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and Gunther Kletetschka 6,7

1 Astronomical Institute, Czech Academy of Sciences, Fričova 298, 251 65 Ondřejov, Czech Republic;
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Abstract: We correlate the gravity aspects (descriptors), namely the strike angles, derived from
a recent gravity field model, with the known oil, gas and groundwater deposits/reservoirs and
hypothetical paleolakes with the locations of archaeological sites. This allows us to extrapolate the
investigation, by analogy, to unknown regions. The gravity aspects, derived from the EIGEN 6C4
gravity field model, are used, together with EMAG 2 magnetic anomalies and ETOPO 1 topography
model, for the investigation of oil, gas and water deposits in Egypt. One of the gravity aspects,
s/c strike angle, is significantly combed (oriented in one direction locally) in places where the known
deposits exist. However, they are combed also in some other places. This may be used as a guide
as to where to seek new and promising deposits. Accounting for the combed strike angles and the
relationship between gravity anomalies and height differences, we reconstructed potential paleolakes
under thick sand layers in the Great Sand Sea, Western Egypt (our previous work), and between
Kharga and Toshka, Southern Egypt (this work), consistent with the known archaeological sites.

Keywords: gravity aspects; Egypt; oil and gas deposits; groundwater; paleolakes; archaeology

1. Introduction

The objective of this work is to correlate the gravity aspects (descriptors), namely the strike
angles ([1] and references therein), derived from a recent gravity field model (see below), with known
oil, gas and groundwater deposits/reservoirs and hypothetical paleolakes with archaeological sites,
and then to extrapolate, by analogy, to unexamined regions. The novel application of the specific
gravity aspects is a unique approach allowing the detection of near-surface gravity disturbances.
The use of specific gravity aspects described further in this work allows the detection of unexpected
geological and geophysical features, including the detection of rock stresses and minute density
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anomalies. Combining these signatures with the archaeology and gas and oil efforts in this region
allows new discoveries.

Each density variation under the surface (of the causative body) generates gravity variations
and an anomalous gravity signal (gravity aspect changes). We were able to detect, among others,
oil and gas localities [1,2] and/or paleolakes in the Sahara [3,4]. Thus far, archaeological sites have been
studied by exploration on the ground (field archaeology) or from the air (aerial or satellite images) [5,6].
In [1], we review discoveries of candidates of subglacial volcanoes, lakes and a lake basin, as well as
the impact craters on the surface, beneath the ice cover or on the bottom of the ocean (references in
Sections 2.1 and 3.2).

We work with the gravity anomalies ∆g but also with the Marussi tensor of the second derivatives
of the disturbing geopotential, namely with its radial component Tzz, with the gravity aspects I1 and I2

and their specific ratio I (a 2D indicator causative body), with the virtual deformations vd (they stand
for an alternative and concise representation of the Marussi tensor) and with places with more or less
one-way oriented (“combed”) vectors of the strike angles θ. All these gravity aspects should be treated
together to provide the most representative signature of the gravity sources; this approach moves
beyond the use of the traditional gravity anomaly. For definitions of the gravity aspects, explanation
of their (geo)physical meaning and examples of various geological features, see [1]—from theory to
graphical samples.

The layers of oil, gas and water in the subsurface correlate with the combed strike angles and thus
we assume that, gravitationally, this material mixture generates strike angle signatures. Moreover,
deeper or wider river valleys are indicated by the gravity aspects, including combed θ. When the
river water is filled with sediment (sand, silt, clay), the density of the combined body of fluid
(pool) and sediment still contrasts with respect to surrounding rocks due to the significant porosity
contrast; this is what we detect (if the contrast is sufficiently large). Then, the pre-existing body of water
shows negative ∆g and Tzz and specific values of the other gravity aspects, such as those observed,
for example, at the Libyan–Egyptian border in the Great Sand Sea (GSS), investigated in [4] or between
Kharga in the Western Desert of Egypt and Toshka at the Nile river (investigated here). These signals
appear to be preserved for a long time, but endogenous and exogenous forces are transporting masses
and, in the course of time, change the local gravity signal.

Locally, for this paper, we use the abbreviation TD for the “target deposit”, meaning here
hydrocarbons (oil and gas) and/or groundwater/paleolake.

In Section 2, we outline the theory, method and data that we work with. For additional details,
see [1]. In Section 3, we focus on oil and gas deposits. In Section 4, we deal with groundwater and
hypothetical paleolakes in relation to archaeological sites.

2. Notes on the Theory, Method and Data

2.1. Theory: Theoretical Preliminaries about the Strike Angles

The strike angle θ (strike directions) is one of the gravity aspects (descriptors) and is defined as
follows (see [1,3] and references therein):

tan 2θ = 2
Txy

(
Txx + Tyy

)
+ TxzTyz

T2
xx − T2

yy + T2
xz − T2

yz
= 2

−TxyTzz + TxzTyz

T2
xz − T2

yz + TZZ(TXX − TYY)
(1)

(unambiguity within a multiple of π/2); Tij are the components of the Marussi tensor (e.g., [7]),
i.e., the tensor of gravity gradients or second derivatives of the disturbing potential. These are
non-linear combinations of the harmonic geopotential coefficients (Stokes parameters), and these are
(in the form of a gravity field model) the input data for all our analyses.

The full Marussi tensor is a convenient source of information about the density anomalies of the
causative bodies, providing useful details about the underground objects located close to the Earth’s
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surface and their shape and orientation. It was tested for local features (economic minerals, oil and gas
deposits, faults, etc.), e.g., [8–10].

Mathematically, the strike angle θ is the main direction of the tensor Γ; geophysically, it may
indicate areas with lower porosity and/or stress anisotropy. For example, we observed that the strike
angles are combed inside and within a certain distance from the impact craters, owing to the impact
event [11]. Strike angle values contain information about the anisotropy, specifically about the target
material and, in some cases, about the impactor direction (they are combed perpendicular to the
impactor direction). The strike angles seem to be parallel to the weakness in the strength of the rock,
e.g., schistosity and/or presence of micro-faults. The liberation of the energy of the impactor releases
the stress of the rock along the cleavage planes, while the stress perpendicular to these planes is
maintained. This anisotropy is what is being detected by the strike angles.

The usual situation is that the strike angle θ has diverse, random directions, as projected on the
Earth’s surface. The combed strike angles are the strike angles oriented roughly in one and the same
direction in the given area (tutorial Figure 1), or creating a “halo” around the objects (e.g., around the
impact crater) (tutorial Figure 2). It is not so important in which direction combed strike angles are,
but the unidirectionality (or shaping a halo) is important. A theory for the “combed” strike angles
was explained, together with relevant empirical statistics and examples, in [12]. Under any coordinate
transformation, the Marussi tensor Γ preserves just three invariant parameters (I0, I1, I2), known as
gravity invariants:

I0 = trace (Γ) = Txx + Tyy + Tzz = 0

I1 =
(
TxxTyy + TyyTzz + TxxTzz

)
−

(
Txy

2 + Tyz
2 + Txz

2
)
=

1
2

∑
{i, j}∈{x,y,z}

(
TiiT j j − T2

i j

)
I2 = det (Γ) = (Txx(TyyTzz − Tyz

2) + Txy(TyzTxz − TxyTzz) + Txz (TxyTyz − TxzTyy).
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Figure 1. Tutorial: the strike angles θ [deg] combed (a) and chaotic (b); red color indicates their
direction to the west and blue to the east of the local meridian, respectively.

