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Sixteen groundwater samples collected from production wells tapping Lower Cretaceous Nubian Sandstone and
fractured basement aquifers in Sinai were analyzed for their stable isotopic compositions, dissolved noble gas con-
centrations (recharge temperatures), tritium activities, and 14C abundances. Results define two groups of samples:
Group I has older ages, lower recharge temperatures, and depleted isotopic compositions (adjusted 14Cmodel age:
24,000–31,000 yr BP; δ18O:−9.59‰ to−6.53‰; δ2H:−72.9‰ to−42.9‰; b1 TU; and recharge T: 17.5–22.0°C)
compared to Group II (adjusted 14C model age: 700–4700 yr BP; δ18O: −5.89‰ to −4.84‰; δ2H: −34.5‰ to −
24.1‰; b1 to 2.78 TU; and recharge T: 20.6–26.2°C). Group II samples have isotopic compositions similar to
those of average modern rainfall, with larger d-excess values than Group I waters, and locally measurable tritium
activity (up to 2.8 TU). These observations are consistent with (1) the Nubian Aquifer being largely recharged
prior to and/or during the Last Glacial Maximum (represented by Group I), possibly through the intensification
of paleowesterlies; and (2) continued sporadic recharge during the relatively dry and warmer interglacial period
(represented by Group II) under conditions similar to those of the present.

© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Nubian Sandstone Aquifer System (NSAS) is one of the largest
fresh groundwater reserves in the world (area: 2 × 106 km2; volume:
780 × 103 km3) (Thorweihe, 1990). This transboundary aquifer is pres-
ent throughout a large area of North Africa, including northwestern
Sudan, northeastern Chad, eastern Libya, and western Egypt (inset
Fig. 1a). The Nubian Sandstone extends in the Sinai Peninsula; it is ex-
posed at the foothills of the Precambrian basement outcrops in Sinai
and in the Negev desert and underlies large segments of the central
Sinai Peninsula and the southern part of the Negev desert (Said, 1962;
Issar et al., 1972) (Fig. 1). The NSAS is composed of thick (up to 3 km
in basin center) sequences of unfossiliferous continental sandstone
with intercalated shale of shallow marine and deltaic origin, uncon-
formably overlying basement rocks (Himida, 1970; Shata, 1982; Hesse
et al., 1987).

There is a general consensus that the paleoclimatic regimes of the
North African Sahara Desert alternated between dry and wet periods
throughout the Pleistocene Epoch and that it was during these wet pe-
riods that the NSAS was recharged. However, the nature of these wet
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periods remains a subject of debate. Two main hypotheses have been
advocated to address the origin of the fossil water of the NSAS: (1) in-
tensification of paleowesterlies during glacial periods (Sonntag et al.,
1978; Sultan et al., 1997; Frumkin et al., 2000; Bartov et al., 2002;
Brookes, 2003; Issar, 2003; Issar and Zohar, 2004; Sturchio et al., 2004;
Vaks et al., 2006; Issar, 2010; Abouelmagd et al., 2012) or (2) intensifi-
cation of paleomonsoons during interglacial periods (Yan and Petit-
Maire, 1994; Bar-Yosef and Meadow, 1995; Bar-Matthews et al., 2003;
Almogi-Labin et al., 2004; Osmond and Dabous, 2004). The model
pertaining to intensification of paleowesterlies during the glacial pe-
riods is supported by a variety of field, geochronologic, and isotopic ev-
idence. For example, glacial periods were humid in the eastern
Mediterranean, as indicated by (1) the isotopic compositions of
speleothems collected from a cave in Jerusalem (Frumkin et al., 2000)
and from a cave in the central mountain range in Israel (Vaks et al.,
2003); (2) the areal extent of deposits from Lake Lisan (precursor of
the Dead Sea), which reached its maximum level during the Last Glacial
Maximum (Bartov et al., 2002, 2003; Torfstein et al., 2013) or just prior
to it (Lisker et al., 2009); and (3) identification ofmodernwesterlywind
regimes that produce precipitation that has isotopic compositions sim-
ilar to those of the NSAS paleowaters (Abouelmagd et al., 2012). The
monsoonal hypothesis, in contrast, is supported by a number of argu-
ments including the age record of sapropels over the past 250 ka
(Rossignol-Strick, 1983). The organic-rich black layers that were
ll rights reserved.
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deposited by the River Nile during heavy Africanmonsoons in the eastern
Mediterranean were found to coincide in their depositional age with the
astronomically driven maximum summer insolation in the northern tro-
pics. Simulations (fromgeneral circulationmodels) also revealed contem-
poraneous intensification of African monsoons with increasing summer
insolation in the Northern Hemisphere (Prell and Kutzbach, 1987).

There is also a general consensus that the NSAS was largely
recharged in previous wet climatic periods. However, geochemical
data (O, H stable isotope compositions) for groundwater samples
from recharge areas in southern Sinai (Fig. 2), geophysical (electrical re-
sistivity soundings) data, and rainfall – runoff modeling have shown
that in some areas where relatively high precipitation occurs, as is the
case in Sinai, local recharge areas are still receiving modern recharge
(Sultan et al., 2011).

