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ABSTRACT

Data from the Gravity Recovery and Cli-
mate Experiment (GRACE) and outputs of 
the CLM4.5 model were used to estimate re-
charge and depletion rates for large aquifers, 
investigate the connectivity of an aquifer’s 
subbasins, and identify barriers and preferred 
pathways for groundwater flow within an 
aquifer system. The Nubian Sandstone Aqui-
fer System and its subbasins (Dakhla, North-
ern Sudan Platform, and Kufra) in northeast 
Africa were used for demonstration purposes, 
and findings were tested and verified against 
geological, geophysical, remote sensing, geo-
chronologic, and geochemical data. There are 
four major findings. (1) The average annual 
precipitation data over recharge areas in the 
southern Kufra section and the Northern 
Sudan Platform subbasin were estimated 
at 54.8 km3, and 32.8 km3, respectively, and 
knowing the annual extraction rates over 
these two areas (~0.40 ± 0.20 km3), recharge 
rates were estimated at 0.78 ± 0.49 km3/yr and 
1.44 ± 0.42 km3/yr, respectively. (2) GRACE-
derived groundwater depletion rates over the 
Dakhla subbasin and the Northern Kufra 
section were estimated at 4.44 ± 0.42 km3/yr 
and 0.48 ± 0.32 km3/yr, respectively. (3) The 
observed depletion in the southern parts of 
the Dakhla subbasin is apparently caused 
by the  presence of the east-west–trending 
Uweinat-Aswan basement uplift, which im-
pedes the south-to-north groundwater flow 
and hence reduces replenishment from re-
charge areas in the south. (4) A major north-
east-southwest–trending shear zone (Pelu-
sium shear system) is apparently providing 
a preferred groundwater flow pathway from 
the Kufra to the Dakhla subbasin. Our inte-

grated approach provides a replicable and 
cost-effective model for better understanding 
of the hydrogeologic setting of large aquifers 
worldwide and for optimum management of 
these groundwater resources.

INTRODUCTION

In arid and semiarid areas, assessment of the 
groundwater resources, the hydrogeologic set­
tings of aquifers, and the recharge and discharge 
(natural or anthropogenic) of these systems is 
essential for the development of sound manage­
ment scenarios for these resources and for the 
economic development of such areas (Simmers, 
1997). Various approaches have been applied 
to assess the recharge, discharge, and depletion 
rates of aquifer systems and to investigate the 
connectivity of their subbasins, using physical 
and chemical methods as well as modeling tech­
niques (de Vries and Simmers, 2002; Scanlon 
et al., 2002; Milewski et al., 2009; Rodell et al., 
2009; Sultan et al., 2011; Shamsudduha et al., 
2012; Ahmed et  al., 2014a; Voss et  al., 2013; 
Mulder et  al., 2015; Papa et  al., 2015; Richey 
et al., 2015). These methods are difficult to ap­
ply on regional scales, and their results are often 
suspect given the paucity of the data sets re­
quired for the implementation of these methods, 
and the extensive efforts and resources required 
to collect them.

Fortunately, the launch of the Gravity Re­
covery and Climate Experiment (GRACE) mis­
sion is now providing opportunities to measure 
mass variations over large hydrologic systems 
and settings (e.g., Wouters et al., 2014). GRACE 
is a joint project between the National Aero­
nautics and Space Administration (NASA) in the 
United States and the German Aerospace Center 
(Deutsches Zentrum für Luft- und Raumfahrt; 
DLR) in Germany launched in March 2002 to 
map Earth’s static and temporal global grav­
ity fields (Tapley et  al., 2004). Over the years, 

GRACE-derived terrestrial water storage (TWS) 
data have provided groundbreaking discoveries in 
hydrological investigations, including: (1) water 
balance applications on the basin scale (e.g., 
Rodell et al., 2004; Syed et al., 2005), (2) stor­
age variabilities on the basin and subbasin scale. 
(e.g., Crowley et al., 2006, 2008; Bonsor et al., 
2010; Xavier et  al., 2010; Ahmed et  al., 2011; 
Ferreira et al., 2012; Papa et al., 2015), (3) quan­
tification of aquifer recharge and depletion (e.g., 
Leblanc et al., 2009; Rodell et al., 2009; Sultan 
et al., 2013; Ahmed et al., 2014); and (4) charac­
terization of natural and anthropogenic controls 
on mass variations and water availability (Ahmed 
et al., 2011, 2014b). These applications are ham­
pered by the low horizontal resolution of GRACE 
data and by the absence of vertical resolution for 
GRACE (e.g., Ahmed et al., 2016). GRACE can­
not differentiate between the contributions from 
the various compartments (e.g., surface water, 
groundwater, and soil moisture) of TWS. The 
integration of land surface model outputs with 
GRACE data is now providing opportunities to 
extract individual components from GRACE-
derived TWS estimates, and to improve the hori­
zontal resolution of the data.

We provide a demonstration of the way in 
which GRACE data and outputs of land sur­
face models could be used to estimate recharge, 
natural and anthropogenic discharge, and deple­
tion rates for large aquifer systems and to inves­
tigate the hydrologic and geologic settings and 
the connectivity of subbasins. Throughout this 
demonstration, the GRACE-derived inferences 
are supported by geophysical, geochemical, 
isotopic, and chronological data. The Nubian 
Sandstone Aquifer System in northeast Africa 
was used as the study area. Addressing these is­
sues for the Nubian Sandstone Aquifer System 
is critical for the development of sound manage­
ment plans for the aquifer system and for the 
development of replicable models that can be 
applied to similar aquifers worldwide.
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GEOLOGY AND HYDROGEOLOGY 
OF THE NUBIAN SANDSTONE 
AQUIFER SYSTEM

The Nubian Sandstone Aquifer System ex­
tends over 2 × 106 km2 in Egypt, Libya, Chad, 
and Sudan (Fig. 1). The Nubian Sandstone 
Aquifer System consists mainly of water-bear­
ing Paleozoic and Mesozoic sandstone (Nubian 
Sandstone Formation) with intercalations of 
Tertiary shale and clay of shallow-marine and 
deltaic origin (Hesse et al., 1987). The aquifer 
is bounded to the east, south, and west by base­
ment outcrops, and to the north by the saltwater-
freshwater interface (Fig. 1).

The Nubian Sandstone Aquifer System is 
formed of three major subbasins (Fig. 1). The 
Kufra subbasin (area: 0.89 × 106 km2) in Libya, 
northeastern Chad, and northwestern Sudan, 
the Dakhla subbasin (area: 0.66 × 106 km2) in 
Egypt, and the Northern Sudan Platform sub­
basin (area: 0.36 × 106 km2) in northern Sudan. 
Basement uplifts separate these subbasins. The 
Northern Sudan Platform subbasin is separated 
from the Dakhla subbasin to the north by the 
Uweinat-Aswan uplift and from the Kufra sub­
basin to the west by the Uweinat-Howar up­
lift (Hesse et  al., 1987; Fig. 1). The thickness 
of the sedimentary successions of the Nubian 
Sandstone Aquifer System varies spatially; the 
maximum thickness in the Kufra, Dakhla, and 
Northern Sudan Platform subbasins is ~4, 3, and 
0.5  km, respectively (Thorweihe, 1986; Hesse 
et al., 1987). In the Dakhla subbasin, the aqui­
fer is unconfined south of latitude 25°N, but it is 
confined north of it. The confining layers are the 
thick (several hundred meters) marine shale and 
clay of the Campanian Mut Formation and the 
Campanian to Lower Paleocene Dakhla Forma­
tion (Hesse et al., 1987).

Previous studies have shown that the Nubian 
Sandstone Aquifer System has been recharged 
in previous pluvial periods in the Quaternary 
by intensification of paleomonsoons (Sarnthein 
et al., 1981; Prell and Kutzbach, 1987; Yan and 
Petit-Maire, 1994) or intensification of paleo-
westerlies (Sultan et  al., 1997; Sturchio et  al., 
2004; Abouelmagd et al., 2014). The westerlies 
refer to prevailing winds that blow from the 
west at midlatitudes and are thought to have 
migrated southward in Saharan Africa in previ­
ous wet climatic periods (Sultan et  al., 1997). 
While such inferences are largely accepted, it 
has been demonstrated that, locally, the Nubian 
Sandstone Aquifer System is receiving modern 
recharge over areas of relatively high precipita­
tion (e.g., Sinai) in dry periods such as the one 
prevailing at present (Sultan et al., 2000, 2011). 
Published isotopic data indicate that in northern 
Sudan, oxygen and hydrogen isotopic composi­

tions are enriched compared to those of ground­
water from the Kharga, Dakhla, Farafra, and 
Bahariya Oases in the central and northern parts 
of the Western Desert, the desert to the west 
of the River Nile in Egypt (Haynes and Haas, 
1980; Hesse et  al., 1987; Thorweihe, 1990; 
Froehlich et al., 2007; Sultan et al., 2013), pos­
sibly indicating mixing between fossil ground­
water and modern precipitation in recharge 
areas to the south.

