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• Identification of recharge sources and
deep aquifer response to climate vari-
ability

• Application of an integrated approach
(GRACE, geochemistry, geophysics, and
field)

• The Nubian Sandstone Aquifer System
(NSAS) in northeast Africa was used as
a test area.

• NSAS recharged by infiltration from
Lake Nasser and from precipitation in
the south

• Rapid groundwater flow from source
areas occurs along a network of faults
and karst.
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There is a general agreement that deep aquifers experience significant lag time in their response to climatic var-
iations. Analysis of Temporal Gravity Recovery and Climate Experiment (GRACE), Soil Moisture and Ocean Salin-
ity mission (SMOS), satellite altimetry, stable isotopic composition of groundwater, and precipitation and static
global geopotential models over the Nubian Sandstone Aquifer System (NSAS) revealed rapid aquifer response
to climate variability. Findings include: (1) The recharge areas of the NSAS (Northern Sudan Platform subbasin)
witnessed a dry period (2002−2012), where average annual precipitation (AAP)wasmodest (85mm) followed
by a wet period (2013–2016; AAP: 107 mm), and during both periods the AAP remained negligible (b10 mm)
over the northern parts of the NSAS (Dakhla subbasin); (2) the secular trends in terrestrial water storage
(TWS) over the Dakhla subbasin were estimated at −3.8 ± 1.3 mm/yr and + 7.8 ± 1 mm/yr for the dry and
wet periods, respectively; (3) spatial variations in TWS values and phase are consistent with rapid groundwater
flow from the Northern Sudan Platform subbasin and Lake Nasser towards the Dakhla subbasin during the wet
period and from the lake during the dry period; and (4) networks of densely fractured and karstified bedrocks
provide preferential pathways for groundwater flow. The proposed model is supported by (1) rapid response
in groundwater levels in distant wells (N280 km from source areas) and in soil moisture content in areas with
shallow (b2m) groundwater levels tofluctuations in LakeNasser surfacewater, and (2) the isotopic composition
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(O, H) of groundwater along the preferred pathways, consistent with mixing of enriched (Lake Nasser water or
precipitation over Sudan) and depleted (NSAS fossil water) endmembers. Findings provide new insights into the
response of large, deep aquifers to climate variability and address the sustainability of the NSAS and similar fossil
aquifers worldwide.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Short-lived climatic variabilities on timescales of years to decades is
believed to affect the recharge of shallow (depth to water table [DWT]
b 30 m), but not deep, aquifers (Chen et al., 2004; Healy and Cook,
2002). By contrast, the impact of climate change and climatic variabil-
ities on deep aquifer systems spans longer timescales (thousands to
tens of thousands of years; Abotalib et al., 2019; Fendorf et al., 2010;
Hanson et al., 2006; Sturchio et al., 2004) due to the length of time for
precipitation to infiltrate unsaturated soil profiles and underlying shal-
low aquifers (Dickinson et al., 2014), and for the infiltrated waters to
flow from recharge to distant discharge areas (Abotalib et al., 2019).
The response of deep aquifers to a recharge signal caused by climatic
variations is mainly constrained by the aquifer's properties
(e.g., aquifer transmissivity and storativity, thickness of clay interbeds,
and the presence of fractures, faults, and karst topography) and depths
to groundwater (Geyer et al., 2008; Goode, 1996; Seaton and Burbey,
2005; Walton, 2011). The well-established time-lag response of deep
aquifer systems has been recently challenged with reported sub-
annual deep aquifer response to short-lived climatic variabilities in the
United States (Russo and Lall, 2017) and by the presence of young
decadal-aged waters with measurable tritium within deep (N250 m)
fossil aquifers (Jasechko et al., 2017). However, the mechanism by
whichmodern precipitation infiltrates andmixeswith fossil groundwa-
ter in deep aquifers is still poorly understood. In thismanuscript, we use
data from the Gravity Recovery and Climate Experiment (GRACE) satel-
lite to document a rapid response to short-lived climatic variabilities
over a deep, extensive (area: 2 × 106 km2), fossil aquifer in northeast
Africa, the Nubian Sandstone Aquifer System (NSAS) and provide possi-
ble mechanisms for the observed rapid response.

The GRACE satellite was launched in 2002 to map the temporal var-
iations in Earth's global gravity field and mean gravity field (Tapley
et al., 2004a, 2004b). The variability in the gravity field solutions at the
time scales examined by GRACE (i.e., days to years) are largely related
to redistribution of mass at, or near, Earth's surface (Wahr et al.,
2004). GRACE measures the variability in terrestrial water storage
(TWS), which refers to the total water content for all the reservoirs
(e.g., groundwater, surface water, snow and ice, soil moisture and per-
mafrost, or wet biomass) in an area. Spherical harmonic (SH) solutions
of GRACE gravity data have been used successfully tomeasure TWS var-
iations over large hydrologic systems (Ahmed et al., 2014, 2016; Ahmed
and Abdelmohsen, 2018; Mohamed et al., 2017; Sultan et al., 2013,
2014; Wouters et al., 2014), yet their applications on subbasin scales
were hindered by their coarse spatial resolution (N125,000 km2), leak-
age problems, and the required complex post-processing steps
(Scanlon et al., 2016). Three publicly available GRACE solutions were
utilized in this study: the relatively high-resolution (hexagonal tiles
≈120 km at the equator) Release-05 (CSR-RL05M) monthly mass con-
centration (mascon) solutions (Save et al., 2016) from the Center for
Space Research at the University of Texas (UT-CSR; http://www.csr.
utexas.edu/grace), themascon solutions from the Jet Propulsion Labora-
tory (JPL; ftp://podaac-ftp.jpl.nasa.gov/allData/tellus/L3/mascon/RL05/
JPL/CRI/netcdf/) (JPL-RL05M), and the spherical harmonics of the UT-
CSR GRACE solution (CSR- RL06SH; Level 2; degree/order: 60; available
at: ftp://podaac-ftp.jpl.nasa.gov/allData/grace/L2/CSR/RL06). The mas-
con solutions are advantageous compared to the spherical harmonics
given their higher signal-to-noise ratio, higher spatial resolution, and
reduced leakage errors. Moreover, they do not require post processing
including de-striping or smoothing filtering or any scaling to compen-
sate for the attenuation of the geophysical signals caused by de-
striping (Scanlon et al., 2016; Ahmed and Abdelmohsen, 2018).