The ratio I of the two gravitational gradients I1 and I2

0 ≤ I = −
(I2/2)2

(I1/3)3 ≤ 1 (2)
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is always between zero and unity [7]. If the causative body is strictly 2D, then I equals zero; the higher
I, the “more 3D” the causative object. For oil and gas deposits, we rather expect flat (like 2D) than 3D
objects, i.e., rather smaller than higher values in the interval I <0, 1>. This is certainly not the only
possible criterion (moreover, a condition necessary but not sufficient) to detect 2D sites (see [13]).
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Figure 2. Tutorial: the strike angles are here also “combed”, but into a (semi)circular shape, creating
a “halo” (on land) around the impact crater—in this case, Chicxulub, North Yucatan (partly on land,
partly in shallow waters). The EIGEN 6C4 gravity field model was used. (a) An extensive area around
the crater with highly combed values is affected by the impact event (generating post-impact changes
concerning oil and gas deposits, groundwater, cenotes—the red dots in (b) depending on the size of
the particular crater (in turn on size and energy of the impactor) and the local material [1]. It is not by
chance that half of the impact craters known in North America possess economic minerals (e.g., [14,15]).

2.2. Other Important Information.

There are two “axioms” and one comment to mention.

(1) Warning against “short-cuts”: The gravity data indicate only geologic structures (anticlines, faults,
salt domes, etc.), any of which may occasionally contain concentrations of TD; the combed strike
angles are not directly due to gas, oil or water contained within the TD.

(2) Correlation does not imply causation: Correlation does not imply causation and therefore our
statement that our data and method are supportive for an estimation of the existence of the TD,
by definition, does not confirm (prove in the mathematical sense) the existence of the TD.

The spatial distribution of the combed strike angles may indicate a new cheap and accessible
empirical geophysical tool for the recognition of some potential oil and gas areas or water or both.
The method represents the first approximation for less accessible regions to decide to include or exclude
them from more detailed investigations, thus potentially saving money.

2.3. Method

We compute and plot the strike angles θ. The combed θ co-identify oil, gas and groundwater
deposits; these sources are often located together. Where combed, we can expect the oil and gas or
water deposits, but unfortunately not only this, because—as is well known—the gravity signal used
solely by itself does not provide a unique information. There is no direct relationship meaning that
the combed strike angles define TDs (Section 2.2). They rather indicate the changed porosity of the
local material, which may well be owing to the impact force in the case of an impact event, or they
can be combed due to geological/tectonic processes. It is evident that close cooperation with regional
specialists is always needed to resolve the local/regional problem.
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Nevertheless, the combed strike angle provides an easily accessible criterion and a simple
preliminary diagnostic tool for the respective presence of oil and gas (hydrocarbon) or groundwater
localities. They should be included in the pre-prospection phase because they can help to lower the
risk of incorrect prediction. For our results and discussion about them, see Section 3.

As for the groundwater and paleolakes, there is a negative ∆g and second radial derivative Tzz,
compression in vd inside the objects and combed θ. However, we know that the gravity signal is not
unique and that similar characteristics appear also for wide and deep river valleys, such as parts of the
Nile, canyons such as the Great Canyon, faults such as Lake Vostok, Baikal and similar, etc. (see [1]
and references therein).

The first step of our method to detect such an object is to transform the difference in the gravity
anomalies between its assumed deepest and highest place to the difference in the heights to make the
maximal estimate where the object can be located and how large/deep it might be. Sometimes, several
iterations are needed. The second step is to use a topography model and the geographic positions
of archaeological sites, leading eventually to a fine-tuning of the level, extent and shape of the object
to keep the archaeological site at its shore for the time interval in question. This also requires a few
iterations. For more details on our method, results and discussion, see Section 4.

2.4. Data: Remote Sensing and Terrestrial

2.4.1. Gravity and Magnetic Data

The input data to our analysis are the harmonic geopotential coefficients (Stokes parameters)
of the spherical harmonic expansion of the disturbing gravitational (not gravity) potential. A set of
these coefficients defines the so-called global static gravitational (gravity) field model.

We make use of the high quality, of the highest accessible precision worldwide and of the highest
resolution combined gravity models, based on satellite and terrestrial data; now, this is still the EIGEN
6C4 (European Improved Gravity model of the Earth by New techniques). This is a global but detailed
gravity field model which includes gradiometry data from the whole GOCE mission (Gravity field and
steady-state Ocean Circulation Explorer, ESA) [16]. It is expanded to degree and order (d/o) = 2190.
This corresponds to the ground half-wavelength resolution 5 × 5’ (arc minutes, arcmin) or equivalently
~9 km on the Earth’s surface. The remote data (satellite altimetry, gradiometry, other types of satellite
measurements) together with terrestrial data (gravity anomalies from gravimeters) are important
components of the gravity field models “mixed” in them in a specific way.

We have tested an experimental XGM2019e gravity field model [17], which, however, must produce
results similar to those from EIGEN 6C4 owing to the similar database. XGM2019e might be slightly
better over the oceans due to the additional measurements likely provided by altimetry satellites.
There is a version of XGM2019 to d/o ~2190 (with the ground resolution ~9 km), the same as EIGEN
6C4, and another version up to d/o = 5399 (the resolution ~4 km); we used both for a comparison.
It is impossible to guarantee that some of the fine features shown by these gravity models are not
just artefacts caused by noise [17]. For Egypt, we did not find any observable difference in most of
the gravity aspects, but we observed a total failure in the strike angles. The reason is not yet known,
but it may be due to altitude difference as the gravity field changes rapidly from the surface sources.
Therefore, we continue to work only with the EIGEN 6C4 model; we count with the ground resolution
~10 km and estimate of the external accuracy not more than 10 mGal (Ch. Förste, priv. commun.).

The magnetic anomalies—the values of magnetic induction (in nanotesla [nT]) as an additional
informative source to the gravity data/aspects—are taken from the worldwide model EMAG 2 [18].
This is a global 2’ resolution grid compiled from satellite, marine, aeromagnetic and ground surveys.
It has a ground resolution of 5–10 km (depending on the location). We also tested EMAG 3 (with a lower
resolution) but without effect for Egypt. Some parts of Egypt (central and southern areas) are without
any data in the EMAGs.
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2.4.2. Surface Topography Data

ETOPO 1 is a part of the global 1’ relief model of the Earth’s surface that integrates land topography
and ocean bathymetry from a large number of satellite measurements [19]. It is one of the global
topography models; it is used here (we chose this one among other potential models due to its
simplicity). Its precision should be σ = ±10 m in height (but not everywhere). Our experience
(over Sahara) is that the stated precision of such models is in fact only their internal precision and not
the actual external accuracy. We conservatively assume σ = ±20 m for our study areas.

2.4.3. Positions of Known Oil and Gas Deposits

First, we take data/plots (and geodetic coordinates where available) showing locations (ground
positions) of oil and gas deposits (discovered and planned for drilling or already in use) from the
literature (see Figures 3 and 4). Then (Section 3), we correlate these places with the maps of the strike
angles computed from EIGEN 6C4. We already started with such a work in Section 7.3.2 of [1].