The concept of regional flow in the Nubian 
Sandstone Aquifer System was first described 
by Ball (1927) and Sandford (1935). Using head 
data from some 56 wells in Egypt, Libya, Chad, 
and Sudan, they identified a regional southwest-

to-northeast gradient in the groundwater surface 
and concluded that the groundwater follows a 
gradient from some unknown “intake beds” in 
the southwest up to the Egyptian oases in the 
northeast (Fig. 2). The overwhelming majority, 
if not all, of the existing regional groundwater 
flow models (e.g., Heinl and Thorweihe, 1993; 
Ebraheem et al., 2002; Gossel et al., 2004) treat 
the Nubian Sandstone Aquifer System as a 
continuous basin, despite the fact that an east-
west–trending basement uplift (Uweinat-Aswan 
uplift) separates the Northern Sudan Platform 
subbasin from the Dakhla subbasin, and another 
southeast-northwest–trending uplift (Uweinat-
Howar uplift) separates the Northern Sudan 

Figure 1. Location map showing the distribution of the Nubian Sandstone Aquifer System 
(NSAS) and its subbasins (Dakhla, Kufra, and Northern Sudan Platform), the basement 
uplifts (Uweinat-Aswan, Uweinat-Howar), and the recharge areas within the aquifer.
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Platform subbasin from the Kufra subbasin. The 
degree to which the subbasins of the Nubian 
Sandstone Aquifer System are connected is 
not fully understood, and neither is the impact 
of major structures within the Nubian Sand­
stone Aquifer System on groundwater flow. The 
northeastern extent of the Pelusium megashear 

system, which extends in a northeast-southwest 
direction from the Kufra subbasin in Chad and 
Libya and into the Western Desert of Egypt, is 
one of those structures (Fig. 1). The megashear 
is a system of en echelon strike-slip megashears 
that witnessed tectonic activity as early as Pre­
cambrian times (Neev et  al., 1982). It extends 

from Turkey to the South Atlantic, runs sub­
parallel to the eastern margin of the Mediter­
ranean Sea, and curves northeast-southwest 
across central Africa from the Nile Delta to the 
delta of the Niger River in the Gulf of Guinea 
(Neev et al., 1982).

DATA, METHODOLOGY, 
AND FINDINGS

Our methodology is a sixfold exercise. 
First, we delineated the recharge areas across 
the Nubian Sandstone Aquifer System using 
satellite-based precipitation data and the dis­
tribution of Nubian Sandstone Aquifer System 
outcrops (step I). We then extracted the tem­
poral variations in GRACE-derived TWS data 
over the delineated recharge and depletion areas 
(step II) and estimated the temporal variations in 
groundwater storage over those areas (step III). 
This was accomplished by extracting variations 
in river channel and soil moisture storage data 
from land surface model outputs and removing 
these storage variations from GRACE-derived 
TWS data. Recharge and depletion rates were 
then calculated for the Nubian Sandstone Aqui­
fer System subbasins knowing the temporal 
variations in groundwater storage and discharge 
(natural and anthropogenic; step IV), and a con­
ceptual hydrologic and geologic model was de­
veloped to account for findings from the analysis 
of GRACE data (step V). Finally, the developed 
model was tested against geophysical, field, iso­
topic, and chronologic data (step VI).

Delineation of Recharge Areas Using 
Satellite-Based Precipitation and 
Outcrop Distribution

Given the paucity of rain gauge stations over 
the Nubian Sandstone Aquifer System, the dis­
continuous nature of some of these stations, and 
their general absence over the areas of high pre­
cipitation (mountains), we resorted to the use of 
satellite-based rainfall measurements, namely, 
the Tropical Rainfall Measuring Mission 
(TRMM; http://​disc​.sci​.gsfc​.nasa​.gov/). TRMM 
was launched in 1997 as a joint mission be­
tween the National Space Development Agency 
(NASDA) of Japan and NASA, as part of the 
Earth Observing System (EOS; Kummerow, 
1998; Huffman et al., 2007). TRMM data were 
acquired (1998–2015) with near-global cover­
age (50°N to 50°S) at a spatial resolution of 
0.25°  × 0.25° and with a temporal resolution 
of 3 h (i.e., precipitation estimates made every 
3 h). Climate Prediction Center (CPC) Merged 
Analysis of Precipitation (CMAP; http://​www​
.esrl​.noaa​.gov/) data provide merged rainfall 
estimates from a variety of satellite and ground-

Figure 2. Average annual precipitation (mm) extracted from Tropical Rainfall Measuring 
Mission (TRMM) data acquired from 2003 through 2012 for the Nubian Sandstone Aqui-
fer System (NSAS) in Egypt, Libya, Sudan, Chad, and surroundings. Also shown are the 
groundwater water levels (mamsl—m above mean sea level), flow directions, locations of 
wells in Egypt and Libya from which the head data were extracted, and the 10 mm thresh-
old precipitation line that separates areas of relatively high precipitation and considerable 
recharge in the south (southern Kufra section and Northern Sudan Platform subbasin) 
from those of negligible precipitation and recharge to the north (northern Kufra section 
and Dakhla subbasin).

http://disc.sci.gsfc.nasa.gov/
http://www.esrl.noaa.gov/
http://www.esrl.noaa.gov/
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based sources from January 1979 to Decem­
ber 2014 (spatial resolution: 2.5°; temporal 
resolution: monthly; spatial domain: 88.75°N–
88.75°S; Xie and Arkin, 1997).

The rainfall data were processed to gener­
ate the total monthly rainfall images from the 
TRMM data taken every 3 h. For each of the 
investigated subbasins, an average annual pre­
cipitation (AAP) image over the entire Nubian 
Sandstone Aquifer System (Fig. 2) was gener­
ated. The rainfall time series were then gen­
erated by averaging the rainfall rates for all grid 
points lying within the individual subbasins. 
Inspection of Figure 2 shows a progressive 
north-to-south increase in precipitation over 
the Nubian Sandstone Aquifer System (AAP 
north: 5 mm/yr; AAP south: 96 mm/yr), with 
the highest rainfall over the Tibesti, Ennedi, 
Erdi, and Darfur mountains in Libya, Chad, 
and Sudan, hereafter referred to as the south­
ern highlands.

Precipitation data and the distribution of Nu­
bian Sandstone Aquifer System outcrops were 
used to identify areas of recharge within the 
aquifer system. Two conditions had to be met in 
the definition of areas of recharge: the presence 
of Nubian Sandstone Aquifer System outcrops, 
and AAP exceeding an arbitrary threshold of 10 
mm/yr. In the selection of the threshold value, 
we were guided by the findings of Milewski 
et  al. (2009), who determined that individual 
precipitation events of <5 mm across the Egyp­
tian Sahara produced negligible recharge and/or 
runoff. Given that more than a single precipita­
tion event probably occurs per year in the major­
ity of the investigated areas, it is unlikely that 
areas receiving <10 mm/yr of precipitation will 
witness significant recharge.

Figure 2 shows the spatial distribution of re­
charge areas in the Nubian Sandstone Aquifer 
System. One coincides largely with the spatial 
distribution of the Northern Sudan Platform sub­
basin; the other encompasses areas within the 
southern sectors of the Kufra subbasin, which 
receives substantial precipitation. The identi­
fied recharge areas within the southern sectors 
of the Kufra subbasin are hereafter referred to 
as the southern Kufra section, and the remain­
ing northern areas within the Kufra subbasin 
are hereafter referred to as the northern Kufra 
section. Our findings indicate that the south­
ern areas (Northern Sudan Platform subbasin 
and southern Kufra section) represent recharge 
areas within the Nubian Sandstone Aquifer Sys­
tem. The AAP values over the Northern Sudan 
Platform subbasin and the southern Kufra sec­
tion are 91 mm/yr (32.8 km3/yr) and 96 mm/yr 
(54.8 km3/yr), respectively, and the maximum 
amount of precipitation (AAP > 1000 mm/yr) is 
observed over the southern highlands that bor­

der, and drain into, the Northern Sudan Platform 
subbasin and into the southern Kufra section 
(Fig. 2).

Extraction of Temporal Variations in 
GRACE-Derived TWS Data Over the 
Nubian Sandstone Aquifer System

GRACE data were used to estimate the tem­
poral variations in TWS over the Nubian Sand­
stone Aquifer System subbasins throughout 
the investigated period (2003–2012). GRACE 
monthly gravity field solutions (Release 05) 
from the GRACE database provided by the 
University of Texas Center for Space Re­
search (ftp://​podaac​.jpl​.nasa​.gov/) were used 

in this study. These solutions are represented in 
terms of fully normalized spherical harmonic 
decompositions up to degree and order of 60. 
The time-variable component of the gravity 
field was obtained by removing the long-term 
mean of the Stokes coefficients from each of 
the monthly values. The systematic correlated 
errors in the GRACE gravity field coefficients 
were reduced by applying destriping filters 
(Swenson and Wahr, 2006). The random errors 
in the GRACE solutions were then minimized 
by applying a Gaussian filter with a half-width 
corresponding to 200 km (Wahr et al., 1998). 
The spherical harmonic coefficients were then 
converted to mass grids of equivalent water 
thickness following the procedures described 

Figure 3. Color-coded secular Gravity Recovery and Climate Experiment (GRACE)–derived 
terrestrial water storage (TWS) trend (mm/yr) map over the Nubian Sandstone Aquifer 
System (NSAS).

ftp://podaac.jpl.nasa.gov/
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by Wahr et  al. (1998). The secular trend in 
GRACE-derived TWS data (Fig. 3) was then 
extracted by simultaneously fitting a trend and 
seasonal terms to the TWS time series. Errors 
associated with calculated trend values were 
then estimated following the approach ad­
vanced by Tiwari et al. (2009). Similar proce­
dures were used to extract secular trends for all 
other time series.