The NSAS with its simple hydrologic setting allows straightforward
interpretations of the observed temporal variations in GRACE TWS solu-
tions, a situation that does not readily apply to themore complexhydro-
logic systems worldwide. For example, recharge occurs in the southern
sections of theNSAS (Sudan and Chad), where the aquifer crops out and
where the average annual precipitation (AAP) could reach up to
1000 mm/yr locally and is minimal to absent in the northern parts
(Egypt and Libya) where precipitation is negligible (AAP: b20 mm/yr).
Using the NSAS in northeast Africa (Fig. 1), we demonstrate that
throughout the investigated period (April 2002 to June 2016), the ob-
served temporal GRACE mass variations were largely controlled by re-
charge in the south and from Lake Nasser and by the rapid and
preferential groundwater flow along complex fracture/fault systems
and karst topography. Findings were corroborated by field, geophysical,
topographic, and isotopic investigations. We would have not been able
to demonstrate these findings if we dealt with more complex systems
where precipitation and recharge are occurring across the entire
aquifer.

2. Geologic and hydrogeologic settings

The NSAS consists mainly of thick (N3 km) Paleozoic and Mesozoic
continental sandstone intercalated with marine Tertiary carbonates,
shale, and clay deposited in shallow marine and deltaic settings
(Hesse et al., 1987). The aquifer is bound by basement from the east
and south, the Devonian bedrock from the west, and by the saltwater-
freshwater interface in the north (Sultan et al., 2013). The NSAS is
formed of threemajor subbasins that are separated by basement uplifts.
The Uweinat-Aswan uplift separates the Dakhla subbasin (Egypt) from
the Northern Sudan Platform subbasin (northern Sudan) to the south,
and the Uweinat-Howar uplift separates the latter (Northern Sudan
Platform subbasin) from the Kufra subbasin (Libya, northeastern Chad,
and northwestern Sudan) to the west (Hesse et al., 1987; Fig. 1).
Along segments of these uplifts, the basement crops out or reaches
near surface elevations, yet in other segments along the length of the
uplifts, the depth to basement increases allowing groundwater flow
through these windows (Ahmed et al., 2016). The Kufra subbasin is
here subdivided into the Northern Kufra and the Southern Kufra sec-
tions that are separated by a threshold AAP line of 20 mm (Fig. 1).
Groundwater flow is generally from the southwest to the northeast,
and the aquifer is confined north of latitude 25°N but unconfined to
the south of it in the Dakhla subbasin (Ball, 1927; Sanford, 1935).

The NSAS is composed of two major hydrological units: the
sandstone-dominated Nubian aquifer system (NAS) and the overlying
carbonate-dominated post-Nubian aquifer system (PNAS; Bakhbakhi,
2006). The NSAS was largely recharged during previous pluvial periods
in the Quaternary by intensification of paleomonsoons (Prell and
Kutzbach, 1987; Sarnthein et al., 1981; Yan and Petit-Maire, 1994) or
paleowesterlies (Abouelmagd et al., 2014; Sturchio et al., 2004; Sultan
et al., 1997). At present, the aquifer is receiving modest local recharge
in the southern highlands (e.g., Gebel Darfur in Sudan and Gebel Tibesti
in Chad; Fig. 1) where the Nubian Sandstone crops out and where pre-
cipitation reaches up to 96 mm/yr.
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Fig. 1. (a) Locationmap showing the distribution of theNSAS and its subbasins (Dakhla, Kufra, andNorthern Sudan Platform), the basement uplifts (Uweinat-Aswan, Uweinat-Howar), the
20 mm AAP threshold line, and the groundwater flow direction (Ball, 1927; Sanford, 1935).
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3. Data processing

The three GRACE solutions which were applied (from April 2002
through June 2016) in this study are reported relative to a 2004–2009
mean baseline. The GRACE CSR-M solutions were derived using
Tikhonov regularization (Save et al., 2016) and were resolved on a geo-
desic grid (grid size: 1 equatorial degree) (Save et al., 2012, 2016). No
post-processing and/or filtering or application of empirical scaling fac-
tors was applied to the CSR-M or the JPL-M mascon solutions
(Watkins et al., 2015; Save et al., 2016). Given the higher signal to
noise ratio of the mascon solutions relative to the spherical harmonics
(Watkins et al., 2015; Save et al., 2016; Scanlon et al., 2016), the CSR-
M solutions were selected as the primary dataset for extracting trends
over the investigated subbasins (Rodell et al., 2018). The secular trend
in GRACE-derived TWS (GRACETWS) data was extracted by simulta-
neously fitting a trend and a seasonal term to each TWS time series.
The variations (standard deviation) in trend values extracted from all
three solutions (CSR-M, JPL-M, and CSR-SH) were considered to repre-
sent the uncertainty in the reported trend values (Scanlon et al., 2018;
Rodell et al., 2018).

The spherical harmonics data was processed by replacing GRACE-
derived C20 and degree-1 coefficients (Cheng et al., 2011; Swenson
et al., 2008) and applying the glacial isostatic adjustment (GIA) correc-
tion using the GIA model (A et al., 2013). The noise was reduced at the
basin scale by applying a destriping filter (Swenson and Wahr, 2006)
and a Gaussian (250 km radius) smoothing filter (Wahr et al., 1998;
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Swenson and Wahr, 2006). The scaling factor was applied to minimize
the attenuation in TWS signal due to the post-processing of GRACE
data (Landerer and Swenson, 2012; Long et al., 2015).

The contribution of the surface water to the Dakhla subbasin
GRACETWS was omitted by subtracting the GRACETWS of a 120 km
buffer zone surrounding Lake Nasser and the Tushka lakes (Fig. 2).
This approach not only removes the contribution of the surface
water, but also the contribution of the infiltration from the surface
water in the immediate surroundings of Lake Nasser and the Tushka
lakes. A calibrated two-dimensional groundwater flow model which
was constructed to investigate the long-term hydrologic impacts of
Lake Nasser in southwest Egypt revealed substantial infiltration in
the immediate vicinity (b30 km) of the Lake amounting to 60 km3

between years 1970 and 1984 and 40 km3 between 1987 and 2000
(Sultan et al., 2013).