In this study, we investigate the nature of the wet climatic periods
that recharged the NSAS and examine whether the NSAS was recharging
during relatively dry climatic conditions similar to the ones currently pre-
vailing. Our approach involves (1) estimation of 14Cmodel ages of Nubian
paleowaters to identify the timing of paleo-recharge periods; (2) estima-
tion of recharge temperatures for paleowaters from dissolved noble gas
concentrations and through comparisons to current mean annual air
temperature (MAAT) to examine the nature of recharge periods (low
temperatures are indicative of recharge during glacial periods, whereas
high temperatures are consistent with recharge during interglacial pe-
riods); and (3) examination of the tritium activities in the groundwater
from the NSAS and comparison of stable isotopic composition with that
of modern precipitation in the region to evaluate the extent of additional
modern recharge. The Sinai Peninsula in Egypt was selected as our study
area for the reasons discussed below.

Study area

Twomain groups of rock units are exposed across the Sinai Peninsula
(Fig. 1): (1) the Precambrian basement complex consisting of gneisses,
volcano-sedimentary successions, and granitoids of the Arabian–Nubian
Shield Massif in the south; and (2) the Phanerozoic sedimentary succes-
sions to the north (Sultan et al., 1988; Stern and Kroner, 1993; Blasband
et al., 2000). The Phanerozoic successions vary in thickness and composi-
tion from south to north. Continental facies (up to 2000 m thick) are
dominant in the south, and thickmarine facies (~8000 m thick) are dom-
inant in the north (Alsharhan and Salah, 1996). From south to north,
gently inclined sedimentary rocks of Paleozoic to Eocene age in central
Sinai give way to strongly folded Triassic to Cretaceous Formations that
are overlain by Paleocene and Eocene formations. These Precambrian
rocks and Phanerozoic sequences are covered by dunefields of Quaterna-
ry age in northern Sinai (JICA, 1999).

The NSAS is composed of unfossiliferous continental sandstone of
Lower Cretaceous age intercalated with shale of shallowmarine and del-
taic origin of theMalha Formation in central and southern Sinai (Abdallah
et al., 1963) and marine limestone of the Risan Aneiza Formation in
northern Sinai (Said, 1971). The Malha and the Risan Aneiza Formations
are part of the Nubian Sandstone group that rests unconformably on the
basement rock units (Shata, 1982) and is overlain by calcareous se-
quences of Cenomanian to Upper Eocene age (Said, 1962) (Fig. 1b).

The Sinai Peninsula (61 × 103 km2) receives relatively high amounts
of precipitation compared to the other Egyptian desert areas. Using 3-
hourly precipitation data (1998 to 2011) from the Tropical Rainfall Mea-
suring Mission (TRMM; v7A), the average annual precipitation over the
Western Desert, Eastern Desert, and Sinai was found to be 9 mm/yr,
13 mm/yr, and 70 mm/yr, respectively. TRMM is a joint space mission
between NASA and the Japan Aerospace Exploration Agency (JAXA)
thatwas designed tomonitor tropical and subtropical rainfall. Themoun-
tainous basement complex in southern Sinai receives the highest
amounts of precipitation in Sinai (EMA, 1996; Geb, 2000); precipitation
is collected and channeled throughmain streams by the extensive stream
network in the area. The main streams at the foothills and north of the
rg/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press
basement complex are floored by the NSAS outcrop, which provides
opportunities for infiltration and recharge through initial and transmis-
sion losses (Fig. 1). Rainfall in the area is caused primarily by cyclonic
winter storms passing over the Mediterranean depressions and tracking
southeast. Because of their sporadic nature and the presence of extensive
stream networks that channel runoff from large watersheds into a few
main valleys, these storms are often associated with flash-flooding
events.

Analytical methods

Fieldwork was conducted in January and June of 2010 to sample
groundwater from 12 drilled wells and from the Ayun Musa spring,
which taps the NSAS and from three open wells in the fractured base-
ment. The wells are evenly distributed over the northern, central, and
southern parts of the Sinai Peninsula and along the Gulf of Suez coastal
zone (Fig. 1). The samples from theNSAS define two groups on the basis
of total well depth (TD), depth to static water level (DWL), and proxim-
ity to recharge areas. Group I samples were collected from eight deep
wells (TD: 747–1250 m; DWL: 137–377 m) and from a spring, all of
which are located far (N150 km) from recharge areas (Fig. 1). These in-
clude Arif El Naqa 2, El Themed 2, El Hasana 3, Sudr El Hetan 3, El
Kuntella 3, Nekhel 5, Egirah El Far 4, El Berouk 4, and Ayun Musa.
Group II samples (El Rueikna 3, Mekatab 3, Nadya El Soda, and Regwa
12) were collected from four shallow wells (TD: 63–366 m; DWL:
19–56 m) that are proximal (b40 km) to recharge areas (Fig. 1).
Three additional samples were collected from wells (Haroun, Halwagy,
and Dir El Banat) tapping alluvial and fractured basement aquifers in
southern Sinai. Samples were collected to be analyzed for (1) stable iso-
topic compositions of hydrogen and oxygen in water and carbon in dis-
solved inorganic carbon (DIC); (2) 14C abundance in DIC for model age
estimation; (3) dissolved noble gas concentrations for estimation of
noble gas recharge temperatures; and (4) tritium (3H) activities. The
analytical methods used for each of these analyses are briefly described
below.