Figure 3 shows the spatial distribution of the 
secular trends in GRACE-derived TWS data 
over the Nubian Sandstone Aquifer System 
and its subbasins. Positive trends indicate an 
increase in TWS with time, and negative trends 
indicate the opposite. Inspection of Figure 3 
shows that the southern areas (Northern Sudan 
Platform subbasin and southern Kufra section) 
are experiencing significant positive TWS 
trends (shades of yellow, orange, and red); the 
northern Kufra section is in a near-steady state, 
whereas the Dakhla subbasin is experienc­
ing a significant negative TWS trend (Fig. 3, 
shades of blue). It is worth mentioning that the 
depletion in the Dakhla subbasin is centered 
over the southern parts of the Dakhla subbasin, 

whereas in the northern sections, the areas oc­
cupied by the Pelusium megashear system and 
its surroundings, seem to be in near-steady 
conditions. A positive TWS trend is centered 
over the Khartoum area and surroundings in 
the Northern Sudan Platform subbasin and 
the southwestern boundary of the southern 
Kufra section.

Smoothed (using the Gaussian 200  km fil­
ter) and filtered (destriping applied) GRACE-
derived TWS data were used to generate a time 
series for each of the examined subbasins. The 
extracted GRACE-derived TWS time series 
was then rescaled to minimize the effects of 
smoothing and truncation. Scaling factors and 
errors associated with the scaling technique 
were calculated following the procedures de­
scribed in Sultan et al. (2013). Scaling factors 
of 2.18  ± 0.31, 1.81  ± 0.38, 1.93  ± 0.83, and 
1.96 ± 0.85 were used over the Northern Sudan 
Platform subbasin, the southern Kufra section, 
the northern Kufra section, and the Dakhla sub­
basin, respectively. The Northern Sudan Plat­
form subbasin and southern Kufra section have 
TWS trend values of +3.09 ± 1.05 mm/yr and 

+1.06 ± 0.87 mm/yr, respectively (Fig. 4). The 
northern Kufra section is experiencing a slight 
overall decline in TWS (–1.56 ± 1.04 mm/yr), 
whereas a significantly negative (–7.77 ± 0.64 
mm/yr) TWS trend is observed over the Dakhla 
subbasin, centered over east Uweinat, the New 
Valley or Tushka Project, and the Kharga, Baris, 
and Dakhla Oases (Figs. 3 and 5).

Estimating Temporal Variations in 
Groundwater Storage Over the Recharge 
and Depletion Areas

GRACE-derived TWS data have no vertical 
resolution, and GRACE cannot distinguish be­
tween anomalies resulting from different com­
ponents of TWS (i.e., surface water, ground­
water, soil moisture, snow, and biomass). For 
this reason, the simulated TWS components of 
land surface models were used to remove the 
non-groundwater components from GRACE-
derived TWS data. The following equations 
were used to estimate groundwater recharge/
depletion rates over the investigated Nubian 
Sandstone Aquifer System subbasins:

BA

DC

Figure 4. Time series and secular trends for terrestrial water storage (TWS) and groundwater storage (GWS) over 
the Northern Sudan Platform (A and B) and the southern Kufra section (C and D). 3 pma refers to three-point 
moving average.
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	 DGWS = DTWS – DSWS – DSMS,	 (1)

	 DGWS = (Rn + Ra) – (Qn + Qa),	 (2)

where, DGWS, DSWS, and DSMS represent the 
change in groundwater, surface water, and soil 
moisture storage, respectively; Qn and Qa are the 
natural and anthropogenic discharge, respec­
tively; and Rn and Ra are the natural and artifi­
cial recharge, respectively. Because there are no 
major ongoing artificial recharge projects in the 
Nubian Sandstone Aquifer System, Equation 2 
is reduced to:

	 Rn = DGWS + (Qn + Qa).	 (3)

Using SMS and SWS outputs of the Com­
munity Land Model, version 4.5 (CLM4.5; 
Oleson et al., 2013), and applying Equation 1, 
groundwater storage variations were derived 
over the four subbasins. The temporal variations 
in surface-water reservoirs (e.g., Lake Nasser 
and Tushka Lakes) of the Dakhla subbasin were 
obtained from Sultan et al. (2013). The detailed 
calculations, results, and findings are discussed 
in the following sections.

Recharge and Depletion Rates for the 
Nubian Sandstone Aquifer System 
Subbasins

Figure 4 shows the GRACE-derived TWS 
time series and secular trends over the Northern 
Sudan Platform subbasin (+3.09 ± 1.05 mm/yr; 
1.11 ± 0.37 km3/yr; Fig. 4A) and the southern 
Kufra section (+1.60  ± 0.87 mm/yr; 0.91  ± 
0.49 km3/yr; Fig. 4C). The CLM4.5-derived 
SMS trend is +0.05 mm/yr and +0.22 mm/yr 
for the Northern Sudan Platform subbasin and 
the southern Kufra section, respectively, and 
the SWS trend for the Northern Sudan Platform 
subbasin is +0.16 mm/yr. The estimated GWS 
time series and trend for the Northern Sudan 
Platform subbasin (+2.88 ± 1.05 mm/yr; 1.03 ± 
0.37 km3/yr) and for the southern Kufra section 
(1.38 ± 0.87 mm/yr; 0.78 ± 0.49 km3/yr) are dis­
played in Figures 4B and 4D, respectively.

We used the CMAP data to investigate 
whether the observed increase in TWS with time 
over the Northern Sudan Platform subbasin and 
the southern Kufra section is related to the in­
crease in the AAP over these two subbasins. The 

AAP over the Northern Sudan Platform subba­
sin throughout the investigated period is high 
(2002–2012, CMAP: 102 mm) compared to the 
preceding period (1979–2001, CMAP: 92 mm), 
and so is the case with the southern Kufra sec­
tion (2002–2012, CMAP: 80.1 mm; 1979–2001, 
CMAP: 76 mm). We calculated (using Eq. 3) the 
average annual recharge values by adding the 
reported average annual groundwater extraction 
values (Qa) for the Northern Sudan Platform sub­
basin (0.406 km3/yr; –1.13 ± 0.56 mm/yr) and 
for the southern Kufra section (0.001 km3/yr; 
–0.002  ± 0.001mm/yr; Ahmed, 2013) to their 
respective GWS trends. The natural discharge in 
both areas was considered to be negligible. The 
average annual recharge was estimated at 4.01 ± 
1.19 mm/yr (1.44 ± 0.42 km3/yr) for the North­
ern Sudan Platform subbasin and at 1.38 ± 0.87 
mm/yr (0.78  ± 0.49 km3/yr) for the southern 
Kufra section. The estimated recharge rate for 
the Northern Sudan Platform subbasin is similar 
to that obtained from groundwater flow model­
ing in the central Sudan rift basins (4–8 mm/yr; 
Abdalla, 2008) and from application of the chlo­
ride tracer method over 14 sites in central Sudan 

A B

C D

Figure 5. Time series and secular trends for terrestrial water storage (TWS) and groundwater storage (GWS) 
over the northern Kufra section (A and B) and the Dakhla subbasin (C and D). 3 pma refers to three-point 
moving average.
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(up to 5.8 mm/yr; Edmunds et al., 1988). The 
estimated recharge rate should be considered as 
an upper limit, given that no corrections were 
applied to account for impoundment of water by 
the recently erected dams, such as the Merowe 
Dam, which was constructed in 2009 in north­
ern Sudan.

Figure 5A shows the temporal variations in 
GRACE-derived TWS and the secular trend 
(–1.56  ± 1.04 mm/yr; –0.48  ± 0.32 km3/yr) 
over the Northern Kufra section. The GRACE-
derived TWS trend shows a minimal decline 
to near-steady conditions, and the CLM4.5-
derived SMS trend shows no variabilities (~0.0 
mm/yr) over the investigated period. The GWS 
time series as well as the GWS trend (–1.56 ± 
1.04 mm/yr; –0.48 ± 0.32 km3/yr) are shown in 
Figure 5B. These apparent near-steady condi­
tions in TWS and GWS are difficult to reconcile 
given the substantial extraction (0.851 km3/yr; 
–2.66  ± 1.32 mm/yr; Ahmed, 2013), which is 
comparable to that in the Dakhla subbasin. 
One explanation for these observations is that a 
south-to-north groundwater flow from recharge 
areas compensates for extraction.

