines
is not known. Given the Ca-chloride composition
and the high Br/Cl ratio, Beyth et al. (1981) sug-
gested that the saline water from the Timna is a
remnant of the Rift-Valley brine that interacted
with mafic/basaltic rocks with a low 87Sr/86Sr ratio.
Gavrieli et al. (2001) showed that Ca-chloride brines
from the Rift Valley typically have high d34SSO4

(>20&) values due to bacterial SO4 reduction. Con-
sequently, the good correlations between SO2�

4 con-
centrations and d34SSO4

values (Fig. 5) and SO2�
4
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concentrations and d18OH2O values (Fig. 9) suggest a
single source for both the groundwater from the
NSA and Timna waters. The lack of any hydrolog-
ical barrier between the NSA and the Paleozoic
units in the southern Negev (Nativ et al., 1987)
makes it feasible that groundwater from the NSA
is mixed with underlying brines from the Paleozoic
aquifer.

Previous studies suggested that the groundwater
composition in the southern Arava Valley is derived
from a mixture of two flow regimes: (1) a western
flow component derived from Sinai and the south-
ern Negev with distinctively low d18OH2O values;
and (2) eastern flow from recharge in Edom Moun-
tains in Jordan with higher d18OH2O values (Rosen-
thal et al., 1990; Adar et al., 1992; Guttman et al.,
1999). The positive linear correlations between
SO2�

4 concentrations and d34SSO4
values and SO2�

4

concentrations and d18OH2O values (Figs. 5 and 9)
indicate that the western component has high
SO2�

4 content and d34SSO4
values. Indeed, ground-

water from Shizafon 1 well (Fig. 1), which is the
most western sampling point in the southern Arava
Valley, has the highest SO2�

4 concentration and
d34SSO4

value. If the high SO2�
4 groundwater indeed

originated in the Sinai Peninsula, one would expect
it to have low d34SSO4

values and high 87Sr/86Sr
ratios consistent with the observations for ground-
water recharged in the northeastern Negev. Alter-
nately, if bacterial SO4 reduction in the confined
zone modified the recharged water, one would
expect to find low SO2�

4 contents associated with
high d34SSO4

values. In contrast, the authors found
that the western groundwater flow component had
high SO2�

4 concentrations, high d34SSO4
values, and

low 87Sr/86Sr ratios similar to the composition
observed in the Timna brines (Beyth et al., 1981).
This may suggest that a significant fraction of the
western groundwater flow component is derived
from mixing with Timna brines, and is hence not
derived entirely from the previously suggested
recharge water in southern Sinai.

The most saline groundwater (Zofar 20 well)
found in the southern Arava is characterized by rel-
atively low SO2�

4 content (Table 1), high Br/Cl
(�4 · 10�3; Fig. 3), and high 87Sr/86Sr ratios
(0.70791; Fig. 10) clearly reflecting an intrusion of
a typical Rift Valley brine with a Ca-chloride com-
position (Yechieli et al., 1992; Guttman et al., 1999).
The 87Sr/86Sr ratio is therefore a useful tool to delin-
eate different sources of salinity and to discriminate
between upconing of Neogene Rift Valley brines
(high 87Sr/86Sr) and mixing with brines from the
Paleozoic aquifer (low 87Sr/86Sr).

It should be noted that in many aquifers in sedi-
mentary rocks, the groundwater Sr isotopic compo-
sition is determined by dissolution of the aquifer
matrix (e.g., Harrington and Herczeg, 2003) and/
or ion-exchange with clay minerals in the aquifers
(e.g., Johnson and DePaolo, 1994; Armstrong
et al., 1998). Carbonate and sulfate minerals contain
Sr2+ in their crystalline lattice with 87Sr/86Sr ratios
identical to the original solution from which these
minerals were precipitated. The 87Sr/86Sr ratios of
silicate minerals, however, depends on their Rb+

content, age, and initial fluid composition (Harring-
ton and Herczeg, 2003). In a case of weathering of
Precambrian granitic rock as in the NSA, one would
expect that weathering of silicate minerals would
result in formation of groundwater with high
87Sr/86Sr ratios. Indeed, saline groundwater from a
similar (Kurnub Group) aquifer in central Jordan
yields a high 87Sr/86Sr ratio (Zarqa River; 87Sr/86Sr
�0.7087; Farber et al., 2004). Likewise, the 87Sr/86Sr
ratios of groundwater from the sandstone Disi aqui-
fer in southern Jordan are in the range of 0.7083–
0.7116 (Vengosh and Bullen, unpublished data).