Wells were pumped for a minimum of 30 min prior to sample col-
lection. The wells were purged until the pH and Ec readings stabilized
and the sampled groundwater was clear. Unfiltered and unacidified
water samples were collected in tightly capped 30-mL glass bottles for
stable isotopic (δ2H, δ18O, and δ13C) analyses (Tables 1 and 2). The H
and O isotopic ratios were analyzed using a Picarro Cavity Ring-down
Spectroscopy (CRDS) laser system (Lehmann et al., 2009). Carbon iso-
tope analysis of DIC was performed on CO2 released by acid digestion
using H3PO4 andmeasured by dual-inlet isotope-ratio mass spectrome-
try. Hydrogen, oxygen, and carbon stable isotope ratios are reported
using conventional delta (δ) notation, in units of per mil (‰) deviation
relative to theVienna StandardMeanOceanWater (V-SMOW)whereby

δ;‰ ¼ Rsample–Rstd

� �
=Rstd

h i
� 1000

and R = 2H/1H, 18O/16O or 13C/12C (Coplen, 1996). Reproducibility of δ
values for 2H is ± 1‰ and those of 18O and 13C are ±0.2‰ and ±
0.1‰, respectively.

Tritium (3H), the radioactive isotope of hydrogen, was produced
during the atmospheric testing of nuclear fusion bombs between 1953
and 1964 and is used as a tracer for recharge, flow, andmixingprocesses
of young groundwater (Plummer et al., 1993). Because natural back-
ground tritium activity in the atmosphere was low (about 5 TU) prior
to bomb testing, groundwater with tritium activities less than about
0.5 TU must have been derived from precipitation that fell before
1953. Tritium activity was determined by counting after tritium enrich-
ment by electrolysis of the water. A half-life of 12.43 yr was used to cal-
culate the resulting TU (tritium unit) values, where 1 TU is equal to a
tritium/hydrogen ratio of 10−18. Analyses (O, H, 3H) were conducted
at Isotech Laboratories, in Champaign, Illinois.

https://doi.org/10.1016/j.yqres.2013.10.017


160 A. Abouelmagd et al. / Quaternary Research 81 (2014) 158–167

https://doi.org/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press

https://doi.org/10.1016/j.yqres.2013.10.017


Figure 2. A base map false-color Landsat TM image (USGS, 2003) showing (1) our groundwater sample locations from wells and a spring tapping the NSAS (blue triangles) and
from wells tapping the fractured basement aquifer (red triangles); (2) groundwater sample locations for open wells tapping the NSAS in the recharge areas (green triangles)
(Sultan et al., 2011); (3) groundwater levels (dashed lines) and flow directions (black arrows); and (4) δ2H value (yellow box: upper), adjusted 14C model age (yellow box:
lower). Also shown is a graphical representation for polygons (outlined by red lines) defined by the Thiessenmethod that was applied to interpolate present-daymeanweighted
annual temperature from meteorological stations (purple cross) to the surrounding areas including the Nubian Sandstone Aquifer outcrops.
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Unfiltered water samples were collected in tightly capped 250-mL
glass bottles for 14C analysis using the accelerator mass spectrometry
(AMS) technique. The DIC was extracted in vacuum by acidifying the
water sample. The extracted CO2 was cryogenically purified from the
other reaction products and catalytically converted to graphite using
the method of Vogel et al. (1984). Graphite 14C/13C ratios were mea-
suredusing a 0.5-MeV acceleratormass spectrometer. The sample ratios
were compared to the ratio measured for the oxalic acid standard
Figure 1. (a) Locationmap showing the locations of our groundwater samples that were collecte
openwells tapping the fractured basement aquifer (red triangles). Also shown are the distributi
the NSAS (Upper Jurassic to Lower Cretaceous Malha Formation outcrops). (b) N–S trending cr

rg/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press
reference material (NBS SRM 4990). The 14C data are reported both in
terms of percent modern carbon and in terms of conventional radiocar-
bon ages (Stuiver and Polach, 1977) reported in 14C years before 1950
(14C yr BP); a 14C half-life of 5568 yrwas used, and correction for isotopic
fractionation was applied (Cherkinsky et al., 2010). The analytical preci-
sion of the AMS 14C results is ±0.9%. Analyses were performed at the
University of Georgia's Center for Applied Isotope Studies (CAIS) and
by Beta Analytic in Miami, Florida. To account for the carbonate
d from12 drilledwells and from a spring tapping the NSAS (blue triangles) and from three
on of Neoproterozoic outcrops, overlying Phanerozoic rock units, and the recharge areas of
oss section along line A–A′ plotted on Fig. 1b modified from Gheith and Sultan (2002).

image of Figure�2
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Table 1
Sample locations, well information, O and H isotopic compositions, and tritium activities for groundwater samples from wells tapping the NSAS and the fractured basement in Sinai.