Figure 5C shows the GRACE-derived TWS 
time series over the Dakhla subbasin along with 
the secular trend value. Inspection of Figure 5C 
shows a significant decline (–7.77 ± 0.64 mm/yr; 
–5.12 ± 0.42 km3/yr) in TWS over the Dakhla 
subbasin. The observed decline is not caused by 
a decrease in precipitation, given the negligible 
precipitation over the investigated period (AAP 
2002–2012, CMAP: 5 mm) and in the previous 
periods as well (1979–2001, CMAP: 9.4 mm). 
The estimated GWS time series is displayed in 
Figure 5D. To calculate the depletion rate (6.73 ± 
0.64 mm/yr; 4.44 ± 0.42 km3/yr) in the Dakhla 
subbasin, we subtracted the CLM4.5-derived 
SMS (–0.01 mm/yr) and SWS (0.1 mm/yr) 
trend values as well as the Lake Nasser (–0.45 
mm/yr; Sultan et  al., 2013) and Tushka Lake 
(–0.68 mm/yr; Sultan et al., 2013) trends from 
the GRACE-derived TWS trend. The estimated 
aquifer depletion rate (6.73  ± 0.064 mm/yr; 
4.44 ± 0.42 km3/yr) is similar to the rate (–4.32 
mm/yr; –2.85 km3/yr) obtained by summation 
of reported (Ebraheem et al., 2003; CEDARE, 
2001) average annual groundwater extraction 

(2003: –1.1 km3/yr; 2009: –2.2 km3/yr; average: 
–2.50 mm/yr; –1.65 km3/yr) and annual natural 
discharge (–1.2  km3/yr; –1.82 mm/yr; Sultan 
et al., 2007).

Conceptual Model to Account for GRACE-
Derived Mass Variations Over the Nubian 
Sandstone Aquifer System

We advocate the following conceptual 
model to explain observations extracted from 
the analysis of GRACE-derived and CLM4.5-
derived TWS data. (1) The Nubian Sandstone 
Aquifer System is receiving modern recharge 
in the southern parts (Northern Sudan Platform 
subbasin and southern Kufra section) where 
precipitation is high and the aquifer is uncon­
fined, whereas the northern parts (Dakhla sub­
basin and northern Kufra section) are receiv­
ing negligible recharge, given the paucity of 
precipitation over these areas (Figs. 1 and 2). 
(2)  The natural and anthropogenic discharges 
are largely concentrated in the northern parts 
of the Nubian Sandstone Aquifer System (e.g., 
Dakhla subbasin and northern Kufra sec­
tion; Table 1; Fig. 1). (3) The depletion in the 
Dakhla subbasin is centered over east Uweinat, 
the Tushka project, and the Kharga, Baris, and 
Dakhla Oases, the areas where most of the ex­
traction in the Western Desert occurs. (4) The 
depletion in the Dakhla subbasin is less pro­
nounced in its northern parts, the areas occupied 
by the northeast-southwest–trending Pelusium 
megashear system, which could be providing a 
preferred groundwater flow pathway from the 
Kufra to the Dakhla subbasin (Fig. 3). (5) Un­
like the northern Kufra section, the extraction 
in the Dakhla subbasin does not appear to be 
compensated for by groundwater flow from 
recharge areas in the south (Northern Sudan 
Platform subbasin), despite the fact that the re­
charge in the Northern Sudan Platform subbasin 
is approximately three to four times that in the 
southern Kufra section (Table 1). (6) The ob­
served depletion in the Western Desert is caused 
by excessive extraction that is not replenished 
by groundwater flow from the south due to the 
presence of a barrier (Uweinat-Aswan uplift) 
to groundwater flow from recharge areas in the 

south. (7) The absence of significant variations 
in GRACE TWS trends across the north-south–
trending Uweinat-Howar uplift could indicate 
that the uplift is not impeding groundwater flow 
toward the Northern Sudan Platform subbasin 
(Fig. 3).

Testing the Conceptual Model Against 
Geophysical, Field, Isotopic, and 
Chronologic Data

Mapping Depth to Basement Using Gravity 
and Field Data

Gravity data were used to map the spatial vari­
ations in the thickness of the sedimentary cover 
of the Nubian Sandstone Aquifer System and 
to investigate the connectivity of its subbasins. 
Given the large spatial extent of the Nubian 
Sandstone Aquifer System, a global Earth Grav­
ity Model (EGM2008; http://​earth​-info​.nga​.mil​
/GandG​/wgs84​/gravitymod​/egm2008/) was used 
in this study. The EGM2008 is a spherical har­
monic model of Earth’s gravitational potential 
that was developed by the National Geospatial 
Intelligence Agency. Earth’s gravitational field 
was extracted from satellite, airborne, and land 
data (Pavlis et al., 2012) and was represented in 
terms of fully normalized spherical harmonic 
decompositions (degree/order: 2159; ~10  km). 
The EGM2008 Bouguer anomalies were ex­
tracted over the Nubian Sandstone Aquifer Sys­
tem using conventional processing routines, and 
deep mantle contributions were removed using 
high-pass filters (filter width: 1000 km; Obenson, 
1974; Block et al., 2009; Fig. 6). The depth to the 
basement rocks was then extracted using two-
dimensional (2-D) models (grid size: 1° × 1°), 
where each of the 2-D models was represented 
by three layers: a top sedimentary cover (average 
density: 2.60 g/cm3; Senosy et al., 2013), a mid­
dle basement layer (average density: 2.8 g/cm3; 
Gaulier et al., 1988; Marsouk, 1988; Saleh et al., 
2006), and a lower upper-mantle layer (average 
density: 3.25 g/cm3; Gaulier et  al., 1988; Mar­
souk, 1988; Saleh et  al., 2006). Available well 
data (~2000 wells; Fig. 6; CEDARE, 2001) were 
used to constrain the extracted depth to base­
ment solutions and to interpolate these solutions 
across the entire Nubian Sandstone Aquifer Sys­

TABLE 1. PARTITIONING OF TERRESTRIAL WATER STORAGE (TWS) OVER NUBIAN SANDSTONE AQUIFER SYSTEM SUBBASINS AND SECTIONS

Subbasin/section
Qa

(mm/yr)
Qn

(mm/yr)
Rn

(mm/yr)
∆SMS

(mm/yr)
∆SWS
(mm/yr)

∆TWS
(mm/yr)

∆GWS
(mm/yr)

Northern Sudan Platform –1.13 ± 0.56 0.00 ± 0.00 +4.01 ± 1.19 +0.05 +0.16 +3.09 ± 1.05 +2.88 ± 1.05
Southern Kufra section –0.002 ± 0.001 0.00 ± 0.00 +1.38 ± 0.87 +0.22 0.00 +1.60 ± 0.87 +1.38 ± 0.87
Northern Kufra section –2.66 ± 1.32 0.00 ± 0.00 +1.10 ± 1.68 0.00 0.00 –1.56 ± 1.04 –1.56 ± 1.04
Dakhla subbasin –2.50 –1.82 0.00 –0.01 0.1 –7.77 ± 0.64 –6.73 ± 0.64
Note: Abbreviations: Qa—anthropogenic discharge, Qn—natural discharge, Rn—natural recharge, ∆SMS—change in soil moisture storage, ∆SWS—change in surface 

water storage, ∆TWS—change in terrestrial water storage, ∆GWS—change in groundwater storage. Gravity Recovery and Climate Experiment (GRACE) observations,
LSMS (Land Surface Models) outputs, and field data were used to estimate the partitioning of TWS in SWS, SMS, and GWS over areas occupied by the Nubian Sandstone 
Aquifer System and its subbasins.

http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/
http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/
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tem. The EGM2008-derived three-dimensional 
basement relief map is shown in Figure 7.

Examination of Figure 7 shows that the 
Nubian Sandstone Aquifer System sediments 
thicken (up to 7000  m) toward the Mediterra­
nean Sea coastal areas and thin (<500 m) in the 
southern parts of the Dakhla subbasin in areas 
proximal to the Uweinat-Aswan uplift. The 
uplift separates the deep intracratonic Dakhla 
subbasin from the shallow Northern Sudan Plat­
form subbasin. Along the uplift, basement rocks 
crop out and/or extend at shallow depths under 
the sedimentary cover. In the next section, we 
demonstrate, using the extracted basement relief 
map, that the groundwater flow from the south 
is obstructed along large sectors of the Uweinat-
Aswan uplift in areas where the elevation of the 

basement exceeds that of the groundwater. We 
also show that the increased depth to basement 
(average depth: 700 m) and the shallow depth 
to water table (average depth: 200  m) along 
the Uweinat-Howar uplift compared to the 
Uweinat-Aswan (average depth to water table: 
10–50 m; average depth to basement: 200  m) 
can explain why the Uweinat-Aswan uplift, 
but not the Uweinat-Howar, impedes ground­
water flow.

The basement relief map was also used to 
map the distribution of the northeast-south­
west–trending Pelusium megashear system in 
the Western Desert and eastern Libya, where 
these areas show pronounced negative Bouguer 
gravity anomalies and thickened sedimentary 
sequences (Figs. 6 and 7). Within the mega­

shear system, the thickness varies from 3 km to 
more than 4 km (Fig. 7), mostly filled by Paleo­
zoic–Lower Cretaceous sandstones in the Kufra 
subbasin and by Paleozoic–Upper Cretaceous 
sandstone in the Dakhla subbasin (Thorweihe 
and Heinl, 2002). Structures like the Pelusium 
megashear system, which are subparallel to 
groundwater flow direction, act as preferred 
pathways for groundwater flow, whereas others 
that intersect the flow at high angles impound 
groundwater up gradient (Gudmundsson, 2000; 
Babiker and Gudmundsson, 2004; Mohamed 
et al., 2015).