In contrast, most of the groundwater from the
Negev and Arava Valley is characterized by a posi-
tive correlation between SO2�

4 concentration and
d34S values (Fig. 5) and an inverse correlation
between Sr2+ and 87Sr/86Sr (Fig. 10), implying mix-
ing with an end-member characterized by high SO2�

4

concentrations and a low 87Sr/86Sr ratio (<0.7080).
In the northeastern Negev it is suggested that
groundwater from the NSA is mixed with ground-
water from the underlying Jurassic aquifer whereas
in the southern Arava Valley it is suggested that the
groundwater is mixed with brines from the underly-
ing Paleozoic aquifers. In both areas, the idea of a
contribution of groundwater from underlying aqui-
fers is new and requires a major change in the pre-
vious hydrogeological concepts that considered
only lateral flow within the NSA from presumed
recharge from outcrops in the southern Sinai
Peninsula.

5.3. The age of the groundwater: the impact of

bacterial sulfate reduction

The 14C activity of the recharge water (Makhtesh
1 well) is high (67 pmc) and indicates that the water
is modern or relatively young (residence time
63200 a). Yechieli et al. (1997) reported similar
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results (14C range of 50–70 pmc) for young (3H-con-
taining) groundwater in shallow aquifers in the
Arava Valley. The relatively high d13C value of
DIC of �3.8& suggests that the original 14C com-
position may have been affected by dissolution of
14C-free carbonate minerals, which is consistent
with the high 87Sr/86Sr ratios that characterize the
water from the unconfined area. In contrast, 14C
activity values of groundwater in the confined zone
in the northeastern Negev (Group III-B) are signif-
icantly lower, ranging from 0.2 to 2.3 pmc. Like-
wise, groundwater samples from the southern
Arava Valley have low radiocarbon activity values
between 0.6 and 5.8 pmc. Groundwater from the
underlying Jurassic aquifer has also a low 14C activ-
ity of 1.5 pmc. Using the end-member assumption
that the activity of 14C is solely determined by radio-
active decay, the residence time of the water in the
confined aquifer is significantly higher than that in
the unconfined area and is in the range of 24–
51 ka. However, as shown above, there is evidence
that the groundwater in the confined aquifer
acquired a significant amount of ‘‘dead’’ carbon
via HCO�3 formation during bacterial SO2�

4 reduc-
tion, which implies that the above stated groundwa-
ter mean residence times may be grossly
overestimated and can only be considered a maxi-
mum age-limit. In the following discussion, the
authors try to estimate the minimum residence times
of the groundwater.

In spite of the differences in the d18OH2O, d2H,
and d-excess values, groundwater samples from
both the northeastern Negev and Arava Valley have
similarly low 14C values. In addition, d13CDIC values
in the confined aquifers of northeastern Negev and
Arava Valley are significantly lower than in the
recharge area, indicating that from a mass-balance
perspective, decay alone cannot account for the
decrease in 14C activities. The overall negative corre-
lation between HCO�3 concentrations and d13CDIC

values (Fig. 8) indicates that there must be an addi-
tional source of C with a negative d13C value. Since
carbonate dissolution would add C with d13C �0&,
the most likely source for the negative d13C values is
the oxidation of organic matter from aquifer host
rocks (d13C ��25&). Sulfate is the most common
electron acceptor for oxidizing organic C.