ID Name Latitude Longitude Aquifer/ TDa DWLa TDSb δ2Hc δ18Oc 3Hc Group

N E Well (m) (m) (mg/L) (‰) (‰) TU

SN4-1 Arif El Naqa 2 30°18.21′ 34°26.30′ NSS/D 870 271 3810 −49.3 −7.62 – I
SN4-2 El Themed 2 29°40.80′ 34°18.20′ NSS/D 747 376.8 1830 −52.3 −7.7 – I
SN4-3 El Hasana 3 30°26.99′ 33°51.06′ NSS/D 1200 200 3260 −51.6 −7.19 – I
SN4-4 Sudr El Hetan 3 29°58.70′ 33°16.95′ NSS/D 1040 270 1740 −53 −7.85 – I
SN4-5 El Rueikna 3 29°08.06′ 33°25.35′ NSS/D – 55.6 480 −33.3 −5.89 – II
SN4-7 El Kuntella 3 30°00.38′ 34°42.04′ NSS/D 1121 353.4 1827 −63.1 −8.85 – I
SN4-8 Nekhel 5 29°57.27′ 33°46.08′ NSS/D 1200 200.6 1622 −61.2 −8.81 – I
SN3-3 Mekatab 3 28°47.71′ 33°26.89′ NSS/D 366 49.7 953 −24.1 −4.84 b1.0 II
SN3-4 Nadya El Soda 28°46.55′ 33°31.35′ NSS/D 63 – 934 −24.8 −4.93 2.78 ± 0.29 II
SN3-5 Haroun 28°50.37′ 33°42.41′ FB/O 31 29.7 827 −21.3 −4.13 2.42 ± 0.27 II
SN3-6 Halwagy 28°38.33′ 33°59.62′ FB/O – 30 868 −18.7 −3.36 2.55 ± 0.30 II
SN3-7 Dir El Banat 28°42.00′ 33°38.80′ FB/O – – 675 −22.7 −4.54 3.04 ± 0.28 II
SN3-8 Regwa 12 28°26.05′ 33°29.59′ NSS/D – 18.4 622 −34.5 −5.72 b1.0 II
SN3-9 Ayun Musa 29°52.28′ 32°38.03′ NSS/S n/a n/a 2778 −42.9 −6.53 b1.0 I
SN3-10 El Berouk 4 30°11.60′ 33°42.58′ NSS/D 955 137 2682 −72.9 −9.59 b1.0 I
SN3-11 Erirah El Far 4 30°02.35′ 33°20.15′ NSS/D 1250 – 2215 −55.6 −8 b1.0 I

Abbreviations: NSS: Nubian Sandstone; FB: fractured basement; D: drilled well; O: open well; S: spring; TU: tritium unit.
a Data collected from field work and from JICA (1999).
b Western Michigan University geochemical labs.
c Analyzed at Isotech Laboratories, Champaign, Illinois.
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reactions that occur in groundwater systems, traditional 14C age ad-
justment approaches (Vogel, 1967; Tamers, 1975) based on single
water analyses were applied by using the NetpathXL computer code
(Parkhurst and Charlton, 2008), which is a revised version of
NETPATH (Plummer et al., 1994). The adjusted 14C model ages and
their average values are reported for each of the measured samples
in Table 2, with units of “yr BP.”.

Sampleswere collected from sevenwells and analyzed for their noble
gas concentrations using procedures described inWeiss (1968) and Stute
et al. (1995) (Table 3). The following measures were taken to avoid ex-
change with atmospheric air and/or partial degassing: (1) predesigned
polyvinyl chloride (PVC) tube was attached to the borehole outlet with
a flexible coupling; (2) well water was allowed to flow through a trans-
parent plastic hose to allow inspection for the presence of air bubbles,
and then it was allowed to flow into a copper tube (diameter: ~1 cm;
length: 53 cm; volume: ~22 cm3) for several minutes before the copper
tube was sealed with stainless steel clamps; and (3) a regulator valve
was placed at one end of the copper tube to increase the pressure in
order to minimize air bubble formation.
Table 2
Carbon isotopic data and 14C model ages for investigated groundwater samples.

Unadjusted age

ID Name δ13C % modern C

(‰) (pmC)

SN4-1a Arif El Naqa 2 −5.5 2.42 ± 0.03
SN4-2a El Themed 2 −7.2 3.90 ± 0.03
SN4-3a El Hasana 3 −6.1 2.70 ± 0.03
SN4-4a Sudr El Hetan 3 −9.1 1.82 ± 0.02
SN4-5a El Rueikna 3 −7.3 46.3 ± 0.2
SN4-7a El Kuntella 3 −6.6 2.03 ± 0.02
SN4-8a Nekhel 5 −7.6 2.49 ± 0.03
SN3-3b Mekatab 3 −12.8 80.5 ± 0.4
SN 3-4b Nadya El Soda −13.4 84.5 ± 0.4
SN 3-8b Regwa 12 −14.1 51.9 ± 0.3
SN 3-9b Ayun Musa −11.4 –

SN 3-10b El Berouk 4 −17.7 –

SN 3-11b Erirah El Far 4 −11.8 –

a Analyzed at the Center for Applied Isotopic Studies (CAIS), University of Georgia, Athens, G
b Analyzed at Beta Analytic, Miami, Florida.
c Uncorrected 14C age (Stuiver and Polach, 1977).

oi.org/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press
Dissolved gases were extracted from the copper tubes on a vacuum
line. Thewaterwas transferred from the copper tube into a large stainless
steel flask under a high-vacuum, closed system. The flask was then heat-
ed while a smaller flask was chilled, creating a flux of gas from the large
flask into the small flask. The small flask was then sealed before being
transferred to the mass spectrometry line. The individual noble gases
were separated and analyzed using a quadrupole mass spectrometer;
they are presented as concentrations (cm3 STP g−1) in Table 3. The repro-
ducibility of themeasurementswas±2% forNe,±3% for Ar, and±5% for
both Kr and Xe. The noble gasmeasurementswere performed at the Uni-
versity of Utah's Dissolved and Noble Gas Laboratory, in Salt Lake City,
Utah.