During approximately the last ten years, a series of large natural gas discoveries in the Eastern
Mediterranean has changed how energy is used in the region (e.g., [20]). Israel now has the potential to
export gas. In the region, the most significant discoveries were the Tamar field (Israel), Leviathan fields
(Israel), Aphrodite (Cyprus), Zohar (Egypt), plus delta of the Nile (Nile Margin Reservoirs) or Suez
(Egypt) [21] (their figure 1, plus various internet sources).
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2.4.4. Archaeological Data

River valleys, lakes and/or inner seas played a vital role in human prehistory [23]. In the Western
Desert of Egypt, which is the focus of this study, permanent settlement has been confined since the
Late Holocene (after 4200 BP (BP, before present, calibrated years)) to five major oases in the northern
and central parts of the currently hyper-arid desert (Figure 5). Nevertheless, varied archaeological
evidence attests to repeated periods of greater humidity when this region, just as the entire Sahara,
was periodically habitable and regularly occupied by diverse human groups (e.g., [24,25]). The available
archaeological data can be used to test the hypothesis of the existence of paleolake and paleoriver
systems detected using the gravity signals.
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Figure 5. Where we are in Egypt: topography from ETOPO 1 together with the names of important
places to introduce the area of our study: A Abu Minqar, ABS Abu Ballas Scarp-land, AM Abu
Muhariq (Limestone) Plateau, B Bahariya, D Dakhla, Fr Farafra, Fm Faiyum, K Kharga, S Siwa, T Wadi
Toshka. Red rectangle: the area of Kharga-Toshka (TK), evaluated in this study (Section 4.3). Black dots:
areas with archaeological evidence falling within the maximum expansion of the Holocene occupation
based on [24] (their figure 3c).
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Kuper and Kröpelin [24] gathered data from 150 excavations at Holocene sites in support of their
hypothesis of the climate-controlled occupation of the Eastern Sahara (Figure 6). The locations of
archaeological sites from their phase of maximum expansion of human occupation (~9000–7300 BP; [24]
(their figure 3c)) were used in [4] to locate possible paleolakes in the northern part of the Western
Desert of Egypt (Figure 7). In this study, we limit the spatial focus to the south-eastern part of the
Egyptian Western Desert but work with more detailed archaeological data covering both Holocene
and Pleistocene occupation.
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hypothesis of the climate-controlled occupation of the Eastern Sahara (Figure 6). The locations of 
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Figure 6. Climate-controlled occupation in the Eastern Sahara during the main phases of the Holocene
after [24] (their figure 3a–d). With the abrupt arrival of monsoon rains ~10,500 BP, the hyper-arid desert
to the west of the Nile was replaced by savanna-like environments, while the Nile Valley was too moist
for occupation. After ~7300 BP, desiccation of the Egyptian Sahara began again. Redrawn following
the data from [24].
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Our research area consists of two depressions. The southern part contains the lowland between the
Kiseiba Scarp in the west (ca. 250 km west of the Nile), Eocene Limestone Plateau in the north and Wadi
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Toshka in the east (ca. 70 km west of the Nile). The current shape of this area is the result of intensive and
repeated erosion, deflation and deposition during the Pleistocene and Holocene [26,27]. The average
elevation of this area is around 240 m asl, with the desert surface gradually rising towards the south.
The surface of the lowland is dotted with numerous low-lying, internally drained and enclosed
basins with elevation well below 200 m asl [27]. The depression features evidence of occupation
during the Lower Paleolithic (~500,000–300,000 BP) and Middle Paleolithic (~175,000–70,000 BP).
Nevertheless, in consequence of major reworking of the area during the hyper-arid phase between
~70,000 BP and the beginning of the Holocene (~11,500 BP), the Pleistocene evidence is only rarely
found in situ in elevated locations [28]. The Holocene remains are mostly tied to the low-lying
basins or playas and usually attest to multiple reoccupations of the same locations (in particular,
see [27–29]). The Holocene archaeological sequence for this region consists of seven cultural units
grouped into four main periods: Early (~9500–7300 bp), Middle (~7100–6600 bp), Late (~6500–5800 bp)
and Final Neolithic (~5700–4500 bp) (“bp” refers to uncalibrated age as given in primary research
publications (in particular, [29])), followed by a brief Late Holocene occupation during a short moist
period ~3860 bp. The local Holocene climatic optimum coincides with the latter part of the Early
Neolithic (~8050–7300 bp; [29]). This depression constitutes the primary area for the testing of our
hypothesis as it offers data suitable for a controlled discussion.

The northern part of our research area contains the Kharga Oasis, a large and narrow depression
(220 km in length, 15–40 km in width) that runs north to south ca. 200 km west of the Nile. Its northern
and eastern borders are delimited by the scarps of the Egyptian Limestone Plateau at ~350 m asl.
The mean elevation of the depression itself is around 50 m asl [30,31]. Several regional projects have
brought to light here numerous Pleistocene and Holocene sites occurring in the context of spring vent
pools, lakes, playas and wadis; an established spatial and temporal pattern in the regional record of
prehistoric occupation; and nearly continuous occupation for at least the last 300,000 years thanks to
the presence of stable sources of water from artesian springs (e.g., [27,31–35]). This multiplicity of
sources of water and of archaeological data makes this oasis less suitable for testing the hypothesis. For
this reason, the Kharga Oasis is further considered a secondary area where more general correlation
with the data from the south is required.

For the purposes of correlation, we also refer to the evidence of robust Lower and Middle Paleolithic
occupations at lakeshores and at spring vents and of the ephemeral Holocene human presence at Bir
Tarfawi and Bir Sahara, two small deflational basins situated ca. 100 km west of the Kiseiba Scarp [27,36].

The archaeological sites from the Toshka-Kiseiba depression selected for this study are overviewed
in Table 1. Most of them correspond to areas with clusters of localities occupied during more than one
phase or period of prehistory. Only evidence found in situ is included for both the Pleistocene (1 area)
and Holocene (11 areas). To indicate the dating of the Holocene remains, we employ a simplified
sequence of two main periods, with one corresponding to the “reoccupation” (~10,500–9000 BP)
and “formation” (~9000–7300 BP) phases of [24] (their figure 3b,c) and the Early and Middle Neolithic
of the regional archaeological sequence, and the other to the “regionalization” phase (~7300–5500 BP)
of [24] (their figure 3d) and the Late and Final Neolithic in this region.
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Table 1. Archaeological sites from the core area between Wadi Toshka and the Kiseiba Scarp with
evidence of Holocene and Pleistocene occupation included in this study.