As discussed earlier, bacterial SO4 reduction
removes SO2�

4 , according to the following general-
ized equation:

2CH2Oþ SO2�
4 ! H2Sþ 2HCO�3 ð4Þ
According to Eq. (4), the amount of dissolved
inorganic C (DIC) that is generated in this process
should be equivalent to the SO2�

4 loss (i.e., genera-
tion of two moles of HCO3 per consumed mole of
SO4). This is clearly not the case in the studied aqui-
fer. For example, if the original recharge water in
the NSA had a composition similar to that of
groundwater in the present day unconfined area of
the aquifer (in Makhtesh 1 well, SO2�

4 � 8 mM;
d34S = �13&) and it was modified due to bacterial
SO4 reduction to the composition in the deep and
confined area (e.g., the deepest wells of En Yor-
qe’am 2 and En Yorqe’am 4; SO2�

4 � 3:8 mM;
d34SSO4

= +0.2&; Fig. 5), the amount of loss SO2�
4

can be estimated to be about �4 mM. The increase
in HCO�3 concentrations accounts for only �3 mM
(Fig. 8) out of �8 mM expected HCO�3 increase,
and thus does not balance the apparent SO2�

4 loss.
The relatively small increase in HCO�3 is, however,
not surprising. Considering that the groundwater
in the recharge area is saturated with respect to cal-
cite (Table 1), any further liberation of HCO�3 from
bacterial SO4 reduction will inevitably result in an
oversaturation of the groundwater and, therefore,
in the precipitation of carbonate minerals. Both,
the liberation of C by bacterial SO4 reduction and
the subsequent precipitation of carbonate must be
taken into account when calculating 14C ages based
on C mass balance calculations.

In the southern Arava Valley the groundwater
shows no evidence of bacterial SO4 reduction and
the positive correlation between SO2�

4 concentra-
tions and d34SSO4

values indicates mixing between
high and low SO2�

4 groundwaters (Figs. 5 and 7).
Nonetheless, the inverse relationship between the
DIC concentrations and d13C values is identical to
that of groundwater in the northeastern Negev
(Fig. 8). Hence it is suggested that the original
recharge water was also modified via bacterial SO4

reduction, but mixing with an external water source
with a high SO2�

4 (and low DIC) concentration has
modified the original S isotopic composition of
SO2�

4 .
Groundwater residence times were calculated

using the geochemical code NETPATH 2.0 (Plum-
mer et al., 1994) and taking bacterial SO4 reduction
and carbonate precipitation into account. For the
calculations, several assumptions were made: (1)
groundwater in the confined and deeper parts of
the aquifers evolved from water with a chemical
and isotopic signature similar to that found in the
recharge areas (d13C = �3.7&; 14C = 67.7 pmc);
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(2) no further significant carbonate dissolution
occurs in the saturated zone since groundwater is
typically over-saturated with respect to calcite (7
out of 11 samples from the confined zone have Sat-
uration Index (SI) values above zero); (3) assuming
closed system conditions, the only additional source
for DIC is via organic matter oxidation during bac-
terial SO4 reduction in the aquifer; (4) HCO�3
formed during bacterial SO4 reduction is assumed
to have d13C values of �25& and contains no radio-
carbon (14C = 0 pmc); and (5) in the models, the
processes of bacterial SO4 reduction, HCO�3 libera-
tion and carbonate precipitation are constrained by
d13C groundwater values.

Table 3 summarizes the results of the calcu-
lated groundwater mean residence times. The
new estimates indicate that groundwater recharge
occurred during the later stages of the Pleistocene
between 14 and 38 ka BP. These estimates are up
to 13 ka younger than estimates based on radio-
active decay alone, clearly demonstrating that
groundwater residence times can be grossly over-
estimated if aquifer processes such as water–rock
interaction and/or bacterial SO4 reduction are
not taken into account. Due to the uncertainty
in the amount of dead C that was added to the
groundwater since recharge, it is not possible to
obtain unambiguous ages based on the 14C data.
The two sets of residence time calculations pre-
sented in Table 3 were calculated using two differ-
Table 3
14C and d13C compositions of groundwater from the Nubian Sandston