Noble gas recharge temperatures (NGTs) were calculated (Table 3)
using measured concentrations of Ne, Ar, Kr, and Xe and applying
methods described by Solomon et al. (1998) and Manning and
Solomon (2003). The adopted algorithm accounts for the effects of sa-
linity and elevation on the solubility of atmosphere-derived noble
gases. Noble gas solubility decreases with increasing salinity (Mazor,
1972; Pinti and Van Drom, 1988) and increases with increasing
Adjusted age

14C yr BPc 14C model ages (yr BP)

(14C yr BP) Vogel (1967) Tamers (1975) Average

29,900 29,400 26,600 28,000
26,100 25,500 23,300 24,400
29,000 28,500 25,500 27,000
32,200 31,800 29,400 30,600
6180 5020 4290 4660
31,300 30,900 27,500 29,200
29,700 29,200 26,100 27,700
1740 450 1050 750
1350 – 1090 1090
5260 4080 4200 4140
– – – –

– – – –

– – – –

eorgia.
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Table 3
Noble gas concentration data for investigated groundwater samples and estimated recharge temperatures.

Concentrations (cm3 STP g−1)

ID Name He [10−7] Ne [10−7] Ar [10−4] Kr [10−8] Xe [10−8] R/Ra Tempa

(°C)
NGTb

(°C)

SN4-1 Arif El Naqa 2 5.71 2.49 3.23 6.57 0.88 0.12 33.6 20.6 ± 0.4
SN4-2 El Themed 2 7.49 7.15 5.50 10.2 1.10 0.25 30.5 21.1 ± 1.6
SN4-3 El Hasana 3 9.14 2.11 3.13 7.58 0.94 0.08 39.1 17.5 ± 1.3
SN4-5 El Rueikna 3 1.01 2.03 2.97 6.77 0.87 0.56 27.2 20.6 ± 0.7
SN3-3 Mekatab 3 1.82 2.03 2.72 6.04 0.74 0.36 29.5 26.2 ± 0.9
SN4-7 El Kuntella 3 533 22.9 15.6 23.1 2.15 0.09 33.6 18.1 ± 2.5
SN4-8 Nekhel 5 22.9 6.09 5.90 11.8 1.15 0.10 38.6 22.0 ± 3.8

a Groundwater temperature.
b Noble gas recharge temperature calculated (RT-Calculator; version 1) from themeasured noble gas concentration usingmethods described by Solomon et al. (1998) andManning and

Solomon (2003).
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atmospheric pressure. The total dissolved solids (TDS) concentrations in
our samples range from 480 to 3800 mg/L (Table 1), and the average el-
evation of the recharge area in south-central Sinai was estimated from a
digital elevation model (DEM) to be 761 m above mean sea level
(amsl).

Findings and discussion

Examination of the groundwater headdata from the sampledwells re-
veals a general northward groundwater flow direction for the NSAS from
the recharge area in the south (Fig. 2, black arrow). The groundwater
head (Table 1) shows a decrease from over 600 m amsl in the recharge
area in the south (El Rueikna 3 well) to less than 100 m amsl in the
north (El Hasana 3 well). Similar findings were reported by Issar et al.
(1972), who reported a general groundwater flow in the NSAS from the
Nubian outcrops at the foothills of the basement in southern Sinai toward
the Mediterranean Sea, the Gulf of Aqaba, and the Gulf of Suez. We were
unable to verify the inferred flow directions to the northeast and to the
northwest (Issar et al., 1972) given the limited availability of head data
for the eastern and western regions of Sinai.

We examined the stable isotope compositions, 14C model ages, and
noble gas recharge temperatures of the investigated samples in view of
the inferred groundwater flow direction; samples within both Group I
and Group II have similar isotopic compositions, model ages, and NGTs,
Figure 3. δ2H vs. δ18O plot for (1) depleted groundwater samples collected fromNubian Sandsto
lected fromNubian SandstoneAquifer of Sinai Peninsula classified as Group II; (3) composition o
and (4) composition of groundwater samples from the fractured basement aquifer. Also show
Mediterranean Water Line of Gat et al. (1969).

rg/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press
yet the two groups were found to be dissimilar. These data were used
to gain insights into the timing of groundwater recharge for Groups I
and II samples and to infer the prevailing climatic conditions at the
times of recharge.
Stable isotope ratios