No. Site/Area * Active ** (BP) Latitude *** N Longitude
E

Height +

asl (m) References

1 El Adam Playa 10,500–7300 a 22◦38′32” 30◦04′46” 175 [29]

2 Bargat El-Shab Playa 10,500–7300 b

7300–5500 c 22◦24′14” 30◦37′49” 215 [37,38]

3 Kiseiba (Pleistocene) ◦ 500,000–300,000 22◦40′40” 29◦59′10” 200 [28]

4 Kiseiba (Holocene) 10,500–7300 a 22◦44′49” 30◦ 2′28” <180 [28,29]

5 El Baalad Playa 10,500–7300 b 22◦44′54” 30◦16′20” 175 [29]

6 El Gebal El Beid Playa 10,500–7300 a 22◦51′38” 30◦43′25” 160 [27,29]

7 El Gebal El Feel Playa 10,500–7300 d 22◦28′35” 29◦55′18” 200 [29]

8 El Ghorab Playa 10,500–7300 a

7300–5500 e 22◦48′38” 30◦13′09” 140 [28,29]

9 El Kortein Playa 10,500–7300 a 22◦41′19” 30◦46′15” 175 [27,29]

10 Gebel Nabta Playa 10,500–7300 b

7300–5500 e 22◦30′49” 30◦39′27” 190 [27,29]

11 Nabta Playa 10,500–7300 f

7300–5500 c 22◦31′56” 30◦44′58” 175 [27,29]

12 Ramlah Playa 10,500–7300 f

7300–5500 c 22◦41′32” 30◦30′04” 140 [39]

* Usually, a playa (the flat-floored bottom of an undrained desert basin that becomes at times a shallow lake)
with a cluster of archaeological localities along its edges or close to its center. ** Two main periods of the Holocene
occupation of the Eastern Sahara according to [24] (their figure 3b–d) and the previous study by Klokočník et al. [4],
with the earlier period overlapping with the Early (~9500–7300 bp) and Middle (~7100–6600 bp) Neolithic and the
later with the Late (~6500–5800 bp) and Final (~5700–4500 bp) Neolithic of the regional archaeological sequence [29].
*** Geodetic coordinates from Google Earth in the international WGS 84, north latitude N, east longitude E, position
of each playa preferred to that of the associated archaeological localities; presented up to arc-seconds, although this
precision is not realistic. + rounded to 5 m, accounting for the real accuracy of the topographic models available
(Section 2.4.2). italics indicate heights estimated using Google Earth. asl (m) above (present) sea level in meters.
◦ location on a small plateau ca. 20 m above surrounding terrain. a both earlier and later part of the Early Neolithic.
b only later part of the Early Neolithic (the local climatic optimum). c both Late and Final Neolithic. d only Middle
Neolithic. e only Late Neolithic. f both earlier and later part of the Early Neolithic and Middle Neolithic.

To plot the positions of the areas onto the maps presented in this study, the topographic and
cartographic data available in primary publications (see Table 1) were used to identify the locations on
Google Earth. The coordinates included in the table refer to the playas, i.e., often the lowest-lying sectors
of the basins. Where elevation (height above present sea level, asl) of the locations was not indicated in
the publications, it was estimated using Google Earth and is expressed as an average of elevations of the
playa and its shores where human settlements were usually located.

2.5. A Simple Test Model: Strength of the Gravity Signal

How large can the gravity anomalies ∆g and the radial component of the Marussi tensor Tzz be
expected to be from an oil or water pool under the surface? We need such an estimate to compare it
to the precision of EIGEN 6C4; this is not worse than 10 mGal (according to the main author of the
model, as mentioned above). Thus, the question is: is the gravity signal from oil and gas and/or a
water reservoir significantly stronger than 10 mGal?

We used our method of modeling from [40]. We assume an ideal oval oil trap (bowl upside down,
or umbrella, consisting of gas, oil and water layers, from top down) with a long axis a, short axis b,
thickness (width) c, deposited in the depth d beneath the surface (with the upper end of “umbrella”),
with a density contrast ∆ρ between the umbrella’s content and surrounding large-scale oil-bearing
strata—clay stones. We assume that the observer of these gravity signals is located on the surface at
the axis above the pool (centrically above the pool). For the shale gas, computations are done for a
basin instead of umbrella.
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The results are gathered in Table 2; these results are valid for ∆ρ = −1.5 (g/cm3); the values of
∆g and Tzz depend on ∆ρ linearly. One can see that EIGEN 6C4 is able to detect ∆g and Tzz from the
modeled oil pools well.

Table 2. The values of ∆g and Tzz modeled for various sizes, shapes and depths of a hypothetical
oil basin.

Size a × b × c (km) Depth (km) ∆g (mGal) Tzz [E]

100 × 70 × 5 2 −275 −125

3 −264 −110

50 × 30 × 5 2 −252 −188

3 −235 −162

100 × 70 × 2 2 −117 −59

3 −112 −46

50 × 30 × 2 2 −111 −90

3 −103 −69

10 × 10 × 1 2 −28 −96

It is well known, however, that in particular field conditions, the situation for TD is complex. As a
rule, in the hydrocarbon provinces occur numerous oil–gas deposits in inhomogeneous media in the
traps of different types where superposition of many alternating gravity effects is observed. Seismic
prospecting is now the most effective searching tool. Geophysical potential fields are also applicable,
but under specific conditions.

We try to contribute by a new “gravity diagnostics” using our approach with the gravity aspects;
this method, for this purpose, is a new one.

3. Observations Focused on Oil and Gas

3.1. Results: Gravity Aspects and Magnetic Anomalies for Egypt

In general, there are two thirds of oil and gas accumulation located in large anastomosing rivers
and their deltas. This is because such large river systems deposit and bury large amounts of organic
materials that eventually become oil and gas resources [41,42]. For example, the Nile is such a large
river that contributes with its sediment to the accumulation of oil and gas deposits. The Nile Valley
is between eastern (slightly higher elevation and more structurally active due to normal faulting
structures) and western Eocene limestone plateaus, both with more or less horizontal strata, with a
small regional tilt towards NNW [43]. This geology suggests that pre-existing rivers that existed in this
area were likely to flow in the NNW direction, transporting their sediment into the Mediterranean Sea,
reorganizing its bottom and contributing to its diverse tectonic history [44].

We present the gravity aspects for Northern Egypt, Sinai and surrounding countries (Israel, Jordan,
Lebanon, Cyprus, Turkey, incl. the whole Eastern Mediterranean). The ETOPO 1 topography (Figure 8)
shows a deep ocean near Zohar; Figures 9 and 10 show Tzz and vd. The most interesting are highly
combed θ for I < 0.3 (Figures 11 and 12) and I < 0.9 (this includes also deeper layers; see Figure 13).
The magnetic anomalies are shown in Figure 14.
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Figure 14. Magnetic anomalies [nT] according to the model EMAG 2.

Figure 14 shows that the regions east of the Nile delta have a clear absence of significant magnetic
anomalies; see the next section for discussion of its interpretation.

3.2. Discussion: Correlation of Oil and Gas Deposits with Combed Strike Angles

The maps with oil and gas deposits (Section 2.4.3) were plotted together with the strike angles
θ (Figure 15a–d) for the Nile delta, Mediterranean Sea, Suez/Sinai/Red Sea and Western Egypt near
Siwa to determine whether and how much the combed θ correlate with the locations of known TD.
They correlate well in all locations that we tested: any larger deposit of TD is marked by the combed θ.
This is a positive finding. Somewhat disquieting is the fact that they correlate on many further places,
often close to or being a “continuation” of known deposit sites, but the combed strike angles are also
on many other places separated from known digging spots.