The periods used for the extraction of GRACETWS trends were as fol-
lows: entire period (April 2002 through June 2016), dry (2002 through
2012), andwet (2013 through 2016) periods. The break points between
thewet and dry periodswere identified for each of the investigated sub-
basins using the Regime Shift Detection (RSD)method (Andersen et al.,
2009; Reeves et al., 2007; Rodionov, 2004; Villarini et al., 2009). The
phase image was generated by simultaneously fitting an annual cycle
(sine and cosine) and trend terms for each GRACETWS time series. The
phase for each pixel is then calculated as the time (January to
Fig. 2. Secular GRACETWS trend image (mm/yr) over the NSAS. (a) Dry period (2002–2012).
subbasin less a polygon defined by a 120 km wide buffer zone surrounding Lake Nasser an
displaying temporal variations in soil moisture content similar to those observed over Wadi El
December) during which the maximum value was reached in the ex-
tracted annual cycle.

The spatial distributions of GRACETWS trends were compared to
other relevant geologic, topographic, and hydrologic data in a geo-
graphic information system (GIS) platform to identify sources of re-
charge and preferred pathways for groundwater flow and to
investigate the aquifers' response to climate variability. The following
data sets were generated over investigated areas (e.g., subbasins) and
periods: (1) GRACETWS trend images and time series extracted from
GRACETWS (Figs. 2, 3) to identify the spatial and temporal variations in
GRACETWS; (2) Lake Nasser surface water levels (2002–2016) from
the US Department of Agriculture Foreign Agricultural Service (USDA-
FAS) global reservoir and lake monitoring database (GRLM; available
at https://www.pecad.fas.usda.gov/cropexplorer/globalreservoir/), soil
moisture data (2010 to 2016) from Soil Moisture and Ocean Salinity
(SMOS) mission data (Kerr et al., 2001), and temporal head data
(2005 to 2008) to investigate the response of groundwater levels and
soil moisture content to fluctuations in Lake Nasser surface water
(Figs. 4 and 5); (3) AAP rates and trends extracted from Tropical Rainfall
Measuring Mission (TRMM) data (Huffman et al., 2007) and correlated
with GRACE-derived products to investigate the factor(s) controlling
the observedGRACETWS variations; (4)GRACETWS phase (Fig. 6) and dif-
ference images (Fig. 7) to investigate the direction and extent of TWS
variations that are indicative ofmassmovement in dry andwet periods;
(b) Wet period (2013–2016). The red dashed line shows the distribution of the Dakhla
d the Tushka lakes. Also shown are the locations of 7 areas (outlined by black boxes)
-Batikh (Fig. 5a).

https://www.pecad.fas.usda.gov/cropexplorer/globalreservoir/


Fig. 3. GRACETWS time series over Dakhla subbasin, Northern Sudan Platform, and Northern and Southern Kufra sections.
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(5) geologic maps to extract fault traces; (6) Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE)-based global geopotential
models (GGMs) to select the model having the least deviation from
the terrestrial gravity data; (7) tilt derivative (TDR) product of the se-
lected GGM (Fig. 8(a)) to extract the subsurface extensions of the fault
Fig. 4. (a) Average monthly and annual precipitation over the Northern Sudan Platform extrac
water level (2002–2016) extracted from the GRLM database. For comparison, the GRACETWS ti
traces and tomap faults in sand-covered areas, and (8) isotopic compo-
sition for groundwater samples (Figs. 8b, 9) along the identified struc-
tures to test whether the identified structures represent preferred
pathways for groundwater flow from Lake Nasser and from the North-
ern Sudan Platform to the Dakhla subbasin.
ted from TRMM data for the dry and wet periods. (b) Time series for Lake Nasser surface
me series over the Dakhla subbasin is provided.



Fig. 5. Rapid response in groundwater level and soil moisture to fluctuations in Lake Nasser surface water levels. (a) Comparison of monthly (April 2005 to April 2008) soil moisture
content from SMOS data acquired over Wadi El-Batikh with Lake Nasser surface water levels. (b) Comparison of monitoring well data (Wells # W-2, W-5 and W-7; 2005 to 2008) in
East Uweinat area and surroundings to Lake Nasser surface water levels.

535K. Abdelmohsen et al. / Science of the Total Environment 677 (2019) 530–544
The TDR is a normalized phase derivativewithfirst-order derivatives
(Miller and Singh, 1994; Verduzco et al., 2004; Fairhead et al., 2011) and
is defined as:

Tilt derivative ¼ tan�1 VDR=THDR½ � ð1Þ

where, the VDR is the vertical derivative, and THDR is the total horizon-
tal derivative. Due to the nature of the arctan trigonometric function, all
amplitudes are restricted to values between +π/2 and−π/2 regardless
of the amplitudes of the VDR and THDR (Verduzco et al., 2004; Fairhead
et al., 2011). The TDR is independent of density since the VDR and THDR
are functions of the density of the subsurface. The derivative is a power-
ful tool to identify subsurface structural edges (not density or magneti-
zation),where the zero tilt indicates the location of rapid lateral changes
in the density of basement materials (Oruc, 2010).

We collected 21 groundwater samples from wells tapping the NSAS
in southern Dakhla subbasin for isotopic analyses (H and O; Table 1;
Figs. 8b, 9). The DWT in the sampled wells ranged from 50 to 110 m.
Thewells were pumped for aminimumof 20 to 30min before sampling
of groundwater thatwere collected in 100ml, tightly capped, polyethyl-
ene bottles. Stable isotope ratios of H and O in water were measured at
the Stable Isotope Geochemistry Lab, Western Michigan University,
USA, using Los Gatos Research (LGR) Off–Axis Integrated Cavity Output
spectroscopy (off–Axis ICOS) technology. The isotopic data for samples
are reported (Table 1) using the conventional delta (δ) notation, in units
of permil (‰) deviation relative to Vienna standard mean ocean water
(V-SMOW; Coplen, 1996), whereby

δsample ‰ ¼ Rsample=Rstandard−1
� � � 103 ð2Þ

and

R ¼ 2H=1H or18O=16O ð3Þ

For comparison purposes, we included additional reported analyses
for groundwater samples from the Western Desert (Patterson et al.,
2005; Thorweihe, 1986), and the Northern Sudan Platform
(Thorweihe, 1986), surface water samples from Lake Nasser (Aly et al.,
1993), and precipitation over the Northern Sudan Platform (Joseph
et al., 1992).