The stable isotope ratios of H and O for the investigated samples are
given in Table 1 and are shown in Figure 3, which also includes data
from the present study in comparison with (1) groundwater samples
collected from fractured basement aquifers in the southern Sinai
Peninsula, and (2) average isotopic compositions of modern rainfall
collected from Rafah and El Arish meteorological stations (IAEA and
WISER, 2010). Examination of Table 1 and Figure 3 shows that the
δ2H and δ18O values of Group I samples are depleted (δ18O: −9.59
to −6.53‰; δ2H: −72.9 to −42.9‰) compared to Group II samples
(δ18O: −5.89 to −4.84‰; δ2H: −34.5 to −24.1‰) and those
collected from fractured basement (δ18O: −4.54 to −3.36‰; δ2H: −
22.7 to −18.7‰). Most of the Group I samples fall on or near the global
meteoricwater line (GMWL), δ2H = 8 δ18O + 10 (Craig, 1961), whereas
samples from Group II, the meteorological stations (Rafah and El Arish),
and from the fractured basement aquifer fall between the GMWL and
the east Mediterranean meteoric water line (MMWL; δ2H = 8
ne Aquifer of Sinai Peninsula classified as Group I; (2) enriched groundwater samples col-
fmodern rainfall fromRafah and El Arishmeteorological stations (IAEA andWISER, 2010);
n is the Global Meteoric Water Line (δD = 8 δ18O + 10) of Craig (1961) and the East
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Figure 4. Calculated noble gas recharge temperatures vs. adjusted 14C model ages for Group I Pleistocene samples, Group II Holocene samples, and three Holocene groundwater samples
collected from Western Nile Delta (Aeschbach-Hertig, 2006; Aeschbach-Hertig et al., 2006a, 2006b, 2007).
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δ18O + 22) (Gat et al., 1969) indicating differences in precipitationmois-
ture sources.

The basement samples are believed to represent modern me-
teoric precipitation, and they have isotopic compositions similar to
those of average rainfall compositions over the Rafah (δ18O: −
3.48‰; δ2H: −9.86‰) and El Arish (δ18O: −3.22‰; δ2H: −8.81‰)
meteorological stations (Fig. 1). The depleted nature of the Group I
samples and the enriched nature of the Group II samples are consis-
tent with the former being rechargedmainly under conditions cooler
than those of the present day (Gat et al., 1969) and the latter being
recharged primarily during warmer periods, similar to the present.
The wide range of isotopic compositions for Group I samples and
the fact that a few have compositions that approach those of Group
II could be interpreted to indicate mixing of older Group I waters
with younger Group II waters.

Radiocarbon model ages

The calculation of accurate groundwater age from 14C measurements
can be complicated by the effects of carbonate rock–water interactions,
groundwater mixing, and diffusive exchange of 14C with aquitards
(Fontes and Garnier, 1979; Sanford, 1997). Depending on aquifer-
specific considerations, these processes can affect apparent groundwater
ages substantially, such that all 14C groundwater ages are highly model-
dependent (e.g., Plummer and Sprinkle, 2001). Fortunately, the effects
of carbonate rock–water interaction and diffusive exchange with
Table 4
Calculation of the modern average weighted temperatures over Nubian Sandstone
recharge areas in central Sinai Peninsula using the Thiessen polygon method.

Station name Latitude
(DD)

Longitude
(DD)

MAAT
stationa

(°C)

Recharge
areab

(km2)

Recharge
areac

(fraction)

MAATd

(°C)

Ras Sudr 29.58300 33.71700 20.6 246 0.182 3.76
Nekhel 29.68000 34.30333 17.8 47 0.352 0.63
Taba 30.44983 33.85100 25 695 0.516 12.9
El Tor 29.97833 33.28250 21.7 216 0.161 3.48
Sharm El Sheikh 29.13433 33.42250 21.7 143 0.107 2.31
TOTAL 1347 0.100 23.1

a Average temperature recorded over the past 35 yr (NCDC, 2012).
b Area of Nubian outcrops (recharge areas) that were assigned to each of the fivemete-

orological stations using the Thiessen polygon method.
c Proportion of Nubian outcrops that were assigned to each of the five stations.
d MAAT for recharge area (23.1°C) calculated from the product of the MAAT for each

station and the proportion of recharge areas affected by the individual stations.

oi.org/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press
aquitards are relatively minimal in thick sandstone aquifers. We report
conventional 14C ages that are uncorrected for these effects, along with
adjusted 14C model ages calculated by NetPath XL (Parkhurst and
Charlton, 2008) using the adjustments proposed by Vogel (1967) and
Tamers (1975). The reasonable agreement between the calculated 14C
model ages indicates to us that they are reliable indicators of mean sub-
surface residence time, albeit with significant errors. Nonetheless, adjust-
ed 14Cmodel ages (Table 2, Figs. 2 and 4) showdistinct ranges for Groups
I and II. Group I samples are older and originated from precipitation
during the late Pleistocene (adjusted 14C model ages: ~24,000 yr
BP to ~31,000 yr BP), which we infer to have been a period of wet
climate, whereas Group II samples are younger and were formed from
precipitation during the Holocene (adjusted 14C model ages: ~700 yr BP
to ~4700 yr BP). The adjusted 14C model ages of the Group I samples
should be further corrected by adding 3000 to 4000 yr to account for
the offset of the 14C time scale determined from calibration of the 14C
time scale with precise comparison of mass spectrometricmeasurements
of 14C and 230Th–234U–238U systematics of pristine corals (Fairbanks et al.,
2005). This correction yields a corresponding model age range of
27,000–35,000 yr BP; this range slightly pre-dates the 19,000–
26,500 yr BP Last Glacial Maximum (Clark et al., 2009) and it over-
laps the 31–35 ka high stand of Lake Lisan (Pleistocene precursor
of the Dead Sea) according to U–Th dates on cave stromatolites
(Lisker et al., 2009). However, we cannot be certain that potential re-
actions with carbonate rocks and diffusive effects have not increased
the apparent 14C ages in our Group I water samples. The younger
ages of our Group II water samples support the interpretation that
the NSAS has also received recharge contributions during the Holo-
cene Period.