This can mean two things: (1) this new method truly navigates to new places with potential TD.
However, (2) it is good to recall here the axioms from Section 2.2 explaining that the combed θ do not
automatically mean that the deposits exist there, and correlation does not mean causation. The combed
θ generally provide information about changed porosity but the reasons for this are diverse and mean
various things (for example, groundwater). Figure 12, for example, shows highly combed areas of θ
(I < 0.3) in regions of Egypt, Israel, Jordan, Saudi Arabia, Lebanon, Cyprus, regions of Turkey and
Saudi Arabia, and the Eastern Mediterranean. All these places are candidates with potential TD.

We can conclude that such maps as in Figure 15a–d (possibly with zooms) may navigate
the investigator to new possible deposits of TD. This suggests the possibility of new discoveries
and indicates that researchers should seek to investigate such localities by traditional, much more
expensive, methods.
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(c,d) The combed θ [deg], I < 0.9, known and already used deposits (triangles show localities in
preparation) for Western/Northern Egypt near Siwa (c) and for Suez/Sinai (d).

Recall that Figure 14 shows that the regions east of the Nile delta demonstrate a clear absence of
significant magnetic anomalies, which indicates that the magnetic sources are fairly deep and that the
significant thickness of material in this region is without significant concentration of magnetic materials
and/or does not contribute to a larger block of significant magnetic remanence. This is likely due to
the pre-existing deep sea floor that was being continuously filled with the sediment eroding from the
African continent. In general, the regions of less contrasting magnetic anomalies are consistent with
pre-existing impact structures [45–47].
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4. Paleolakes and Groundwater

4.1. Introduction, Method and Its Limitations

4.1.1. Introduction

Paleolakes and their implications for groundwater accumulation in the Eastern Sahara and namely
in the Great Sand Sea (GSS, Western Desert of Egypt) have been mentioned already by El-Baz [48].
He wrote (p. 60) about the drainage encompassing the GSS, about two wells drilled for petroleum
exploration near the northern edge of the GSS (p. 64) and about the relationship between sand dunes
and groundwater; we quote from p. 65: “ . . . sand was borne by water and sculptured by the wind.
It follows that areas with large accumulations of sand dunes host much groundwater beneath the
surface.” The reader can compare this conclusion with our new findings, described in this section
(namely Section 4.3) and in [4].

Paleolakes are places where long-term sedimentation has resulted in complete sediment fill of the
lake. This has been the case in many lakes that formed after the last glaciations, due to large blocks of
ice left in the glacial tilt that created landscape dimples filled with water, creating lakes. These lakes are
continuously being filled and become paleolakes [49,50]. Each paleolake has clay sediment that creates
a break in water flow in paleolake sediment volume and generally preserves the volume of water
content. Paleolake deposits can serve as a long-term water storage and determining their locations
may be useful in discovering significant sources of water bound in lake sediments of paleolakes.

4.1.2. Our Method to Detect Paleolakes

A new method, independent of all others used till now, to detect paleolakes via their gravity
signal (using the gravity aspects) has been proposed and tested in [3] for the Sahara and in [1,4]
with implications for geoscience and archaeology in the Sahara, specifically in North-Western Egypt
(GSS). The method was mentioned in Section 2; here, we provide further details.

The first step is to transform differences in the gravity anomalies to height differences to estimate
roughly where the paleolake might be located and how large/deep it might be. We make use of EIGEN
6C4 and ETOPO 1 for this purpose.

Then, taking the available archaeological literature, the positions of archaeological sites are utilized
for a fine-tuning of the lake level, extent and shape such that the known archaeological sites would
be at its shore for the given epoch. In our recent study [4], the positions of archaeological sites with
remains of Holocene occupations between ~10,500 and ~7300 BP in the Western Desert of Egypt were
utilized (following [24]). For the current study (see Section 4.3), the input data gathered in Table 1
include more detailed and more recent data for the southern part of the Egyptian Western Desert as
compared with [24].

The use of combedθ to co-predict groundwater or paleolakes and paleorivers will now be extended
outside North-Western Egypt. Here, we show, first of all, the strike angles over the entire country of
Egypt (Figure 16a). Many areas contain combed θ, as expected, including the hypothetical paleolakes in
the north-western part of the Egyptian Western Desert (Figure 16b,c). Moreover, other areas have often
combed θ; see below. We cannot exclude the presence of groundwater, oil and gas or a combination of
them (because they often appear together) in such locations. This alone would be a very interesting
result for Egypt.
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Figure 16. (a) The strike angles in Egypt (I < 0.3, with EIGEN 6C4) and important present-day sites
(blue rectangles). Wadi Toshka is shown by the red arrow. Black dots: archaeological sites based on [24]
(their figure 3c), supplemented in this study by more detailed data for Kiseiba-Toshka in Southern
Egypt (red rectangle; see Section 4.3 for the results). (b) ∆g (mGal) for Egypt with EIGEN 6C4 with
archaeological sites (black dots) and hypothetical paleolakes in the Egyptian Western Desert from [4].
The locations of the sites are based on [24] (their figure 3a–d). Here, we correlate their figure 3c (for the
epoch ~9000–7300 BP), showing the maximum expansion of the Holocene occupation west of the Nile.
(c) θ [deg], I < 0.9, for Egypt with EIGEN 6C4, together with archaeological sites and hypothetical
paleolakes in Western and Southern Egypt.

How can we proceed to estimate the position, depth, shape and extent of a hypothetical paleolake?

(1) We transform the maximum existing gravity anomaly difference in the investigated area (read from
the map of ∆g; here, from EIGEN 6C4) to the height difference. This provides a maximum estimate
of the depth when the lake is fully filled with water.

(2) We plot surface topography (here, ETOPO 1) and select a few appropriate contour lines for a
realistic range of the paleolake level estimate.

(3) We plot the known locations of archaeological sites (Table 1 in this study, and [24] in [4]) into the
maps of topography and check whether and how the sites correlate with the water. This is the
final fine-tuning of the lake level.

For complete figures, see [1,4]; one is reproduced here as Figure 16b, and one new figure is added
as Figure 16c.

4.1.3. The Limitations

We also should keep in mind the accuracy estimates of the input data that we work with to
realistically estimate how accurately we can determine the water level. This analysis may seem
unpromising and the results surprising, but we seek to avoid unfounded optimism.

(i) It is important to provide the geodetic positions of archaeological sites up to arc-seconds (as in
Table 1) because, in the real world, these are always clusters and areas, not points (we recall that 1
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arc-second is ~20 m and ~30 m on the ground in latitude and longitude, respectively). Moreover,
ordinary figures cannot utilize such high precision.

(ii) It would be inappropriate to provide heights in asl to the individual meters, because accuracy
estimates for them, derived from recent topographic models like ETOPO 1 (Section 2.4.2),
is σ = ±20 m.

(iii) We must account for a floor—say 20 m—for sand layers between Kharga-Toshka, much less than
in GSS, but certainly not zero. This means that higher values can now be achieved.

(iv) For both the Pleistocene and Holocene, we must account for fluctuations in lake levels between,
but also within, the individual phases of one and the same humid period.