Fig. 6. The phase of the annual cycle derived from GRACETWS. (a) Phase during the dry period (2003−2012). (b) Phase during the wet period (2013–2015). The months of the year are
represented by numbers (January: 1; December: 12).
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4. Results and discussion

Fig. 2 shows the spatial distribution of the secular trends in
GRACETWS data over the NSAS and its subbasins throughout two cli-
matic periods: a dry period extending from 2002 to 2012, followed
by a wet period from 2013 to 2016. Fig. 3 shows the GRACETWS

time series over the Dakhla, the Northern Sudan Platform subbasins,
and the Kufra sections. Positive trends indicate an increase in
GRACETWS with time, and negative trends indicate the opposite
(Fig. 3 and Table 2). The Dakhla subbasin shows a depletion in
GRACETWS (−3.8 ± 1.3 mm/yr) during the period 2002 to 2012,
followed by an increase in GRACETWS of 7.8 ± 1 mm/yr during the
period 2013 to 2016. The Northern Sudan Platform shows a near-
steady state (−1.0 ± 1.2 mm/yr) during the earlier period followed
by an increase during the later period (7.4 ± 0.3 mm/yr). The South-
ern Kufra section shows patterns similar to those of the Northern
Sudan Platform, a near-steady state (−0.5 ± 1 mm/yr) during the
earlier period followed by an increase in the later period (9.1 ±
2.2 mm/yr). The Northern Kufra section shows a pattern similar to
the Dakhla subbasin, a depletion (−2.5 ± 2.2 mm/yr) followed by
an increase in GRACETWS (10.4 ± 1 mm/yr).

The observed increase in GRACETWS in the Northern Sudan Platform
and in the Southern Kufra during the wet period could be explained by
an increase in precipitation during this period. The AAP over the
Northern Sudan Platform during the wet period was high (99 mm/yr)
compared to that during the earlier dry period (78 mm/yr), an increase
of 27% (Table 2; Fig. 4(a)). A similar increase in precipitation was ob-
served over the Southern Kufra during the wet period (Table 2; AAP
for wet period: 115 mm/yr; dry period: 92 mm/yr). To the contrary,
the AAP over the Dakhla subbasin was negligible during the dry
(7.5 mm/yr) and wet periods (9.5 mm/yr), as was the precipitation
over Northern Kufra section (Table 2; AAP for wet period: 6.7 mm/yr;
dry period: 6.5mm/yr). The increase in GRACETWS over the Dakhla sub-
basin in the wet period amounted to 7.8 ± 1 mm/yr (total of 31.2 mm
throughout wet period) and over the Northern Kufra section it was
10.4 ± 1 mm/yr (total of 41.6 mm throughout wet period). Going
from the dry to the wet period, the AAP increased by 2 mm/yr (total
of 8 mm throughout wet period) over the Dakhla subbasin and by
0.2 mm/yr (total of 0.8 mm throughout wet period) over the Northern
Kufra. Previous work has shown that recharge in the Egyptian deserts
ranges from 11 to 31% of the total precipitation (Milewski et al.,
2009). Even ifwewere to assume that all the added precipitation during
thewet period ended up as recharge, we still cannot account for the ob-
served increase in GRACETWS over the Dakhla subbasin and the North-
ern Kufra section. Thus, the observed increase in GRACETWS over these
two areas during the wet period cannot be attributed to an increase in
precipitation, nor could it be due to an increase in soil moisture, given
that precipitation remained negligible throughout the investigated



Fig. 7. Difference images showing a progressive increase in TWS and mass movement during the wet period from the south to the north and from Lake Nasser to its surroundings.
(a) Difference image between the AA GRACETWS for 2013 and that for 2012. (b) Difference image between the AA GRACETWS for 2014 and that for 2012. (c) Difference image between
AA GRACETWS 2015 and that for 2012. Also shown is the 20 mm AAP threshold line and groundwater flow distances measured from the source areas (Lake Nasser and areas receiving
AAP N20 mm in Northern Sudan Platform), represented by the length of arrows.

Fig. 8. (a) TDR image showing the distribution of inferred deep-seated northwest, northeast, north-south, and east-west trending lithologic contacts and/or faults mapped along zero-tilt
lineaments (yellow colors). (b) Interpretationmap showing the distribution of fault traces and fractures (El-Hinnawi et al., 2005, 2006; GRAS, 1988). Note the correspondence of the zero-
tilt lineaments with the fault traces. The complex of intersecting structures can represent preferred pathways for groundwater flow. Also shown are the spatial distribution of color-coded
isotopic compositions for our groundwater samples (large open circles) from productive wells tapping the NSAS and reported isotopic compositions for the NSAS paleowaters from the
Western Desert (small open circles).
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Fig. 9. The isotopic composition of our samples (large open circles) plotted on a δDversus δ18O plot and compared to groundwater (small open red andpurple circles; Patterson et al., 2005;
Thorweihe, 1986) andmodern precipitation (open blue circle; mean± 1 SD) from northern Sudan (Khartoum IAEA station; Joseph et al., 1992). Also shown are the paleo meteoric water
line (MWL), δD = 8 δ18O + 6.3 (Dietzel et al., 2014) and global meteoric water line (GMWL), δD = 8 δ18O + 10 (Craig, 1961) and evaporation line for Lake Nasser (Aly et al., 1993).
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period. The observed increase in GRACETWSwill have to be related to an
increase in surface and/or groundwater storage.

There are nomajor rivers in the Northern Kufra section, and thus the
observed increase in GRACETWS in theNorthern Kufra section during the
wet period would have to be due to groundwater flow from the South-
ern Kufra section. There is onemajor river that flows in the Dakhla sub-
basin, the Nile River (Fig. 1). During the wet periods one would expect
increased runoff from the source areas in the Ethiopian highlands, im-
poundment of excess Nile River water in Lake Nasser, elevated lake
levels, and an increase in the surface water storage. Investigating the
Table 1
Locations and O and H isotopic compositions for groundwater samples from wells tapping the