Tritium activities

Tritium activities for the groundwater samples collected from frac-
tured basement ranged from 2.4 ± 0.3 to 3.0 ± 0.3 TU, indicating
that all waters were derived at least partly from precipitation that oc-
curred within the past 60 yr. None of the analyzed Group I samples
had detectable tritium activities (b1 TU), whereas one of the Group II
samples (Nadya El Soda) had tritium activity (2.8 ± 0.3) indicative of
the presence of post-bomb precipitation (younger than ~60 yr;
Table 1). This sample also had slightly less 14C activity than modern
water (84.5% modern C), indicating possible mixing of older and youn-
ger water in this well, which is located in a wide wadi near the
basement-Nubian Sandstone contact. Alternatively, it may reflect the
characteristic 14C activity of recharge water in this region (Fontes and
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Garnier, 1979). Modern precipitation over the Nubian Aquifer outcrops
can introduce post-bomb tritiumactivities into theNSAS during sporad-
ic flash flood events; these events yield voluminous recharge that accu-
mulates in coarse sediments of the alluvial channels and in the fractured
rock flooring these channels. Measurable tritium may occur in areas
proximal to recharge zones, but is not likely to be found in distant areas.

Noble gas paleothermometry

The dissolved noble gas (He, Ne, Ar, Kr, and Xe) concentrations in
groundwater have been used successfully inmany paleoclimatic studies
in conjunctionwith 14Cmodel ages to determine recharge temperatures
during the Quaternary Period (Mazor, 1972; Stute and Schlosser, 1993;
Kipfer et al., 2002; Klump et al., 2007). Atmospheric noble gases are in-
corporated into groundwater by exchanges between recharge water
and soil air within the unsaturated zone. As the water enters the satu-
rated zone, the gas exchange stops and the noble gas concentrations
are retained by the water as a tracer for the environmental conditions
prevailing during infiltration. Because noble gases are conservative
and inert, the atmospheric noble gas concentrations are preserved in
groundwater. Because the solubility of the noble gases significantly de-
pends on the water temperature during gas exchange, especially for Ar,
Kr, and Xe (Mazor, 1972), the dissolved noble gases in groundwater can
potentially be used to extract recharge temperature.

The NGTs derived for the Group I samples range from 17.5° ± 1.3°C
(El Hasana 3) to 22.0° ± 3.8°C (Nekhel 5) and average 19.9°C; NGTs for
Group II samples are 20.6° ± 0.7°C (El Rueikna 3) and 26.2° ± 0.9°C
(Mekatab 3), and their average is 23.9°C (Table 3). Figure 4 shows the
NGTs plotted versus adjusted 14C model ages for Group I samples (late
Pleistocene waters, N10 ka BP), Group II samples (Holocene waters
b10 ka BP), and three Holocene (4.5–9 ka BP) groundwater samples
collected from the Tertiary-Upper Cretaceous water-bearing formations
that underlie the southwestern Nile Delta in Egypt (Aeschbach-Hertig,
2006; Aeschbach-Hertig et al., 2006a, 2006b, 2007). Also shown is the
average mean annual air temperature (MAAT) over the recharge area.

The average NGT for our Group I Pleistocene samples is similar to the
average NGT (20°C) reported for five Nubian groundwater samples
from the Western Desert (Patterson, 2003). Our results from the Sinai
NSAS are consistent with reported findings from fossil groundwater
aquifers in North Africa. Throughout a major recharge period that oc-
curred 45 to 23 ka, the NGTs for the Continental Intercalaire aquifer
within the Northwestern Sahara Aquifer System (in Algeria, Tunisia,
and Libya) are estimated to have been 2–3°C lower than the MAAT
(Guendouz et al., 1998). The Iullemeden Aquifer System (in Mali,
Niger, and Nigeria) was recharged between 28 ka and 23.2 ka, during
which time the NGTs were at least 5–6°C lower than MAAT (Edmunds
et al., 1999). The groundwater ages cited above correspond to glacial pe-
riods identified from North Atlantic marine record (Bond et al., 1993),
and the extracted recharge temperatures are generally lower than
MAAT in the investigated areas by 2–7°C. Such lower temperatures
are to be expected if the recharge was from precipitation during cool
glacial periods.