Accounting for all the above, let us recall that the realistic accuracy estimate (square root of sum
of squares of (ii) and (iii)) for any paleolake level suggested by our method is ~±30 m. This is the
best possible estimate. This limitation is not a failure of the method but the result of imprecision
due to the input data. Today, there are few better tools available than Google Earth or the ETOPO 1 or
ASTER GDEM topographic models. Some authors and users too optimistically rely upon the given
data without critically evaluating their precision. This is not the case here; hopefully, this realism will
not be taken as a limitation.

4.2. Notes to the Great Sand Sea: Results and Discussion

We only recall here that it was found [4] that the locations of archaeological sites adopted from [24]
(their figure 3c) correlate with the features found from the gravity data assuming logically that the
settlements were built at paleolake borders or at rivers. Based on these findings, we suggested the
position, extent and shape of the paleolakes [1,4].

In turn, there is the possibility to excavate and locate ground potable water outside the known
oases (Siwa, Bahariya, Farafra, Dakhla, Kharga; Figure 5)—for example, directly below the thick sand
layers (to 200 m thick) in the Great Sand Sea (GSS) on the Egyptian–Libyan border. At first glance,
this appears unfeasible.

We have investigated this area in [3,4] and, here, we only outline the results about the GSS
which are useful and overlap with our new research on the Kharga-Toshka (TK) possible paleolake
(Section 4.3).

First, we recall ∆g for North-Western Egypt with contours for the hypothetical paleolakes at two
levels of ∆g differences, 15 and 30 mGals (Figure 16b); then, we present θ [deg], I < 0.9 (Figure 16c),
both together with archaeological sites from [24]. The results are as follows: (1) In contrast to the
flat topography of the GSS, there are evident and large gravity lows. (2) The strike angles are clearly
combed. In Section 4.3, we add (3) height profiles and ∆g profiles roughly from south to north along the
Egyptian–Libyan border from Gilf Kebir to Siwa for a comparison with the TK hypothetical paleolake.
The profiles exhibit up to 200 m difference, indicating the likelihood of a thick sand layer.

The GSS hypothetical paleolake contains a volume of cubic kilometers of clay and bound water.
This paleolake was filled with sediment and subsequently covered by a thick sand layer, as is its
current state, up to 200 m thick. Often, dried out lakes, playas, have surrounding topography allowing
the existence of so-called intermittent lakes and streams, which allow partial water filling during
occasional storms. In these cases, the playa often may contain an artesian well system that becomes
active shortly after the storm [51].

4.3. Hypothetical Paleolake between Kharga and Toshka

While the GSS in North-Western Egypt has recently appeared, at first glance, improbably as a
(paleo)lake or a river system or a combination of both, the “lowland” (depression, valley, long and
relatively narrow bowl) south of Kharga appears to be a very logical candidate (Figure 17a). During
wet periods, water would be gathered by gravitation. Archaeologists anticipate that there was a lake
(see below).
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(depression) (a), Δg [mGal] (b), Tzz [E] (c), and vd [–] (d). The two lowermost red points on (b) indicate 
the location of Kiseiba and Nabta discussed in this study. A Middle Pleistocene (approx. 0.5 Ma) 
overflow of the Nile to the west through Wadi Toshka was proposed to account for the findings of 
lake remnants, fossil fish and paleochannel terminations at ~250 m asl to the south (Selima) and west 
(Bir Tarfawi, Bir Sahara) of our research area [52]. Note that, now, we do not include water input from 
the Nile increased by the dam (Lake Nasser) via Toshka for the hypothetical (and recent) paleolake 
(and lakes). The Toshka endorheic lakes at φ = 23–23.5° (see Google Earth for partly independent check 
and for time series) with the height of around 150 m asl are new and artificial. Water started to flow 
here in the late 1990s through a concrete canal. Since 2006, the lakes have been shrinking rapidly. It is 
very probable that in the intervals of the “green Sahara”, the lowlands between Kharga and Toshka 
were filled, most likely repeatedly, with water.  

Figure 17. (a–d) ETOPO 1 topography (m) of the area mainly between Kharga (town) and Toshka
(depression) (a), ∆g [mGal] (b), Tzz [E] (c), and vd [–] (d). The two lowermost red points on (b) indicate
the location of Kiseiba and Nabta discussed in this study. A Middle Pleistocene (approx. 0.5 Ma)
overflow of the Nile to the west through Wadi Toshka was proposed to account for the findings of
lake remnants, fossil fish and paleochannel terminations at ~250 m asl to the south (Selima) and west
(Bir Tarfawi, Bir Sahara) of our research area [52]. Note that, now, we do not include water input from
the Nile increased by the dam (Lake Nasser) via Toshka for the hypothetical (and recent) paleolake
(and lakes). The Toshka endorheic lakes at ϕ = 23–23.5◦ (see Google Earth for partly independent check
and for time series) with the height of around 150 m asl are new and artificial. Water started to flow
here in the late 1990s through a concrete canal. Since 2006, the lakes have been shrinking rapidly. It is
very probable that in the intervals of the “green Sahara”, the lowlands between Kharga and Toshka
were filled, most likely repeatedly, with water.
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In Figure 17a–d, we show the ETOPO 1 topography, then ∆g, Tzz and vd for the area between
Kharga and Toshka, where we seek another paleolake (TK). There is a topographic bowl; there are also
local minima of ∆g and Tzz and compression in vd. There was evidently ample space for a lake/inner
sea/river system some time ago when the Sahara was green; the TK lowland was filled, probably
repeatedly, by water.

How deep and large might a hypothetical paleolake be? We will repeat the task carried out for the
GSS from [3] now for the TK.

With the relationship between the free air gravity anomaly ∆g and the relevant height difference
∆h (e.g., [53]), we obtain:

∆h [m] = ∆g/0.2667 = 3.75 ∆g [mGal],

where we take the densities of dry sand ρ = 1.4–1.7 g/cm3 and of the typical non-volcanic rock density
ρ = 2.6–2.7 (g/cm3). We seek to identify the known prehistoric settlements (squares in Figure 18e,f) at a
paleoshore. We read the difference ∆g between these dots and the largest negative anomaly in the
assumed bowl in TK. We obtain ∆g = 30–50 mGal, which corresponds to ∆h ≈ 110–190 m. This would
be the maximum possible depth (the basin fully filled by water). In reality, we may expect depths in
the order of tens of meters. Then, we add 20 m for the height above sea level of the deepest parts of the
bowl and speculative 20 m for the sand layers.
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Figure 18. (a–d) The ETOPO 1 with selected contour lines for the heights 150, 200 and 250 m asl
(a–c). We recall that the estimated external accuracy in the heights in the ETOPO 1 model is ±20 m.
The last figure (d) shows only the selected contour lines at 200, 170, 150 and 120 m asl (red for 200 m,
pink for 120 m). (e,f) The position and extent of the huge hypothetical paleolake(s) between Kharga
and Toshka, Southern Egypt (TK), versus ETOPO 1 topography and ∆g (EIGEN 6C4). The squares
show archaeological sites from Table 1. The blue dots on (e) are for the main modern Toshka lakes
(or their present remnants).
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For an easy orientation in the problem to reconstruct the paleolake, we used ∆g from Figure 17b
and added the contour lines for 150, 200 and 250 m asl from the topography in Figure 17a. The result
is presented in Figure 18a–c. The contour lines separately without the topography are shown in
Figure 18d for 200, 170, 150 and 120 m asl. Large expanses at 250 and 200 m are replaced by the
break-up of one large lake (its shallower southern part) into a few smaller lakes at 170 and 150 m asl
and, finally, at 120 m, only the northern deeper zone remains with water.