Spatial Variation in Head Data
As described earlier, the regional ground­

water flow in the Nubian Sandstone Aquifer 
System is from southwest to northeast (Fig. 2). 
Digital interpolation (using spline interpolation 
techniques) of the same 56 well data points that 
were used by Ball (1927) and Sandford (1935) 
revealed a similar regional gradient. However, 
significant deviations on the local scale were 
observed that we attribute to the presence of 
preferred groundwater flow pathways (Pelu­
sium megashear system) and basement uplifts 
(Uweinat-Aswan; Fig. 8).

Inspection of Figure 8 shows that ground­
water flows away from the Tibesti Mountains 
in the Kufra subbasin in a northeasterly direc­
tion along the Pelusium trend toward the Dakhla 
subbasin and in a northerly direction toward the 
Mediterranean Sea. The variations in ground­
water levels measured in the Kufra and Sirte 
basins support this suggestion (Wright et  al., 
1982). Given that the Pelusium megashear sys­
tem represents an area of concentrated and ex­
tensive brittle deformation (Neev et al., 1982), 
one would expect enhanced porosity, permeabil­
ity, and groundwater flow within, and proximal 
to, the megashear compared to its surroundings. 
Inspection of reported hydraulic conductivity 
values across the Western Desert and eastern 
Libya shows that this is indeed the case; hy­
draulic conductivities extracted from pumping 
tests conducted within, and proximal (<50 km) 
to, the megashear are high (Siwa: 3.43  × 10–4 
m/s; Abu Munqar: 2.18 × 10–4 m/s; Kufra: 0.7 × 
10–4 m/s), compared to those reported from 
the remaining areas within the Western Desert 
(Kharga: 0.29 × 10–4 m/s; Dakhla: 0.61 × 10–4 
m/s; Farafra: 0.54  × 10–4 m/s; and Bahariya: 
0.43  × 10–4 m/s; Thorweihe, 1982; El Ramly, 
1983; CEDARE, 2001; Fig. 8). The sugges­
tion that the megashear is a preferred pathway 
for groundwater flow is supported by the high 
groundwater levels within the megashear when 
compared to the levels outside it (Fig. 8).

We have shown that the general flow from the 
southern highlands to the Kufra subbasin is to the 

Figure 6. High-pass filtered Bouguer gravity anomaly map generated over Nubian Sand-
stone Aquifer System (NSAS). Also shown are the locations of cross-section A-A′ (Fig. 9) and 
the wells that were used to constrain the gravity model and the cross section.
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northeast and that toward the North Sudan Plat­
form subbasin is to the east-northeast (Fig.  8). 
We suggest that this difference in groundwater 
flow direction could be in part related to the pres­
ence of the east-west–trending Uweinat-Aswan 
uplift, which redirects the general southwest-to-
northeast groundwater flow direction to align 
with its elongation (east-northeast) as the flow 
approaches the uplift, thus impeding the south-
to-north groundwater flow toward the Dakhla 
subbasin. The uplift does not obstruct the 
south-to-north groundwater flow along its entire 
length, but allows such flow through the various 
uplift segments where the depth to basement 
exceeds that to the water table. These sugges­
tions are supported by the distribution of depth 
to basement measurements along the postulated 
extension of the uplift (Figs. 7 and 9). Figure 9 is 
a cross section that was generated using: (1) sur­
face elevation extracted from a digital elevation 
model, (2) depth to basement data extracted from 

12 wells located along, or proximal to, the pos­
tulated extension of the Uweinat-Aswan uplift, 
(3) the depth to basement map extracted from 
the basement relief map (Fig. 7), and (4) ground­
water elevation data from Ball (1927). Inspec­
tion of Figure 9 shows that the groundwater flow 
from the south is obstructed along large sectors 
of the uplift, in areas where the elevation of the 
basement exceeds that of the groundwater. This 
occurs along ~50% of the length of the uplift. 
The groundwater flow is enabled across the up­
lift through windows where the groundwater 
elevation exceeds that of the basement. Several 
such areas are observed on the cross section, the 
largest of which is sandwiched between Gebel 
Kamil and Bir Tarfawi (Fig. 9).

Isotopic and Geochronologic Data
At present, there is minimal precipitation 

over recharge areas in the Dakhla subbasin 
(Fig. 2), and thus extraction from the Dakhla 

subbasin could only be possible through south-
to-north groundwater flow from the Northern 
Sudan Aquifer and west-to-east groundwater 
flow from the Kufra subbasin. If the ground­
water flow from the south is not obstructed or 
impeded, one would expect that the isotopic 
compositions of groundwater to the north and 
south of the uplift would be similar. That is not 
the case.

Stable isotopes are used routinely to “finger­
print” the origin of water bodies, to map their 
geographic distributions, and to identify and 
quantify processes (e.g., evaporation, mixing) 
that could have affected them. High-tempera­
ture hydrothermal systems are exceptions, none 
of which were reported from the study area. 
Samples to the north of the uplift are depleted 
(average ± 1 standard deviation of 37 samples: 
d18O: –10.7‰  ± 0.9‰; dD: –80.8‰  ± 3.9‰) 
compared to those to the south of the uplift (av­
erage of seven samples: d18O: –8.6‰ ± 1.4‰; 

Figure 7. Basement relief three-dimensional image extracted over Nubian Sandstone Aquifer System showing 
thickening of the sedimentary sequences (mamsl—m above mean sea level) to the north and along the northeast-
trending Pelusium megashear.
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dD: –40.8‰ ± 5.6‰; Fig. 10; Sultan et al., 
2013). The isotopic depletions of the ground­
water north of the uplift are best explained by 
progressive condensation of water vapor from 
paleo-westerly wet oceanic air masses that trav­
eled across North Africa and operated at least as 
far back as 450,000 yr ago, whereas the enrich­
ment of the samples in the south could indicate 
mixing of Nubian fossil groundwater with mod­
ern precipitation (Sultan et al., 1997, 2013).

The observed variations in isotopic compo­
sitions across the uplift could indicate that the 
uplift is hampering the replenishment of the 
Dakhla subbasin by groundwater flow from 
the south. This suggestion is supported by the 
large differences in ages between groundwater 
samples on either side of the uplift. The ages of 
the samples north of the uplift increase progres­
sively along the groundwater flow direction. 
Krypton-81 and chlorine-36 (Sturchio et  al., 
2004; Patterson et  al., 2005) show a progres­
sion of groundwater ages away from the uplift, 
reaching ages of 680  ka in Kharga and up to 
1000 ka in the Bahariya, Bauti-1. These older 
ages contrast with those reported from areas 
south of the uplift. In those areas, young Cl-36 
ages were reported from East Uweinat (<30 ka), 

Figure 9. Schematic geological west-east cross section along the Uweinat-Aswan uplift (profile A-A′; Fig. 6) generated from well data and 
basement relief map (Fig. 7).

Figure 8. Groundwater elevation contours 
generated by interpolation (spline interpo-
lation) of head data provided by Ball (1927) 
and Sandford (1935). Also shown are the lo-
cations of wells from which the head data 
(mamsl—m above mean sea level) and hy-
draulic conductivity values were extracted. 
NSAS—Nubian Sandstone Aquifer System.
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Abu Simbel (29–35  ka), and south Aswan 
(<30 ka; Patterson et al., 2005), and young C-14 
ages (ca. 50 ka) were reported from the Selima 
and Badran areas in northern Sudan (Froehlich 
et al., 2007; Fig. 10).

CONCLUSION

Our results indicate that the southern sub­
basins are receiving appreciable precipitation 
(AAP: Northern Sudan Platform subbasin: 91 
mm/yr; southern Kufra section: 96 mm/yr). The 
average annual recharge is estimated at 4.01 ± 
1.19 mm/yr (1.44 ± 0.42 km3/yr) for the North­
ern Sudan Platform subbasin, ~4.5% of the aver­

age annual precipitation over the subbasin. For 
the southern Kufra section, the average annual 
recharge rate is estimated at 0.78 ± 0.49 km3/yr 
(1.38  ± 0.87 mm/yr). The average annual re­
charge for the two southern basins is estimated 
at 2.22 ± 0.64 km3/yr. In the northern subbasins, 
a different pattern is observed. Precipitation is 
negligible, and extraction is heavy. The deple­
tion rates over the Dakhla subbasin and northern 
Kufra section are estimated at 4.44 ± 0.42 km3/yr 
and 0.48 ± 0.32 km3/yr, respectively. These two 
estimates are consistent with reported natural 
and anthropogenic discharge.

Extraction in the northern Kufra section is ap­
parently compensated for by natural flow from 

the south. That is not the case with the Dakhla 
subbasin, especially in the southern parts, where 
groundwater flow from the south is impeded by 
the Uweinat-Aswan uplift. The northern parts of 
the Dakhla subbasin are apparently replenished 
by groundwater flow along a preferred northeast-
trending groundwater flow pathway provided by 
the extension of the Pelusium megashear system 
in the Western Desert. Along this shear zone, the 
thickened aquifer, extensive brittle deformation, 
high hydraulic conductivity, and replenishment 
by flow from the southwest make this shear zone 
a promising area for agricultural expansion and 
development. In contrast, areas proximal to, and 
north of, the Uweinat uplift are the least-prom­
ising areas, given the shallow basement, limited 
aquifer thickness (~300–800 m), and presence 
of barriers to groundwater flow from the south.