Sample ID Name Area

WD7F-3 Seal PNK Lake Nasser
WD7F-4 Kurkr Lake Nasser
WD7F-5 Khor Galal Lake Nasser
WD7F-6 GW1 Lake Nasser
WD7F-7 PSK Lake Nasser
WD7F-9 Garef Hussien Lake Nasser
WD7F-23 Research Desert 2 Lake Nasser
WD7F-24 Magnetic Station Lake Nasser
WD7F-8 DW3 Lake Nasser
WD7F-11 East Oweinat 3 East Uweinat
WD7F-12 East Oweinat 5 East Uweinat
WD7F-13 East Oweinat 7 East Uweinat
WD7F-14 East Oweinat 9 East Uweinat
WD7F-15 East Oweinat 11 East Uweinat
WD7F-16 East Oweinat 12 East Uweinat
WD7F-17 East Oweinat 13 East Uweinat
WD7F-18 East Oweinat 16 East Uweinat
WD7F-19 East Oweinat 14 East Uweinat
WD7F-20 Army East Uweinat
WD7F-21 Darb Al Arbaein 1 Darb Al Arbaein
WD7F-22 Darb Al Arbaein 2 Darb Al Arbaein
time series of Lake Nasser level fluctuations for the period between
2002 and 2016 (Fig. 4(b)) indicated that indeed this is the case. We ob-
serve a progressive rise in average annual lake levels from 172m.a.m.s.l.
in 2012 to 178 m.a.m.s.l in 2015 (Fig. 4(b)) as well as an increase in its
area. Examination of the temporal Landsat thematic mapper (TM)
data over Lake Nasser revealed, that its area increased from 3622 km2

in 2012 to 4530 km2 in 2016. Likewise, GRACETWS trends for a 120 km
wide polygon centered over Lake Nasser increased from −4.1 ±
0.3 mm/yr (−0.2 ± 0.01 km3/yr) during the dry period to 8.6 ±
1.5mm/yr (0.5±0.08 km3/yr) in thewet period. Onewould also expect
NSAS in the southern parts of the Western Desert and in areas proximal to Lake Nasser.

Longitude E Latitude N δ D (‰) δ 18O (‰)

32.44000 23.5600 −50.2 −5.69
32.74091 23.98783 −70.1 −8.72
32.71683 23.77234 −76.6 −9.09
32.57000 23.39000 −79.4 −10.14
32.45000 23.50000 −77.4 −10.04
31.99975 22.81808 −72.6 −9.17
31.51756 22.53808 −81.0 −10.17
31.54392 22.49089 −84.2 −10.58
32.84366 23.34897 7.1 0.77
28.68989 22.20419 −79.5 −10.21
28.64700 22.19136 −79.7 −10.15
28.65386 22.19406 −82.2 −10.53
28.64017 22.18939 −81.5 −10.54
28.62564 22.18514 −81.1 −10.33
28.59178 22.17639 −81.5 −10.38
28.58586 22.17297 −80.6 −10.09
28.67961 22.21419 −80.4 −10.24
28.68903 22.21703 −81.0 −10.34
28.70262 22.45915 −82.4 −10.64
29.73906 22.31775 −75.1 −9.28
29.74925 22.32800 −80.7 −10.16



Table 2
Precipitation and terrestrial water storage over the NSAS throughout the dry (2002–2012) and wet (2013–2016) periods.

Area Area Dry period (2002–2012) Wet period (2013–2016)

aΔTWS bAAP aΔTWS bAAP

km2 mm/yr km3/yr mm/yr km3/yr mm/yr km3/yr mm/yr km3/yr

Dakhla sub-basin 67 × 104 −3.8 ± 1.3 −2.5 ± 0.9 7.5 5 7.8 ± 1 5.2 ± 0.7 9.5 6.4
Southern Kufra section 64 × 104 −0.5 ± 1 −0.3 ± 0.06 92 59.5 9.1 ± 2.2 5.9 ± 1.4 115 74.3
Northern Kufra section 25 × 104 −2.5 ± 2.2 −0.6 ± 0.6 6.5 1.7 10.4 ± 1 2.7 ± 0.3 6.7 1.7
Northern Sudan platform 43 × 104 −1 ± 1.2 −0.5 ± 0.6 78 34.2 7.4 ± 0.3 3.3 ± 0.1 99 43.5

a ΔTWS: Change in terrestrial water storage.
b AAP: Average Annual Precipitation.
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increased infiltration and recharge, a rise in groundwater levels, and en-
hanced down gradient groundwater flow during wet periods. Using a
calibrated two-dimensional groundwater flow model, Sultan et al.
(2013) investigated the long-term hydrologic impacts of Lake Nasser
in southwest Egypt. Their model outputs showed that during a similar
rise in Lake Nasser surface water levels (water levels: 170 m above
mean sea level [m.a.m.s.l] in 1992; 179 m.a.m.s.l in 1995) recharge in-
creased from 0.7 km3/yr to 6 km3/yr. We attribute the increase in
GRACETWS in theDakhla subbasin during thewet period to increased in-
filtration and groundwater flow from Lake Nasser and from the North-
ern Sudan as well.

We test the above-mentioned hypothesis (the nature of the source
areas) and the direction and extent of mass movement during dry and
wet periods using phase and difference images extracted from temporal
GRACETWS data. The phase diagrams display the month in which the
maximumGRACETWS valuewas attained for each pixel, in thedry period
(Fig. 6(a)), and in the wet period (Fig. 6(b)). Fig. 6(a) shows that Lake
Nasser and its surroundings, extending some 600 km to the west and
300 km to the north, attained their maximum GRACETWS values in the
month of January. To the north and northwest of these areas, phase
values transition from the month of January to February, then March
followed by April, and ending by the month of July in the extreme
northwest of the Dakhla subbasin. The observed phase over Lake Nasser
and its immediate surroundings are to be expected given that the lake
surface water levels peak in the months of December and January
(Figs. 4 and 5). One interpretation that is consistent with the observed
phase patterns during the dry period is that Lake Nasser is the main
source of recharge, with modest to minimal recharge from the south,
and that mass movement is extensive and rapid (hundreds of km/yr
along preferred directions). During the wet period, a maximum phase
is observed over Lake Nasser in the same approximate period (Decem-
ber instead of January), yet the progressive transition in phase from
LakeNasser outwards throughoutmajor sections of theDakhla subbasin
that was observed during the dry period is absent. Instead, we observe a
maximum phase over source areas in northern Sudan (south of the
20mm threshold precipitation line) during the reported peak precipita-
tion periods (August and September; Fig. 4(a)). To the north and north-
east of this area the phase transitions progressively from the months of
September/August to October, followed by November, and ends up in
December to the east and northeast of the Dakhla subbasin, where ap-
parently recharge from Lake Nasser is underway at the same approxi-
mate time period (December) in the year. One plausible interpretation
of these patterns is that during wet periods, the Dakhla subbasin re-
ceives rapid and extensive groundwater flow from the Northern
Sudan Platform and from Lake Nasser. The inferred rapid overall
groundwater flow directions in both thewet and dry periods are repre-
sented by arrows on Fig. 6. The lines satisfy a number of conditions: they
originate from the proposed sources areas, a progressive increase in
phase and decrease in amplitude is observed along their length, and
they terminate where the advocated phase transitions are disrupted.