Figure 4 shows that the average NGT for Group II samples is 4.0°C
higher than that of Group I, is similar to that computed for the Holocene
groundwater samples collected from the Western Nile Delta (range:
20.6–26.2°C; average: 23.9°C), and is similar to that of the MAAT (23°C)
over the recharge area for the NSAS in southern and central Sinai. The
MAAT over the recharge area was estimated by calculating the MAAT
over each of the five meteorological stations (Ras Sudr, Nekhel, Taba,
Sharm El Sheikh, and El Tor) that are proximal to the recharge areas, in-
terpolating the calculated temperatures to the surrounding areas (red
polygons in Fig. 2) using the Thiessen polygon interpolation technique.
The MAAT for the entire recharge area was then calculated taking into
consideration the proportion of recharge areas affected by conditions at
each of the individual five stations. For example, inspection of Figure 2
and Table 4 shows that over 50% of the recharge areas are affected by
rg/10.1016/j.yqres.2013.10.017 Published online by Cambridge University Press
conditions recorded at the El Tor station. Temperature datawas extracted
from the National Oceanic and Atmospheric Administration's (NOAA's)
National Climatic Data Center database (NCDC, 2012).

We interpret these results to indicate that the NSAS in Sinai was
largely recharged during the last glacial period (represented by Group
I waters) but is still receiving modest contributions during relatively
dry interglacial periods (represented byGroup II waters). This interpre-
tation is also supported by the spatial distribution of Group I and II
samples. As described earlier, the NSAS recharge takes place where
the Nubian outcrops are exposed adjacent to the basement complex
in central Sinai; with time, infiltrating water feeding the NSAS flows
away from the recharge zone as the aquifer formations dip to the
north toward the Mediterranean Sea (Figs. 1b, 2). Given the differ-
ences in ages and isotopic compositions between Group I and
Group II samples, with Group II samples being younger and more
enriched in their isotopic composition, one would expect that the
younger and more enriched Holocene Group II samples should be
found in areas proximal to recharge areas, and the older and more
depleted Group I samples should be distant from these areas. Inspec-
tion of Figure 2 shows that indeed this is the case. We speculate that
some mixing between Group I and II groundwater types could be oc-
curring along groundwater flow lines.

Summary

Paleoclimatic information for the Sinai Peninsula was gained from
the analysis of 16 samples collected from drilled and open wells and
from a spring tapping the NSAS and fractured basement aquifers in
Sinai. The analyses performed included (1) stable isotopic compositions
of H2O; (2) 14C isotopic abundances and model ages; (3) tritium activi-
ties; and (4) recharge temperatures from noble gas concentrations. The
samples define two groups on the basis of well depth, depth to static
water level, and proximity to recharge areas. Group I samples were col-
lected from deep wells that are distant from recharge areas (N150 km)
whereas Group II samples were collected from shallow wells that are
proximal to recharge areas.

Group I samples yield adjusted 14C model ages ranging from
~24,000 yr BP to ~31,000 yr BP, depleted isotopic compositions
compared to modern precipitation (from meteorological stations
and from the fractured basement aquifer), no detectable tritium,
and low NGTs compared to mean annual air temperature. The
range and the average NGT for our Group I Pleistocene samples are
similar to the average recharge temperature reported for Nubian
groundwater samples from the Western Desert, and they are consis-
tent with similar findings for other fossil groundwater aquifers in
North Africa. The obtained ages, isotopic compositions, and recharge
temperatures are all consistent with Group I samples being largely
recharged in cold climatic conditions during and/or before the Last
Glacial Maximum.

The remaining four samples from the NSAS were assigned to Group
II. These samples yielded Holocene 14C model ages and isotopic compo-
sitions that are enriched compared to Group I samples but are similar to,
or approach the compositions of,modern precipitation. These 14Cmodel
ages and isotopic compositions, together with the presence of detect-
able tritium in one of the Group II samples, support the interpretation
that groundwater from this group originated largely from precipitation
during the Holocene period. Despite the fact that samples from Group I
are similar to one another and distinct from those assigned to Group II,
mixing between groundwater assigned to each of these groups could
not be ruled out. Additional studies are needed to investigate the extent
to which mixing could have occurred.

The extracted NGTs for Group II samples are similar to those report-
ed for three Holocene groundwater samples from the Tertiary–Upper
Cretaceous water-bearing formations that underlie the southwestern
Nile Delta, in Egypt. Our findings are consistent with recharge of the
Group II samples during conditions similar to those of the present.
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We interpret these results to indicate that the NSAS was largely
recharged during the last glacial period (represented byGroup I waters)
but that it is still receiving modest contributions during the Holocene
period (represented by Group II waters). This model is also supported
by the spatial distribution of Group I and II samples, where the younger
Holocene Group II samples are found in areas proximal to recharge
areas, and the older Group II samples are found in areas distant from re-
charge areas. Our findings suggest that the wet periods in northern
Africa were glacial periods; during these periods paleowesterlies were
intensified and the Saharan aquifers were recharged. During the inter-
leaving dry periods such as the one prevailing at present, recharge is
modest and is localized to areas where the aquifer crops out and
where precipitation is relatively high (e.g., southern Sinai inNSAS). Sim-
ilar studies are recommended to investigate the validity of this hypoth-
esis over the remaining Saharan aquifers.
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