Using the Nubian Sandstone Aquifer System 
as our test site, we demonstrated that GRACE 
data can provide accurate measures for mass 
variations over large hydrologic systems that 
are difficult to accomplish otherwise. We also 
showed that GRACE data, together with other 
relevant data sets, could be used to address ques­
tions pertaining to the locations where, and the 
rates at which recharge or discharge occur, as 
well as to determine whether aquifers and their 
subbasins are in steady-state conditions or are 
being depleted—and if they are being depleted, 
to investigate whether depletion is caused by 
natural or anthropogenic factors. GRACE data 
were also used to identify barriers and preferred 
pathways for groundwater flow. All of these 
demonstrations were accomplished by verifying 
GRACE measurements and observations against 
geochemical, geochronologic, geophysical, and 
field data. The advocated conceptual model can 
be used to construct sound groundwater flow 
model(s) for the Nubian Sandstone Aquifer 
System, and the latter, upon calibration, could 
be used to further validate the advocated con­
ceptual model. Answering the questions listed 
herein for the Nubian Sandstone Aquifer Sys­
tem is critical for optimum management of the 
Nubian Sandstone Aquifer System, and, more 
importantly, for the development of replicable 
models that can be readily applied to similar 
aquifers worldwide.
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C-14: Froehlich et al., 2007) and isotopically (O, H) analyzed groundwater samples north 
and south of the Uweinat-Aswan uplift. NSAS—Nubian Sandstone Aquifer System.



Aquifer assessment using GRACE data

	 Geological Society of America Bulletin, v. 129, no. 5/6	 545

REFERENCES CITED

Abdalla, O.A.E., 2008, Groundwater discharge mechanism 
in semi-arid regions and the role of evapotranspiration: 
Hydrological Processes, v.  22, p.  2993–3009, doi:​10​
.1002​/hyp​.6872​.

Abouelmagd, A., Sultan, M., Sturchio, N.C., Soliman, F., 
Rashed, M., Ahmed, M., Kehew, A.E., Milewski, A., 
and Chouinard, K., 2014, Paleoclimate record in the 
Nubian Sandstone Aquifer, Sinai Peninsula, Egypt: 
Quaternary Research (United States), v.  81, p.  158–
167, doi:​10​.1016​/j​.yqres​.2013​.10​.017​.

Ahmed, E.H.M., 2013, Nubian Sandstone Aquifer System: 
Merit Research Journal of Environmental Science and 
Toxicology, v. 16, p. 114–118.

Ahmed, M., Sultan, M., Wahr, J., Yan, E., Milewski, A., 
Sauck, W., Becker, R., and Welton, B., 2011, Integra­
tion of GRACE (Gravity Recovery and Climate Ex­
periment) data with traditional data sets for a better 
understanding of the time-dependent water partitioning 
in African watersheds: Geology, v. 39, p. 479–482, doi:​
10​.1130​/G31812​.1​.

Ahmed, M., Sauck, W., Sultan, M., Yan, E., Soliman, F., 
and Rashed, M., 2014a, Geophysical constraints on 
the hydrogeologic and structural settings of the Gulf 
of Suez rift-related basins: Case study from the El 
Qaa Plain, Sinai, Egypt: Surveys in Geophysics, v. 35, 
p. 415–430, doi:​10​.1007​/s10712​-013​-9259​-6​.

Ahmed, M., Sultan, M., Wahr, J., and Yan, E., 2014b, The 
use of GRACE data to monitor natural and anthropo­
genic induced variations in water availability across 
Africa: Earth-Science Reviews, v.  136, p.  289–300, 
doi:​10​.1016​/j​.earscirev​.2014​.05​.009​.

Ahmed, M., Sultan, M., Yan, E., and Wahr, J., 2016, Assess­
ing and improving land surface model outputs over 
Africa using GRACE, field, and remote sensing data: 
Surveys in Geophysics, v. 37, no. 3, p. 529–556, doi:​10​
.1007​/s10712​-016​-9360​-8​.

Babiker, M., and Gudmundsson, A., 2004, The effects of 
dykes and faults on groundwater flow in an arid land: 
The Red Sea Hills, Sudan: Journal of Hydrology (Am­
sterdam), v.  297, p.  256–273, doi:​10​.1016​/j​.jhydrol​
.2004​.04​.018​.

Ball, J., 1927, Problems of the Libyan Desert: The Geographi­
cal Journal, v. 70, p. 21–38, doi:​10​.2307​/1781881​.

Block, A.E., Bell, R.E., and Studinger, M., 2009, Antarctic 
crustal thickness from satellite gravity: Implications for 
the Transantarctic and Gamburtsev Subglacial Moun­
tains: Earth and Planetary Science Letters, v.  288, 
p. 194–203, doi:​10​.1016​/j​.epsl​.2009​.09​.022​.

Bonsor, H.C., Mansour, M.M., MacDonald, A.M., Hughes, 
A.G., Hipkin, R.G., and Bedada, T., 2010, Interpreta­
tion of GRACE data of the Nile Basin using a ground­
water recharge model: Hydrology and Earth System 
Sciences Discussions, v. 7, p. 4501–4533, doi:​10​.5194​
/hessd​-7​-4501​-2010​.

Centre for the Environment and Development for the Arab 
Region and Europe (CEDARE), 2001, Regional Strat­
egy for the Utilization of the Nubian Sandstone Aqui­
fer System—Hydrogeology: Cairo, Egypt, Centre for 
the Environment and Development for the Arab Region 
and Europe, Volume II, 166 p.

Crowley, J.W., Mitrovica, J.X., Bailey, R.C., Tamisiea, M.E., 
and Davis, J.L., 2006, Land water storage within the 
Congo Basin inferred from GRACE satellite gravity 
data: Geophysical Research Letters, v. 33, p. L19402, 
doi:​10​.1029​/2006GL027070​.

Crowley, J.W., Mitrovica, J.X., Bailey, R.C., Tamisiea, M.E., 
and Davis, J.L., 2008, Annual variations in water stor­
age and precipitation in the Amazon Basin: Bounding 
sink terms in the terrestrial hydrological balance using 
GRACE satellite gravity data: Journal of Geodesy, 
v. 82, p. 9–13, doi:​10​.1007​/s00190​-007​-0153​-1​.

de Vries, J.J., and Simmers, I., 2002, Groundwater recharge: 
An overview of process and challenges: Hydrogeol­
ogy Journal, v. 10, p. 5–17, doi:​10​.1007​/s10040​-001​
-0171​-7​.

Ebraheem, A., Riad, S., Wycisk, P., and Seif ElNasr, A., 2002, 
Simulation of impact of present and future groundwater 
extraction from the non-replenished Nubian Sandstone 
Aquifer in southwest Egypt: Environmental Geology, 
v. 43, p. 188–196, doi:​10​.1007​/s00254​-002​-0643​-7​.

Ebraheem, A.M., Garamoon, H., Riad, S., Wycisk, P., 
and Seif ElNasr, A., 2003, Numerical modeling of 
groundwater resource management options in the East 
Oweinat area, SW Egypt: Environmental Geology, 
v. 44, p. 433–447, doi:​10​.1007​/s00254​-003​-0778​-1​.

Edmunds, W.M., Darling, W.G., and Kinniburgh, D.G., 
1988, Solute profile techniques for recharge estimation 
in semi-arid and arid terrain, in Simmers, I., ed., Esti­
mation of Natural Groundwater Recharge: Higham, 
UK, Reidel Publishing Co., p. 139–157.

El Ramly, L., 1983, Water Resources Study of Zone V—
Al Kufra and Sirte Basins, Socialist Peoples’ Libyan 
Arab Jamahiriya: Tripoli, Libya, Technical Report of 
the Secretariat of Agricultural Reclamation and Land 
Development, 136 p. + appendices.

Ferreira, V.G., Gong, Z., and Andam-Akorful, S.A., 2012, 
Monitoring mass changes in the Volta River basin us­
ing GRACE satellite gravity and TRMM precipitation: 
Boletim de Ciências Geodésicas, v.  18, p.  549–563, 
doi:​10​.1590​/S1982​-21702012000400003​.

Froehlich, K., Aggarwal, P.K., and Garner, W.A., 2007, An 
integrated approach in evaluating isotope data of the 
Nubian Sandstone Aquifer System (NSAS) in Egypt 
(IAEA-CN-151/147), in Proceedings, Advances in 
Isotope Hydrology and its Role in Sustainable Water 
Resources Management (IHS-2007): Vienna, Austria, 
International Atomic Energy Agency (IAEA), v. 1, 
p. 31–45.

Gaulier, J.M., Le Pichon, X., Lyberis, N., Avedik, F., Geli, 
L., Moretti, I., Deschamps, A., and Hafez, S., 1988, 
Seismic study of the crust of the northern Red Sea and 
Gulf of Suez: Tectonophysics, v. 153, p. 55–88, doi:​10​
.1016​/0040​-1951​(88)90007​-8​.