If the advanced conceptual model is true, one would expect to ob-
serve a progressive increase in the GRACETWS downgradient from the
source areas, namely from the Southern Kufra section towards the
Northern Kufra section and from the Northern Sudan Platform and
from Lake Nasser towards the Dakhla subbasin throughout the wet pe-
riod. One way to examine these postulated spatial variations in
GRACETWS throughout thewet period is through the construction of dif-
ference images between the average annual GRACETWS (AA GRACETWS)
for: (1) 2013 and 2012 (Fig. 7(a)), (2) 2014 and 2012 (Fig. 7(b)), and
(3) 2015 and 2012 (Fig. 7(c)). Inspection of Fig. 7 shows a progressive
increase in GRACETWS and mass movement from the source areas,
namely Lake Nasser, and from northern Sudan towards the Dakhla sub-
basin. Comparison of Fig. 7(a–c) shows that by 2015, almost all the
Dakhla subbasin shows an overall increase in GRACETWS, with the larg-
est increase (N20 mm) observed over areas extending up to 400 km
from the source areas (Lake Nasser and areas south of the 20 mm AAP
threshold line; Fig. 7(c)). These distances are represented by the length
of the dashed arrows in Fig. 7(c). It is here assumed that recharge of the
NSASwill occur in areas to the south of the line but not to the north of it,
where the limited precipitation is less likely to recharge the NSAS and
more likely to be lost to evaporation. It is worth mentioning that the
groundwater flow from the Northern Sudan Platform subbasin to the
Dakhla subbasin is limited during the dry periods, given the presence
of an east-west–trending basement uplift, the Uweinat-Aswa
(Mohamed et al., 2017). Apparently, though, the flow becomes less re-
stricted during the wet periods along windows found in areas within
the uplift, where the basement is deep, the aquifer is thick. One of
these windows is found to the east of the Uweinat outcrop at the bor-
ders of Egypt, Sudan, and Libya (Fig. 1); the window is 225 km wide
(Fig. 6), the basement at this location is up to 370m deep, and the aver-
age depth to water table is 10–50 m (Mohamed et al., 2017).

Additional evidence for the advocated model comes from the rapid
response in groundwater levels in wells distant from Lake Nasser that
are located along, or proximal to, the preferred pathways for groundwa-
ter flow and by a similar rapid response in the soil moisture content
within areas characterized by near-surface groundwater levels (b2 m).
One of these areas is Wadi El-Battikh (refer to Figs. 1 and 8(b) for loca-
tion). It is located some 450 km to the west of Lake Nasser and 600 km
from thepotential source areas in northern Sudan (Fig. 1); because of its
shallow groundwater table, farmers grow watermelons in these areas.
Fig. 5(a) shows a general correspondence between the soil moisture
content inWadi El-Battikh and Lake Nasser surfacewater levels. For ex-
ample, Lake Nasser surface water levels started to rise from (170 m) in
August 2012 and peaked at 179m in April 2015; for the following three
years (2012 to 2015), soil moisture fluctuations in Wadi El Battikh
corresponded to those in Lake Nasser, but lagged by 6–8 months. The
Wadi El-Batikh area is characterized by major faults (northwest-south-
east trending faults; El-Hinnawi et al., 2005; Fig. 8(b)) where these
faults intersect the escarpment, promontories, and embayments at the-
ater head valleys, indicating groundwater discharge along the extension
of these faults (Abotalib et al., 2016). Several locationswithin theWest-
ern Desert display temporal variations in soil moisture content similar
to those observed over Wadi El-Batikh. Specifically, they show stable
or decreasing soil moisture content during the dry period followed by
an increase during the wet period. Seven of these locations are
displayed in Fig. 2b. The identified locations are all in lowlands, in
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areas where groundwater levels are shallow, and where sub-vertical,
deep-seated faults were mapped; the faults act as conduits for ascend-
ing deep groundwater within the confined sections of the NSAS
(Abotalib et al., 2016).

A similar correspondence and rapid response to fluctuations in Lake
Nasser was observed in a monitoring well (well W-2) located some
280 km to the west of Lake Nasser (Figs. 1 and 8(b)). A rise in the lake's
surface water level started in August 2005 and peaked at 179 m in Jan-
uary 2008; for the following three years (April 2005 to April 2008), fluc-
tuations in groundwater levels in well W-2 corresponded to those in
Lake Nasser, but lagged by 4–6 months (Fig. 5(b)). In contrast, two
other proximal wells (W-5 andW-7, b150 km from well W-2) showed
no response to fluctuations in Lake Nasser surface water levels (Fig. 5
(b)). One interpretation for the reported differences in monitoring
well response is that well W-2, but not wells W-5 andW-7, is probably
located along the postulated extension of the east-west trending
Kalabsha fault system, or along the extension of a northeast-trending
strand of the Pelusiam fault system (Fig. 8(b)), both considered here
to be potential preferred pathways for groundwater flow. One should
expect a general (but not a one-to-one) correspondence between the
lag time extracted from the phase analysis of GRACETWS and that ex-
tracted from the groundwater levels and soil moisture data. The former
provides the average lag time over large areas, whereas the latter re-
flects the local nature of theflowpathways that feed the examined loca-
tions. Unfortunately, very limited monitoring well data is available for
the Western desert of Egypt temporally and spatially to further test
our suggestions.

If the advocated seasonal and interannual mass movements in the
wet and dry years are valid, one would have to invoke a rapid mass
movement of hundreds of kilometers in the investigated periods. That
is difficult to reconcile if the groundwater flow was through porous
media under laminar Darcian flow, even if the media had exceptionally
high effective porosity and permeability. One way to achieve this rapid
mass movement is for groundwater flow to occur as rapid turbulent
non-Darcianflowwithin high transmissivity zoneswithin fractured sys-
tems (faults/shear zones) and karstic textures. Very high hydraulic con-
ductivities (0.01 to 1 m/s; Bear, 1972) were reported for densely
fractured bedrocks using integrated theoretical and experimental ap-
proaches. Tracer experiments in fractured aquifers indicated that
groundwater flow could attain velocities several orders of magnitude
higher than natural groundwater flow through porous media
(Lapcevic et al., 1999), and the flow velocity in the individual fractures
can be extremely high (N1m/s; Kohl et al., 1997). Such high flow veloc-
ities in fractures are maximized within areas characterized by high hy-
draulic gradients such as those surrounding dam-generated artificial
lakes (Qian et al., 2005), Lake Nasser being one of these areas (hydraulic
gradient: 0.0014; Alfaran, 2013). Groundwater flow velocities exceed-
ing 2 km/day were measured in fissured and karstic chalk aquifers in
the Hampshire Basin, south Hampshire (Atkinson & Smith, 1974).
Using a tracer test, Banks et al. (1995)measured similar high groundwa-
ter flow velocities (5.8–6.8 km/day) in a karstic system within a chalk
aquifer in Stanford Dingley, Berkshire, in southern England. They attrib-
uted these high velocities to secondary fissure flow systems developed
by preferential dissolution along discontinuities (e.g., bedding planes
and fractures) producing high transmissivity zones (Banks et al.,
1995). The advocated rapid flow for the NSAS contrasts with the much
slower flow (0.05–0.5 cm/day) within the Nubian Sandstone matrix
(Patterson et al., 2005; Sturchio et al., 2004; Sultan et al., 2013). It is
the former type of groundwater flow, not the latter, that is causing the
observed temporal and spatial variations in GRACETWS during the wet
period in the Dakhla subbasin and in the Northern Kufra section. For
this to be true, onewould expect to observe extensive networks of inter-
connected structures and/or karstic topography.