Sample Temperature pH

Northeastern Negev

Unconfined Aquifer

Ni-2 Makhtesh 1 28.1 7.2

Confined Aquifer

Ni-8 Makhtesh 3 37 7.4
Ni-4 Makhtesh 4 37.9 8.3
Ni-6 Yorqe’am 1 34.2 8.7
Ni-5 Yorqe’am 2A 37.1 8.1

Jurassic Aquifer

Ni-3 Makhtesh 6 35.8 7.1

Southern Arava

Ni-17 Ye’elon 6A 38.8 9.3
Ni-21 Grofit 4 31.3 8.9
Ni-18 Ktora 5 33.4 5.9
Ni-20 Ye’elon 3A 34.3 8.5

Groundwater residence time calculations of the 14C data were carried ou
assuming only decay of 14C and taking SO4 reduction and carbonate p
ent sets of assumptions regarding the contribution
of dead C to the activity of 14C. It is suggested
that the actual age of the water is bracketed by
these two sets of calculations and is not older
than 50 ka and not younger than 14 ka. There-
fore, the calculations indicate that the groundwa-
ter in the confined aquifer is too old to be related
to the present day recharge, but rather recharged
during the Last Glacial Period.

6. Synthesis: regional implications

The O and H isotope data obtained in this study
suggest that the Nubian sandstone aquifers and the
underlying Jurassic aquifer in the Negev experi-
enced several recharge events during the Pleistocene
and Holocene. A comparison with the stable isotope
data from the NSA in the Sinai Peninsula (Abed El
Samie and Sadek, 2001) and Disi-Muawwara
(Paleozoic sandstone) aquifer in southern Jordan
(Bajjali and Abu-Jaber, 2001) shows (Fig. 12) that
the isotopic composition of groundwater from the
southern Arava Valley is similar to that of Sinai
with relatively low d18OH2O and d2H values and
d-excess �10&. In contrast, the relatively higher
d18OH2O and d2H values measured in groundwater
from the northeastern Negev partly overlap with
those of the Disi aquifer (also with a d2H/d18OH2O

slope �8), although the d-excess values in the Negev
are slightly higher (16& and 12&, respectively;
e aquifer

d13C (&) 14C (pmc) Age’ (decay
only)

Age’
(modelled)

�3.8 67.7 3230 Modern

�8.8 1.2 36,844 22,632
�7.8 2.3 31,043 21,217
�7.3 0.4 46,070 34,046
�8.7 0.2 50,588 37,684

�7.7 1.5 34,830 12405 (?)

�7.2 3.0 29,100 14,145
�6.7 0.6 42,157 34,139
�7.9 5.8 23,582 4351
�6.7 1.0 37,989 30,223

t using the geochemical code Netpath 2.0 (Plummer et al., 1994),
recipitation into account (see text for details).
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Fig. 12. d2H versus d18OH2O values of groundwater from the
NSA in the northeastern Negev, Arava Valley, Sinai Peninsula
(data from Abed El Samie and Sadek, 2001), Disi aquifer in
southern Jordan (Bajjali and Abu-Jaber, 2001), and Avedat
(Ecocene) aquifer in the Negev (Levin et al., 1980). Note the
overlaps of the isotopic compositions in the northeastern Negev
and Disi aquifer in Jordan, as well as the southern Arava Valley
and Sinai Peninsula.
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Fig. 12). This isotopic distinction suggests different
recharge sources; a northern air mass with a high
d-excess value that affected the northeastern Negev
and southern Jordan (Fig. 1) and a southern air
mass that was the source for the recharge water in
the outcrops of the NSA in southern Sinai Penin-
sula. It is proposed that the northern air mass with
a high d-excess value was derived from the Mediter-
ranean (Gat, 1983), whereas the southern air mass
with a d-excess value similar to that of the global
meteoric water line represents recharge under higher
humidity conditions.