Gossel, W., Ebraheem, A.M., and Wycisk, P., 2004, A very 
large scale GIS-based groundwater flow model for the 
Nubian sandstone aquifer in Eastern Sahara (Egypt, 
northern Sudan and eastern Libya): Hydrogeology 
Journal, v.  12, p.  698–713, doi:​10​.1007​/s10040​-004​
-0379​-4​.

Gudmundsson, A., 2000, Active fault zones and groundwater 
flow: Geophysical Research Letters, v.  27, p.  2993–
2996, doi:​10​.1029​/1999GL011266​.

Haynes, C.V., and Haas, H., 1980, Radiocarbon evidence for 
Holocene recharge of groundwater, Western Desert, 
Egypt: Radiocarbon, v.  22, p.  705–717, doi:​10​.1017​
/S0033822200010079​.

Heinl, M., and Thorweihe, U., 1993, Groundwater resources 
and management in SW-Egypt, in Meisner, B., and 
Wycisk, P., eds., Geopotential and Ecology: Analysis 
of a Desert Region: Catena, v. 26, Supplement, p. 199.

Hesse, K.-H., Hissene, A., Kheir, O., Schnaecker, E., 
Schneider, M., and Thorweihe, U., 1987, Hydrogeologi­
cal investigations of the Nubian Aquifer System, Eastern 
Sahara: Berliner Geowissenschaftliche Abhandlungen, 
ser. A, v. 75, p. 397–464.

Huffman, G.J., Bolvin, D.T., Nelkin, E.J., Wolff, D.B., Adler, 
R.F., Gu, G., Hong, Y., Bowman, K.P., and Stocker, E.F., 
2007, The TRMM Multisatellite Precipitation Analysis 
(TMPA): Quasi-global, multiyear, combined-sensor 
precipitation estimates at fine scales: Journal of Hydro­
meteorology, v. 8, p. 38–55, doi:​10​.1175​/JHM560​.1​.

Kummerow, C., 1998, Beamfilling errors in passive micro­
wave rainfall retrievals: Journal of Applied Meteor­
ology, v.  37, p.  356–370, doi:​10​.1175​/1520​-0450​
(1998)037​<0356:​BEIPMR>2​.0​.CO;2​.

Leblanc, M.J., Tregoning, P., Ramillien, G., Tweed, S.O., 
and Fakes, A., 2009, Basin-scale, integrated observa­
tions of the early 21st century multiyear drought in 
southeast Australia: Water Resources Research, v. 45, 
p. W04408, doi:​10​.1029​/2008WR007333​.

Marsouk, I.A., 1988, Study of Crustal Structure of Egypt 
Deduced from Deep Seismic and Gravity Data [Ph.D. 
dissertation]: Hamburg, Germany, Hamburg Univer­
sity, 118 p.

Milewski, A., Sultan, M., Yan, E., Becker, R., Abdeldayem, 
A., Soliman, F., and Gelil, K.A., 2009, A remote sens­
ing solution for estimating runoff and recharge in arid 
environments: Journal of Hydrology (Amsterdam), 
v. 373, p. 1–14, doi:​10​.1016​/j​.jhydrol​.2009​.04​.002​.

Mohamed, L., Sultan, M., Ahmed, M., Zaki, A., Sauck, W., 
Soliman, F., Yan, E., Elkadiri, R., and Abouelmagd, A., 
2015, Structural controls on groundwater flow in base­

ment terrains: Geophysical, remote sensing, and field 
investigations in Sinai: Surveys in Geophysics, v. 36, 
no. 5, p. 717–742, doi:​10​.1007​/s10712​-015​-9331​-5​.

Mulder, G., Olsthoorn, T.N., Al-Manmi, D.A.M.A., 
Schrama, E.J.O., and Smidt, E.H., 2015, Identifying 
water mass depletion in northern Iraq observed by 
GRACE: Hydrology and Earth System Sciences, v. 19, 
p. 1487–1500, doi:​10​.5194​/hess​-19​-1487​-2015​.

Neev, D., Hall, J.K., and Saul, J.M., 1982, The Pelusium 
mega shear system across Africa and associated 
lineament swarms: Journal of Geophysical Re­
search–Solid Earth, v. 87, p. 1015–1030, doi:​10​.1029​
/JB087iB02p01015​.

Obenson, G., 1974, A 1973 gravimetric geoid of Africa: 
Geophysical Journal International, v. 37, p. 271–283, 
doi:​10​.1111​/j​.1365​-246X​.1974​.tb01238​.x​.

Oleson, K.W., Lawrence, D.M., Bonan, G.B., Flanner, M.G., 
Kluzek, E., Lawrence, P.J., Levis, S., Swenson, S.C., 
and Thornton, P.E., 2013, Technical Description of 
Version 4.0 of the Community Land Model (CLM): 
NCAR Technical Note NCAR/TN-503+STR: Boulder, 
National Center for Atmospheric Research, 422 p., doi:​
10​.5065​/D6RR1W7M​.

Papa, F., Frappart, F., Malbeteau, Y., Shamsudduha, M., 
Vuruputur, V., Sekhar, M., Ramillien, G., Prigent, C., 
Aires, F., Pandey, R.K., Bala, S., and Calmant, S., 
2015, Satellite-derived surface and sub-surface water 
storage in the Ganges–Brahmaputra River Basin: Jour­
nal of Hydrology: Regional Studies, v. 4, p. 15–35, doi:​
10​.1016​/j​.ejrh​.2015​.03​.004​.

Patterson, L.J., Sturchio, N.C., Kennedy, B.M., van Soest, 
M.C., Sultan, M., Lu, Z.-T., Lehmann, B., Purtschert, 
R., El Alfy, Z., El Kaliouby, B., Dawood, Y., and Ab­
dallah, A., 2005, Cosmogenic, radiogenic, and stable 
isotopic constraints on groundwater residence time in 
the Nubian Aquifer, Western Desert of Egypt: Geo­
chemistry, Geophysics, Geosystems, v. 6, p. Q01005, 
doi:​10​.1029​/2004GC000779​.

Pavlis, N., Holmes, S., Kenyon, S., Factor., J., 2012, The 
development and evaluation of the Earth Gravitational 
Model 2008 (EGM2008): Journal of Geophysical Re­
search, v. 117, B04406, doi:​10​.1029​/2011JB008916​.

Prell, W.L., and Kutzbach, J.E., 1987, Monsoon variability 
over the past 150,000 years: Journal of Geophysical 
Research, ser. D, Atmospheres, v.  92, p.  8411–8425, 
doi:​10​.1029​/JD092iD07p08411​.

Richey, A.S., Thomas, B.F., Lo, M.-H., Reager, J.T., 
Famiglietti, J.S., Voss, K., Swenson, S., and Rodell, 
M., 2015, Quantifying renewable groundwater stress 
with GRACE: Water Resources Research, v.  51, 
p. 5217–5238, doi:​10​.1002​/2015WR017349​.

Rodell, M., Famiglietti, J.S., Chen, J., Seneviratne, S.I., 
Viterbo, P., Holl, S., and Wilson, C.R., 2004, Basin 
scale estimates of evapotranspiration using GRACE 
and other observations: Geophysical Research Letters, 
v. 31, L20504, doi:​10​.1029​/2004GL020873​.

Rodell, M., Velicogna, I., and Famiglietti, J.S., 2009, Satel­
lite-based estimates of groundwater depletion in India: 
Nature, v. 460, p. 999–1002, doi:​10​.1038​/nature08238​.

Saleh, S., Jahr, T., Jentzsch, G., Saleh, A., and Ashour, 
N.M.A., 2006, Crustal evaluation of the northern 
Red Sea rift and Gulf of Suez, Egypt, from geophysi­
cal data: 3-dimensional modeling: Journal of Afri­
can Earth Sciences, v.  45, p.  257–278, doi:​10​.1016​/j​
.jafrearsci​.2006​.02​.001​.

Sandford, K.S., 1935, Sources of water in the north-western 
Sudan: The Geographical Journal, v. 85, p. 412–431, 
doi:​10​.2307​/1785619​.

Sarnthein, M., Tetzlaff, G., Koopmann, B., Wolter, K., and 
Pflaumann, U., 1981, Glacial and interglacial wind re­
gimes over the eastern subtropical Atlantic and north-
west Africa: Nature, v. 293, p. 193–196, doi:​10​.1038​
/293193a0​.

Scanlon, B.R., Healy, R.W., and Cook, P.G., 2002, Choosing 
appropriate techniques for quantifying groundwater re­
charge: Hydrogeology Journal, v. 10, p. 18–39, doi:​10​
.1007​/s10040​-001​-0176​-2​.

Senosy, M.M., Youssef, M.M., and Zaher, M.A., 2013, Sedi­
mentary cover in the south Western Desert of Egypt 
as deduced from Bouguer gravity and drill-hole data: 
Journal of African Earth Sciences, v. 82, p. 1–14, doi:​
10​.1016​/j​.jafrearsci​.2013​.02​.001​.



Mohamed et al.

546	 Geological Society of America Bulletin, v. 129, no. 5/6

Shamsudduha, M., Taylor, R.G., and Longuevergne, L., 2012, 
Monitoring groundwater storage changes in the highly 
seasonal humid tropics: Validation of GRACE measure­
ments in the Bengal Basin: Water Resources Research, 
v. 48, p. W02508, doi:​10​.1029​/2011WR010993​.