The Dakhla subbasin is dissected by sub-vertical, deep-seated base-
ment faults, many of which were reactivated by later tectonic activities
(Neev et al., 1982; Sultan et al., 2007a). These include: (1) north-south—
trending accretionary structures, (2) northwest-southeast—trending
Najd faults in the eastern sections of the Western Desert, (3) east-
west—trending Kalabsha and Seiyal fault systems in the southern
parts of the Western Desert, and (4) northeast-southwest—trending
Pelusium faults in the western sections of the Western Desert
(Hermina, 1990; Khan et al., 2014; Neev, 1975; Neev et al., 1982;
Thurmond et al., 2004). We correlated the distribution of fault traces
and fractures (El-Hinnawi et al., 2005, 2006; GRAS, 1988)with potential
fault locations extracted from TDR maps of gravity data (Oruc, 2010;
Verduzco et al., 2004). The TDR filter was applied to enhance the geo-
physical signal of the basement structures (Oruc, 2010). The TDR filter
was applied to the gravity data derived from Eigen-6C4 GGM; the latter
was found to have the least deviation (9.122 mGal) from the terrestrial
gravity data (21,262 sites) for the study area. The applied approach (se-
lection of model showing minimum deviation from terrestrial gravity
data) was adopted after Elsaka et al. (2016).

Fig. 8(a) is a TDR map for the Dakhla subbasin and surroundings
showing radian values between −1.4, 0, and +1.4. On this map the
red color reflects positive tilt values, the blue shades indicate negative
tilt values, and the yellow colors delineate areas with zero tilt. The
zero-tilt lineaments could indicate the location of lithologic contacts
and/or faults (Verduzco et al., 2004; Oruc, 2010). Also plotted on Fig. 8
are fault traces exceeding 10 km in length (El-Hinnawi et al., 2005,
2006). Fig. 8(a) shows numerous north-south, northwest-southeast,
northeast-southwest, and east-west trending linear features, and
many of the zero-tilt lineaments coincide with the mapped fault traces.
Inspection of geologic maps (e.g., Conco, 1987; El-Hinnawi et al., 2005,
2006), and our analysis of satellite imagery (Landsat TM) revealed
that large sections of the Western Desert are covered by sand dunes
and sheets, and thus fault traces were only mapped in the dune and
sand sheet-free areas (Fig. 8(b)). Approximately two-thirds of the
Dakhla subbasin is covered bymarine limestone plateauwhich extends
west of the Nile Valley (Fig. 1; Conco, 1987). The limestone outcrops are
largely formed of Cretaceous chalk and Eocene limestone, many of
which were described as having karstic features (e.g., dissolution
caves, speleothems, chalk pillars, and flowstones). They were reported
along fractures and joints west of Lake Nasser (e.g., El Gammal, 2010;
Halliday, 2003; Ruggieri, 2001; Waltham, 2001), along, and proximal
to, the road from the Farafra Oasis to the Bahariya Oasis, in the Kharga
and Siwa depressions, and from the Kurkur area (Figs. 1 and 3(b);
Aref et al., 1987; Butzer, 1965; El Gammal, 2010; Mostafa, 2013;
Ruggieri, 2001; Waltham, 2001). The high inferred groundwater flow
velocities for the NSAS is common in fractured and karstic aquifers.
These reported faults and karst systems in the Dakhla subbasin repre-
sent preferred pathways (Mohamed et al., 2017) aswell as vertical pas-
sages for groundwater connection between the NAS and the overlying
PNAS (Abotalib et al., 2019; Mohamed et al., 2017). Given the densely
mapped fault and karst networks, and building on the observations ex-
tracted from GRACE, altimetry, SMOS, andmonitoringwell data, we ad-
vocate similar systems in our study area, where extensive networks of
deep-seated fault systems and karstic topography provide preferred
and rapid pathways (or hydraulic conduits) for groundwater flow
across large sections of the Dakhla subbasin.

If our conceptualmodel is true one could expect the isotopic compo-
sition of groundwater within, or proximal to, the preferred pathways to
reflect mixing between depleted NSAS groundwater and modern wa-
ters from Lake Nasser and from precipitation over recharge areas in
the Northern Sudan Platform. The isotopic composition of the collected
sampleswere compared to those of LakeNasser surfacewater (Aly et al.,
1993), modern precipitation (mean ± 1 Standard Deviation [1S]: δD:
−10.0±15.7‰; δ18O:−2.09±2.3‰) over recharge areas in theNorth-
ern Sudan Platform (Joseph et al., 1992), and reported groundwater
composition (Patterson et al., 2005; Thorweihe, 1986) across theWest-
ern Desert (Figs. 8(b), 9). The majority of our groundwater samples
(e.g., WD7F-20, WD7F-19, WD7F-18, WD7F7-24, and WD7F-23;
Table 1, Fig. 9) had depleted isotopic compositions (δD: −84.2 to
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−80.4‰; δ18O: −10.6 to −10.1‰) that are typical of NSAS paleowater
composition (Abotalib et al., 2016; Mohamed et al., 2017; Sultan et al.,
2007b), whereas the composition of a number of our groundwater sam-
ples (e.g.,WD7F-3,WD7F-4) fromwells proximal (b30km) to LakeNas-
ser are consistent with depleted NSAS groundwater mixing with
enriched Lake Nasser water (Figs. 8(b), 9; Table 1). One of our ground-
water samples (WD7F-8) that was collected only a few kilometers west
of Lake Nasser yielded an isotopic composition (δD: 7.1‰; δ18O: 0.77‰)
that approaches that of Lake Nasser surface water (Figs. 8(b), 9).