Based on the similarity of the 14C activities in
groundwater from the northeastern Negev and in
southern Arava Valley, one might suggest simulta-
neous recharge events in southern Sinai and north-
eastern Negev (and perhaps also in southern
Jordan). However, given the uncertainties regard-
ing the contribution of 14C-free carbon by oxida-
tion of organic C, carbonate dissolution, and
mixing with underlying saline water in the southern
Arava Valley, this hypothesis should be considered
with caution. The low d18OH2O, d2H and d-excess
(�10&) values of both the saline groundwater from
NSA in the northeastern Negev (Group III-C) and
from the underlying Jurassic aquifer reveal that
recharge from a humid air mass also occurred in
the Northeastern Negev. It is suggested that the
recharge to the Jurassic aquifer is also local (and
not derived from subsurface flow from Sinai Penin-
sula) given the relatively low salinity measured in
Makhtesh 6 well as compared to the other saline
groundwater samples of Group III-C (Fig. 3) and
the high salinity reported for groundwater in the
northern Sinai Peninsula (Abed El Samie and
Sadek, 2001). Here again, the 14C activity (1.5
pmc) of the Jurassic groundwater is not distin-
guishable from those of the overlying NSA. It is
important to emphasize that the attempt to relate
the 14C-based residence times to recharge events
is problematic because of potential groundwater
mixing processes that at present cannot be fully
taken into account because of the similarity of
14C values in the various aquifer units. Therefore,
one cannot exclude the possibility that groundwa-
ter in the southern Arava represents a mixture of
very old groundwater (�50 ka) as demonstrated
in the western desert in Egypt (Sturchio et al.,
2004; Patterson et al., 2005) and a younger water
component with a detectable 14C activity.

Recently it has been shown that gypsic-saline
Reg soil profiles on flat alluvial surfaces in the
southern Negev lack any evidence of mineral precip-
itation (i.e., no calcic horizons) since the middle
Pleistocene and therefore it was suggested that the
southern Negev has been permanently hyperarid
during this period while wetter episodes occurred
only in the northern Negev (Amit et al., 2006).
Given that calcic soils in this region are an indicator
for rainfall amount (>80 mm a�1), it seems that
hyperarid conditions (precipitation <50 mm a�1)
existed in the southern Negev during the last
200 ka (Amit et al., 2006). In addition, Ayalon
et al. (1998) and Bar-Matthews et al. (2003)
reported inverse relationships between the amount
of rain and its d18O values in modern precipitation
over central Israel, and argued that the 18O-enriched
isotopic composition measured in speleothems dur-
ing the glacial period reflects arid conditions.
According to the d18O data measured in speleo-
thems from two caves in Israel, the last wet period
occurred after the last glacial maximum, associated
with the last sapropel S1 event in the eastern Medi-
terranean (10–8 ka BP). These results imply that
major recharge to the NSA could have occurred
during the Late Pleistocene in the northern Negev
but no significant recharge had occurred in the
southern Negev and perhaps also in Sinai Peninsula
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during this period. If this is the case, the major
recharge to the NSA is a much older event than pre-
viously anticipated as suggested for groundwater
from the NSA in Egypt (e.g., Sturchio et al., 2004;
Patterson et al., 2005). The 14C data from ground-
water in the southern Arava Valley cannot confirm
this given the evidence for mixing with external sal-
ine groundwater with unknown 14C activity.

In conclusion, it is argued that the traditional
link (see in Clark and Fritz, 1997) between d-excess
and 14C tracers as proxies for groundwater-age
determination in the NSA is not sufficient, given
that relatively high d-excess values do not necessar-
ily indicate modern groundwater. This study shows
that an integration of a large spectrum of geochem-
ical and isotopic tracers is essential in order to
reconstruct the sources and the geochemical evolu-
tion of groundwater. Moreover, bacterial SO2�

4

reduction has crucial implications for the determi-
nation of groundwater ages and corrections for
the contribution of 14C free (‘dead’) carbon that
are required in aquifers where bacterial SO4 reduc-
tion has occurred. Groundwater ages estimated
from 14C activities should therefore always be inter-
preted very cautiously and a wide suite of geochem-
ical and isotopic data should be consulted to correct
measured 14C activities for both geochemical pro-
cesses in the aquifer (e.g., water rock interaction
and bacterial SO4 reduction) and mixing with exter-
nal fluids having different 14C activities.
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