Figure 18e,f show the position and extent of the hypothetical paleolake based on the assumptions
and estimates. The paleolake would include five of the endorheic Toshka lakes from the late 1990s
at ϕ = 23–23.5◦ formed due to anthropogenic diversion of the water from Lake Nasser via the Sadat
Canal (Figures 18e and 19; Google Earth permits an independent check of the time series satellite
images showing the progressive shrinking of the lakes) and the large depression of the Kharga Oasis.
The paleolake would be huge. Its northern part (within Kharga) would be the deepest. The southern,
shallower part would be more prone to water level variations and desiccation.
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Figure 19. The positions of modern excavated wells (black dots) in the southern part of the Western
Desert, indicating the location of known present-day groundwater. 1—Bir Abu Hussein, 2—Bir El-Shab,
3—Bir Ayed, 4—Bir Dibis, 5—Bir Kiseiba, 6—Bir Kurayim, 7—Bir Misaha, 8—Bir Murr, 9—Bir Nakhlai,
10—Bir Safsaf, 11—Bir Sahara, 12—Bir Tarfawi, 13—Bir Takhlis (locations plotted using the coordinates
at [54]. The present-day Toshka lakes are shown as blue dots (the same as in Figure 18e).

The available archaeological data from the Toshka-Kiseiba depression allow us to test the hypothesis
of the existence of a large lake in the southern part of the Western Desert of Egypt and to attempt to
constrain its extent and position. Figure 18e shows all 12 sites from Table 1 plotted onto the map, with the
ETOPO 1 topography showing the position and extent of the hypothetical lake at 200 m asl and the
contour lines for 170, 150 and 120 m asl. Of the sites, two Holocene locations (nos. 2, 7) are situated away
from the 200-meter contour and the shore of the hypothetical lake. Three sites (nos. 3, 4, 10), including
the only Pleistocene (Lower Paleolithic, no. 3) location, are positioned near the 200-meter contour (at 200,
<180 and 190 m asl, respectively). The remaining seven sites, all of Holocene dating, are located between
the 200- and 170-meter contours, with three areas (nos. 5, 6, 9) positioned close to and two (nos. 8, 12)
even below the 170-meter contour. This distribution rules out a Holocene age for a large lake at 200 m
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asl, as most of the settlements would end up submerged by its waters. For this period, one may allow
only for the existence of a smaller lake—or, rather, a system of lakes—in the southern section of the area
of interest, with the water levels reaching generally between ~170 and ~180 m asl.

Despite the clear correlation of many (if not all) Holocene occupation areas with the proposed
height of the water level of the hypothetical lake(s) at ~170 and ~180 m asl, diverse evidence suggests
variation in the lake levels on diverse scales during the Holocene. First, there are clear long-term
changes in the availability of water between the Early and Middle Holocene (see Table 1). In the former
period (before 8200 BP), there is an increase in the number of occupied sites from seven in the earlier
phase (~9500–8200 bp) to ten during the local climatic optimum (~8050–7300 bp). This increase is
accompanied by a shift from seasonal occupation by mobile foragers in the earlier phase to reduced
mobility and stabilization of the settlement system (large settlements, wells) and intensified use of
local resources (plant foods, storage) by intensive collectors in the later phase. In addition to the
explored localities, the later phase of the Early Neolithic is attested at numerous unexplored basins
and represents the most common Holocene occupation in the depression [29]. In the Middle Holocene
(after 8200 BP), settlements are rare during the Middle Neolithic (~7100–6600 bp) and include only two
more substantial and other smaller occupations left behind by highly mobile mixed pastoralists in three
basins (nos. 7, 11, 12), but the evidence is difficult to evaluate due to severe aeolian erosion after this
humid phase. Subsequently, there is a clear reduction in settlement between the Late (~6500–5800 bp)
and Final (~5700–4500 bp) Neolithic between Kiseiba and Toshka from west to east, towards the Nile,
with only three basins of five reoccupied during the latter phase. The characteristic of the remains
(mostly short-lived camps) in these three basins (nos. 2, 11, 12) suggests a rather mobile lifestyle,
with the locations serving as fixed points in otherwise mobile landscapes and as places of ceremonies
(Nabta Playa) and burials (Ramlah Playa) for otherwise dispersed communities [29,55]. All three are
located at different elevations (see Table 1), and it is possible that the presence of a conspicuous mountain
(gebel in Arabic) in each of these areas (Bargat El-Shab, Gebel Nabta, Gebel Ramlah, respectively)
might have been decisive for the selection of these areas for occupation in addition to the presence of
subsurface water. For the first time during the Final Neolithic, small artefact concentrations attest to
ephemeral occupation also in the vicinity of the modern wells (bir in Arabic) at Bir Tarfawi and Bir
Sahara and near Bir Safsaf situated further to the west (see Figure 19 for the locations of these wells).

Second, there was a medium-term variation in the levels of the lake(s), with expansion of the lake(s)
during the humid interphases (each lasting between ~350 and 1200 years) and their contraction (or even
desiccation) during the arid phases of 100 to 150 years that punctuate the regional chronostratigraphic
sequence [29]. Furthermore, the presence of remains of occupation from the same phase both near the
edges of the playas and close to the centers of the playas and on the playa silts, where they could be
placed only after (partial) contraction of the lake(s), suggests short-term fluctuations within individual
humid phases, related both to differences between wet and dry parts of each year as well as inter-annual
variation in the amount of rainfall [27,29].

Although the Early and Middle Holocene was a period of a substantial climatic amelioration
(as compared with the late Upper Pleistocene and most of the Late Holocene), it was still comparatively
dry, with annual precipitation equating to 100–200 mm even during the climatic optimum [29]. Rains
constituted the main source of water for the playa lakes which occupied the low-lying deflational basins
that dot the surface of the Kiseiba-Toshka depression and which drained comparatively large areas
in some cases (e.g., Nabta Playa, ca. 1500 km2). In this connection, the absence of Early and Middle
Holocene sediments and any substantial occupations at Bir Sahara and Bir Tarfawi, two deflational
basins with evidence of robust occupation during the Lower and Middle Paleolithic [27], could be
of interest. Nevertheless, despite the comparative closeness of the Toshka-Kiseiba depression to the
Nile, no direct evidence for high Nile floods contributing water to the local Holocene lake(s) has been
brought to light so far—the remains of fish and Nile bivalves are extremely rare in this area and most
likely constitute imports rather than evidence for overflow of the Nile [27,29].



Appl. Sci. 2020, 10, 8950 26 of 31

Interestingly, the influx of water from the Nile through the Toshka spillway was recently suggested
as one of the sources of water for a large Holocene lake reconstructed in the northern part of our
research area—in the Kharga Oasis. Based on the presence of lake sediments in the northernmost part
of the oasis and the elevations of Early and Middle Holocene sites, lake levels at 170 m asl have been
proposed for this Holocene lake [56], similar to the level seen in our results in the southern part of
the area of interest. A large lake in this oasis was hypothesized already by [57], but there has been
disagreement as to the age of such a lake—it was considered as rather a Pleistocene than Holocene
feature by [58]. An earlier and still larger lake, extending further south, is allowed for (but not tested)
in this area by Bunbury et al. [56] as well.