A considerable number of groundwater samples, both ours and re-
ported by others, from East Uweinat and Darb Al Arbaein (e.g., WD7F-
21, S1, S2, and S3), approximately 200–300 km from Lake Nasser
show evidence of mixing with a more enriched endmember (Figs. 8
(b), 9). Although it is possible that the enriched samples in these two
areas received contributions from Lake Nasser through infiltration and
preferred groundwater flow along east-west trending faults and shear
zones (Fig. 8), it is also possible that the source of their modern contri-
butions is groundwater flow from the south that originated as modern
precipitation over the Northern Sudan Platform (Fig. 3). This hypothesis
is supported by the observed similarity in isotopic compositions of
enriched samples from East Uweinat and Darb Al Arbaein to samples
(e.g., S4) from northern Sudan (Figs. 8(b), 9), and by the fact that the
enriched compositions fromEast Uweinat could be explained bymixing
between depleted NSAS groundwater and precipitation over northern
Fig. 10. Block diagram showing our hydrological conceptual model for the NSAS where fault
discharge areas. The figure shows on the surface and in cross section the locations of infiltrat
AAP threshold line (green arrow) and from Lake Nasser (blue arrow), areas of natural dischar
faults and karst topography), and groundwater flow direction flow (red arrows).
Sudan (Fig. 9). Some of these enriched samples around Lake Nasser
and in East Uweinat were collected only hundreds of meters away
from others that yielded typical NSAS depleted isotopic signatures
(e.g.WDF-21, 22; Figs. 8(b), 9). One likely explanation is that the former
samples, not the latter samples, were collected from wells lying on, or
proximal to, one of the preferred groundwater flow pathways.

During the wet periods, groundwater recharge intensifies through
infiltrated precipitation in the south and through infiltration from
Lake Nasser and mixes with the extensive depleted fossil groundwater
of the NSAS. The total water reserves in the Dakhla subbasin are esti-
mated at 154,716 km3 (Bakhbakhi, 2006), whereas the combined in-
crease in GRACETWS due to the groundwater flow from Lake Nasser
and from the Northern Sudan Platform is here estimated at
~8.5 km3/yr. Thus, one should not expect to observe evidence formixing
from samples collected across the entire Dakhla subbasin. Instead, evi-
dence for mixing is likely to be detected in samples collected from
wells that are located on, or proximal to, these preferential pathways.
Examination of Fig. 3 supports this suggestion; a number of enriched
samples (e.g., WD7F-9,WD7F-3, S3; Fig. 8(b)) lie on east-west trending
faults originating at or near Lake Nasser, and others (e.g., S4, WD7F-21,
S2, S3; Fig. 8(b)) lie on north-south trending faults originating in north-
ern Sudan.

We offer a conceptual model (Fig. 10) that is consistent with the
above-mentioned field and isotopic observations and our earlier
s and karst serve as preferred groundwater flow conduits allowing groundwater flow to
ion and recharge from precipitation in the Northern Sudan Platform south of the 20 mm
ge (oases in Western Desert), preferred pathways for groundwater flow (interconnected
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GRACE-related temporal and spatial variations. We advocate that dur-
ing the dry period, Lake Nasser is the main source of recharge for the
Dakhla subbasin with modest to minimal recharge from the Northern
Sudan Platform. The lake receives on an annual basis added river flow
during the flood season (month of December/January) that increases
Lake Nasser surface water level, infiltration, recharge, and groundwater
flow from the lake to the Dakhla subbasin. During thewet periods, Lake
Nasser receives higher surface water flow compared to those received
during dry periods, leading to excessive rise in Lake Nasser surface
water level, infiltration, recharge, and groundwater flow from the lake
to the Dakhla subbasin. In contrast to the dry periods, the Dakhla subba-
sin receives in the wet period additional recharge from the south. Pre-
cipitation over the Northern Sudan Platform increases, as does
infiltration, recharge, and groundwater flow from the south (Northern
Sudan Platform) towards the Dakhla basin. During both the dry and
wet periods, groundwater flow is rapid along preferred pathways
(karst and fault-based conduit network).

causing the increase in groundwater flow and storage of groundwa-
ter in conduit network. This rapid groundwater flow, when it occurs, is
detected as an increase in GRACETWS over the Dakhla subbasin, whereas
groundwater flow in the surrounding matrix is slow resulting in little
change in matrix storage and is not responsible for the observed
GRACETWS variations in the Dakhla subbasin. We realize that none of
the individual pieces of evidence presented in this study can, on its
own, conclusively prove the validity of the advocated model, yet collec-
tively they provide substantial evidence in support of the advocated
model and merit additional investigations over aquifers of similar geo-
logic and hydrogeologic settings worldwide.

Our findings, we believe, have significant implications for
groundwater sustainability of the NSAS in general, and for the arid
sectors of the aquifer in particular. The current perception of the
aquifer as being formed entirely of non-renewable fossil water
should be revisited, even in its arid sectors (Dakhla subbasin and
Northern Kufra section).

It should be also noted that the rapid groundwater flow in re-
sponse to climatic variability observed over the NSAS and detected
from GRACE data could be common to many of the fossil aquifers
worldwide and might offer a viable explanation for the reported
modern contributions in many of the deep aquifers elsewhere.
While we believe that the response of deep aquifers to climatic var-
iations remains a relatively slow process that takes thousands to
tens of thousands of years, there is apparently a much faster re-
sponse in aquifers that are characterized by dense networks of faults,
fractures and karst as is the case with the NSAS. Examples of poten-
tial fossil aquifers which could be investigated for a similar rapid re-
sponse to climate variability include the Saharan aquifer systems in
North Africa and in the Arabian Peninsula. The largest of those aqui-
fers is the Mega Aquifer System (area: 2 × 106 km2; countries: Saudi
Arabia, Oman, United Emirates, and Jordan) and the North Western
Saharan Aquifer System (area: 1.2 × 106 km2; countries: Algeria,
Tunisia, and Libya). Additional smaller (b900 × 103 km2) Saharan
aquifers include the Iullemeden Aquifer in Mali, Niger, Nigeria,
Algeria and Benin and the Taoudeni Aquifer in Mauritania, Mali and
Burkina Faso (Abotalib et al., 2016; Othman et al., 2018).
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