Simmers, I., 1997, Recharge of Phreatic Aquifers in (Semi-)
Arid Areas: International Association of Hydrogeolo­
gists (IAH) International Contributions to Hydrogeol­
ogy 19; Boca Raton, Florida, CRC Press, 240 p.

Sturchio, N.C., Du, X., Purtschert, R., Lehmann, B.E., Sul­
tan, M., Patterson, L.J., Lu, Z.-T., Müller, P., Bigler, 
T., Bailey, K., O’Connor, T.P., Young, L., Lorenzo, 
R., Becker, R., et  al., 2004, One million year old 
groundwater in the Sahara revealed by krypton-81 
and chlorine-36: Geophysical Research Letters, v. 31, 
p. L05503, doi:​10​.1029​/2003GL019234​.

Sultan, M., Sturchio, N., Hassan, F.A., Hamdan, M.A.R., 
Mahmood, A.M., El Alfy, Z., and Stein, T., 1997, Pre­
cipitation source inferred from stable isotopic com­
position of Pleistocene groundwater and carbonate 
deposits in the Western Desert of Egypt: Quaternary 
Research, v. 48, p. 29–37, doi:​10​.1006​/qres​.1997​.1907​.

Sultan, M., Sturchio, N.C., Gheith, H., Abdel Hady, Y., and 
El Anbeawy, M., 2000, Chemical and isotopic con­
straints on the origin of Wadi El-Tarfa ground water, 
Eastern Desert, Egypt: Ground Water, v.  38, p.  743–
751, doi:​10​.1111​/j​.1745​-6584​.2000​.tb02710​.x​.

Sultan, M., Yan, E., Sturchio, N., Wagdy, A., Abdel Gelil, 
K., Becker, R., Manocha, N., and Milewski, A., 2007, 
Natural discharge: A key to sustainable utilization of 
fossil groundwater: Hydrology, v. 335, p. 25–36, doi:​
10​.1016​/j​.jhydrol​.2006​.10​.034​.

Sultan, M., Metwally, S., Milewski, A., Becker, D., Ahmed, 
M., Sauck, W., Soliman, F., Sturchio, N., Wagdi, A., 
Becker, R., and Benjamin, S., 2011, Modern recharge 
to the Nubian Aquifer, Sinai Peninsula: Geochemical, 
geophysical, and modeling constraints: Journal of Hy­
drology (Amsterdam), v. 403, p. 14–24, doi:​10​.1016​/j​
.jhydrol​.2011​.03​.036​.

Sultan, M., Ahmed, M., Sturchio, N., Eugene, Y., Milewski, 
A., Becker, R., Wahr, J., Becker, D., and Chouinard, 
K., 2013, Assessment of the vulnerabilities of the Nu­

bian Sandstone Fossil Aquifer, North Africa, in Pielke, 
R.A., ed., Climate Vulnerability: Understanding and 
Addressing Threats to Essential Resources: Amster­
dam, Elsevier, Volume 5, p.  311–333, doi:​10​.1016​
/B978​-0​-12​-384703​-4​.00531​-1​.

Swenson, S., and Wahr, J., 2006, Post-processing removal of 
correlated errors in GRACE data: Geophysical Research 
Letters, v. 33, p. L08402, doi:​10​.1029​/2005GL025285​.

Syed, T.H., Famiglietti, J.S., Chen, J., Rodell, M., Senevi­
ratne, S.I., Viterbo, P., and Wilson, C.R., 2005, Total 
basin discharge for the Amazon and Mississippi River 
basins from GRACE and a land-atmosphere water bal­
ance: Geophysical Research Letters, v.  32, L24404, 
doi:​10​.1029​/2005GL024851​.

Tapley, B.D., Bettadpur, S., Ries, J.C., Thompson, P.F., and 
Watkins, M.M., 2004, GRACE measurements of mass 
variability in the Earth system: Science, v. 305, p. 503–
505, doi:​10​.1126​/science​.1099192​.

Thorweihe, U., 1982, Hydrogeologie des Dakhla Beckens 
(Ӓgypten): Berliner Geowissenschaftliche Abhandlun­
gen, ser. A, v. 38, p. 1–58.

Thorweihe, U., 1986, Isotopic identification and mass bal­
ance of the Nubian Aquifer System in Egypt, in Thor­
weihe, U., ed., Impact of Climatic Variations on East 
Saharian Groundwaters—Modelling of Large Scale 
Flow Regimes, Proceedings of a Workshop on Hydrol­
ogy: Berlin, Berliner Geowissenschaftliche Abhand­
lungen, ser. A, v. 72, p. 87–97.

Thorweihe, U., 1990, The Nubian Aquifer System, in Said, 
R., ed., The Geology of Egypt: Lisse, The Netherlands, 
Balkema, p. 601–614.

Thorweihe, U., and Heinl, M., 2002, Groundwater Re­
sources of the Nubian Aquifer System NE-Africa: 
Paris, Observatoire du Sahara et du Sahel, 23 p.

Tiwari, V.M., Wahr, J., and Swenson, S., 2009, Dwindling 
groundwater resources in northern India, from satellite 
gravity observations: Geophysical Research Letters, 
v. 36, p. L18401, doi:​10​.1029​/2009GL039401​.

Voss, K.A., Famiglietti, J.S., Lo, M., De Linage, C., Rodell, 
M., and Swenson, S.C., 2013, Groundwater depletion 
in the Middle East from GRACE with implications 
for transboundary water management in the Tigris–

Euphrates–western Iran region: Water Resources Re­
search, v. 49, p. 904–914, doi:​10​.1002​/wrcr​.20078​.

Wahr, J., Molenaar, M., and Bryan, F., 1998, Time variability 
of the Earth’s gravity field: Hydrological and oceanic 
effects and their possible detection using GRACE: 
Journal of Geophysical Research, v.  103, p.  30,205–
30,229, doi:​10​.1029​/98JB02844​.

Wouters, B., Bonin, J.A., Chambers, D.P., Riva, R.E.M., 
Sasgen, I., and Wahr, J., 2014, GRACE, time-varying 
gravity, Earth system dynamics and climate change: 
Reports on Progress in Physics, v. 77, 116801, doi:​10​
.1088​/0034​-4885​/77​/11​/116801​.

Wright, E.P., Benfield, A.C., Edmunds, W.M., and Kitching, 
R., 1982, Hydrogeology of the Kufra and Sirte basins, 
eastern Libya: Quarterly Journal of Engineering Geol­
ogy and Hydrogeology, v. 15, p. 83–103, doi:​10​.1144​
/GSL​.QJEG​.1982​.015​.02​.02​.

Xavier, L., Becker, M., Cazenave, A., Longuevergne, L., 
Llovel, W., and Filho, O.C.R., 2010, Interannual vari­
ability in water storage over 2003–2008 in the Ama­
zon Basin from GRACE space gravimetry, in situ river 
level and precipitation data: Remote Sensing of Envi­
ronment, v. 114, p. 1629–1637, doi:​10​.1016​/j​.rse​.2010​
.02​.005​.

Xie, P., and Arkin, P.A., 1997, Global precipitation: A 17-
year monthly analysis based on gauge observations, 
satellite estimates, and numerical model outputs: Bul­
letin of the American Meteorological Society, v.  78, 
p.  2539–2558, doi:​10​.1175​/1520​-0477​(1997)078​
<2539:​GPAYMA>2​.0​.CO;2​.

Yan, Z., and Petit-Maire, N., 1994, The last 140 ka in the 
Afro-Asian arid/semi-arid transitional zone: Palaeo­
geography, Palaeoclimatology, Palaeoecology, v. 110, 
p. 217–233, doi:​10​.1016​/0031​-0182​(94)90085​-X​.

Science Editor: Aaron J. Cavosie 
Associate Editor: Jeffrey Clark

Manuscript Received 20 November 2015 
Revised Manuscript Received 22 August 2016 
Manuscript Accepted 14 November 2016

Printed in the USA


	Aquifer recharge, depletion, and connectivity: Inferences from GRACE, land surface models, and geochemical and geophysical data
	ABSTRACT
	INTRODUCTION
	GEOLOGY AND HYDROGEOLOGY OF THE NUBIAN SANDSTONE AQUIFER SYSTEM
	DATA, METHODOLOGY, AND FINDINGS
	Delineation of Recharge Areas Using Satellite-Based Precipitation and Outcrop Distribution
	Extraction of Temporal Variations in GRACE-Derived TWS Data Over the Nubian Sandstone Aquifer System
	Estimating Temporal Variations in Groundwater Storage Over the Recharge and Depletion Areas
	Recharge and Depletion Rates for the Nubian Sandstone Aquifer System Subbasins
	Conceptual Model to Account for GRACE-Derived Mass Variations Over the Nubian Sandstone Aquifer System
	Testing the Conceptual Model Against Geophysical, Field, Isotopic, and Chronologic Data
	Mapping Depth to Basement Using Gravity and Field Data
	Spatial Variation in Head Data
	Isotopic and Geochronologic Data


	CONCLUSION
	ACKNOWLEDGMENTS
	REFERENCES CITED

	Equation 1
	Equation 2
	Equation 3
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table 1