The existence of an earlier and larger lake in the southern part of the Egyptian Western Desert is
difficult to assess using the evidence from the Toshka-Kiseiba depression alone. The depression in its
current shape is the result of repeated erosion, deflation and deposition in the past, particularly during
the hyper-arid phase between ~70,000 BP and ~11,500 BP that removed most of the earlier sediments
and had also scooped out the deflational basins in the depression that were refilled as seasonal lakes
during the Holocene [26]. The Pleistocene evidence is thus only rarely found in situ. It occurs more
frequently as eolised Acheulean (Lower Paleolithic, ~500,000–300,000 BP) or Mousterian and Aterian
(Middle Paleolithic, ~175,000–70,000 BP) lithic pieces, scattered on deflational surfaces, dropped there
from much higher elevations [27,28], or as pieces reused in much later Holocene contexts [29,59].
An exception is the only Lower Paleolithic cluster of sites in our corpus (no. 3 in Table 1) situated on a
5-km-wide plateau that constitutes the remnants of an Acheulian surface preserved ca. 20 m above the
surrounding Holocene terrain [28]. Its correlation with the 200-meter contour (Figure 18e) is of interest
but insufficient alone to support the existence of a large lake in this area.

Further evidence in this respect was presented by Haynes [60] and Maxwell et al. [52], who proposed
a lake at ~190 m asl that would have filled both the northern and southern parts of our area of interest.
Another, even larger lake was hypothesized by [52] at ~247 m asl based on the evidence of Middle
Paleolithic occupations at Selima to the south and Bir Tarfawi and Bir Sahara to the west of our research
area. In the latter two basins, a sequence of five lakes dated between ~175,000 and 70,000 BP was
established. Some of them were comparatively deep and, in combination with precipitation of ca. 500 mm
per year, capable of supporting large animals and fish that were found in substantial amounts in the
vicinity of these lake sites, including species found today only in the Nile, Chad or Niger basins [27,36].
For these two hypothesized Pleistocene lakes, unlike for the Holocene one(s) reconstructed in the southern
part of our research area, overflow of the Nile through Wadi Toshka is seen as a likely source of water [52];
cf. Figure 18c,d.

The reconstruction of paleolakes has important implications as one may expect groundwater,
perhaps shallow, to be found at many places in the past lake location(s). This is exactly the case with
our study area in the southern part of the Western Desert, with subsurface water reachable at some
places in the area overlapping with the hypothetical lake(s), just a few meters below the present-day
surface (Figure 19).

In recent years, this groundwater began to be exploited for agricultural reclamation projects,
clearly visible on Google Earth, with circular fields watered by sprinklers using water pumped from
the aquifer (e.g., El Oweinat project; see Figure 16a) or densely packed watermelon cultivation fields
relying more on the near-surface water sources (at or near nos. 2, 5, 6, 13 in Figure 19), e.g., [30].

The strike angles at the southern end of the TK lowland are combed, as expected—see Figure 20—but it
is not so intensive as for other places discussed elsewhere in this paper (probably the energy of the stresses
on the local material was not so intensive).

Finally, we plot the profiles of ∆g together with the surface topography along the deepest places
of the sought-for paleolake(s), starting from north (at Kharga) to south (Figure 21b). The reader can
compare this with such a profile for the GSS in Figure 21a, taken from [4]. While the GSS shows a
large difference between the two profiles (gravity and topography), indicating where the paleolake(s)
might be, TK is simply a lowland and a hole potentially and sometimes filled by water.
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Our analyses allow new insights into the possible presence of paleolakes. We were able to pinpoint
locations that correspond well with the archaeological data. Despite the multiple projections that we
made in this work, the research is ongoing and one can see in our data that there may be more hidden
paleolakes that we did not identify. This remains to be part of our future analyses.

5. Conclusions

Our application of the gravity aspects revealed that one aspect, the so-called strike angles,
is significantly combed in the localities with known target deposits (TD) in Egypt. This discovery
allows novel prediction of the localities where there may still be more TD present for further exploitation.

Additionally, strike angles provide the potential for not only discoveries of oil and gas but also of
the groundwater volumes.

The spatial distribution of the combed strike angles is near the surface. The connection of the
gravity disturbance to the stress fields preserved in these geological volumes presents itself a new
inexpensive and accessible empirical geophysical tool for the recognition of future resources that
include oil, gas and groundwater.

Our analysis represents the first approximation for the detection of important resources in less
accessible regions that may warrant more detailed investigations.

Groundwater resources were detected for the first time in the form of hypothetical paleolakes
in the Great Sand Sea (GSS), North-Western Egypt, and between Kharga and Toshka (TK), Southern
Egypt. The boundaries of the detected paleolakes were reconstructed and discussed. It is evident that
the water level continued to fluctuate over the course of time.

Archaeological sites provided a practical constraint (external limiting factor) for the lakes’ positions
and extents. Specifically: (i) Our detection in the GSS [4] (Section 4.2) allows us to link additional
archaeological sites near the groundwater extent expected within the GSS. (ii) Our work focused on TK
(Section 4.3) is independent of [56] and others but, however, provides similar results. Here, we estimate
lake(s) position(s) and extent including their temporal changes.

Author Contributions: J.K. (Jaroslav Klokočník): Conceptualization, Methodology, Investigation, Formal analysis,
Writing—Original draft preparation, Writing—Reviewing and Editing; J.K. (Jan Kostelecký): Conceptualization,
Methodology, Software, Data Curation, Visualization, Formal analysis, Validation; L.V.: Data Curation, Formal
analysis, Investigation, Validation, Writing—Original draft preparation, Writing—Reviewing and Editing; G.K.:
Methodology, Formal analysis, Investigation, Writing—Original draft preparation, Validation, Writing—Reviewing
and Editing; A.B.: Methodology, Software, Data Curation, Investigation, Writing—Reviewing and Editing,
Validation, Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work has been prepared in the framework of the project RVO #679 858 15 (Czech Acad. of Sciences,
Czech Republic, CR) and partly supported by the project LO1506 (PUNTIS) from the Ministry of Education
of the CR. G.K.’s support came from the Czech Science Foundation projects 20-08294 S, Ministry of Education
LTAUSA 19141. L.V.’s contribution was supported by the Program of the Development of Fields of Study at
Charles University, no. Q11: Complexity and Resilience: Ancient Egyptian Civilisation in Multidisciplinary and
Multicultural Perspective, and by a non-investment subsidy no. MŠMT-40214/2019-12, VEG 2020/1.

Acknowledgments: We cordially thank Ivan Pešek for his work on the model in Section 2.5. The input data—the harmonic
geopotential coefficients of the gravity field model EIGEN 6C4—are publicly available; data from our figures (in surfer
program) and our figures with high resolution (.png files) can be provided by Jan Kostelecký on request. Václav Cílek
provided useful geological consultations.

Conflicts of Interest: The authors declare no conflict of interest.

References
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