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Abstract The goal of this study is to demonstrate that and
how the recent gravitational and topographic data support the
findings made by geologists and others as for the existence of
the paleolakes and paleoriver systems, now buried under the
sands of Sahara. It is always important and useful to have such
an independent analysis supporting certain results, and this
paper is such a case. We make use of the gravity disturbances
(or anomalies), the Marussi tensor of the second derivatives of
the disturbing geopotential, the gravitational invariants and
their certain ratio, the strike angle and the virtual deforma-
tions. The geopotential is represented by the global combined
(from satellite and terrestrial data) high-resolution gravity field
model EIGEN 6C4 (till degree and order 2160 in spherical
harmonic expansion). The topography is derived from the
ASTER GDEM and ETOPO 1 models (both are used). With
all these data, we confirm the existence of huge paleolakes or
paleoriver systems under the Saharan sands known or antici-
pated in an independent way by geologists for the lakes
MegaChad, Fazzan and Chotts; for Tamanrasset river valley;
and Kufrah Basin, presumptive previous flow of the Nile
River. Moreover, we suggest a part of the Grand Egyptian
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Sand Sea as another “candidate” for a paleolake and hence
for a follow-up survey.

Keywords Gravitational field model EIGEN 6C4 - Functions
of disturbing geopotential - Satellite digital topography
models - Paleolakes/paleorivers - The Sahara - GOCE satellite

Introduction

With the best global gravitational and topographic data now
available (EIGEN 6C4 and ASTER GDEM or ETOPO 1 or
similar; all references below in the relevant sections), we try to
support the existence of huge paleolakes and paleoriver sys-
tems under the present-day Saharan sands (Fig. 1). The lakes
were discovered recently by other authors and we intend to
check it completely independently of their method and/or da-
ta. This is the main goal of this paper.

The important fact is that we work not only with the tradi-
tional gravity anomalies (or disturbances) but also with com-
ponents of the Marussi tensor (mainly with the second radial
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Fig. 1 Relatively
“topographically flat” and
“gravitationally quiet” areas of
the Sahara, selected for our
analysis. / Chad (section “Lake
MegaChad”), 2 Fazzan (section
“Lake MegaFazzan”), 3 Chotts
(section “The Chotts Megalake
and to the south from it”), 4
Mauritania (section “West
Sahara—Mauritania”), 5 Kufrah
(section “Eastern Libya (Kufrah
Basin) and northwestern Egypt
(Grand Sand Sea)”), 6 Kharga
(section “The Nile, Wadi Tushka
and possible Kharga
paleomegalake™)

derivative), the gravity invariants and their special ratio, with a
non-linear combination of the components of the Marussi ten-
sor known as the strike angle, and we add our virtual defor-
mations. All these functions of the disturbing gravitational
potential of the Earth (called also the “aspects™) are derived
from the harmonic geopotential coefficients (Stokes parame-
ters) of the recent gravitational model EIGEN 6C4. All the
aspects react somehow to the density anomalies under the
surface, but they have different behaviours with respect to
the depth and orientation of the causative bodies (see below
“Comments to theory” section and Fig. 2). The use of all the
gravitational aspects enriches accessible information about the
underground density anomalies (more in section “Comments
to theory” section about theory).

The second section presents notes on the theory which
come mostly from physical geodesy. Then, in the third sec-
tion, we inform about the input data (gravitational and topo-
graphic). We comment on quality, precision and resolution of
the gravitational and topographic data (see “Data” section),
namely where there are some obstacles and concerns. We also
warn of specific artefacts of gridding (see “Typical gravita-
tional signal of various geological structures, note on
artefacts” section and the Appendix); this is important because
some artefacts can be misleading when interpreting various
features or hallmarks created by the gravity field. Note for
example that the resolution of EIGEN 6C4 (which is devel-
oped to degree and order 2190 in spherical harmonic expan-
sion), projected on the Earth surface, is ~10 km. But in fact,
the actual precision depends also on the area studied (risk of
use of the so-called fill-in data). The formal commission error
of the gravity anomalies (standard deviation) derived from
EIGEN 6C4 is supposed to be the same or better as for
EGM 2008 (~10-20 mGals over the Sahara) (sec also
“Data” section). It is important to note that EIGEN 6C4
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(Foerste et al. 2014) contains the full set of satellite
gradiometry data from the gravity mission GOCE.

The fourth section contains also few examples of typical
“gravitational signal” of various geological objects. We have
hundreds of such examples in our archive; we learnt with them
on known geological features. Then, we extrapolated to less
known or unknown features, e.g. to study highly erosive areas
in Ethiopia or in the Himalayas or to seek for volcanoes under
the ice of Antarctica, and here, for the paleolakes and rivers.

The fifth section is about a simple model where we show
how large gravitational signal can be expected (just a rough
estimate of its magnitude) from hypothetical paleolakes or
rivers.

In the sixth section, we focus on particular localities, Lake
MegaChad, MegaFazzan, the Chotts Megalake, West
Sahara—Mauritania, East Libya (Kufrah Basin), northwestern
Egypt (mainly Grand Sand Sea) and the Nile, Wadi Tushka
with possible Kharga (Charga) paleolake. In all these cases,
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Fig. 2 Examples of decrease in the various functions of the disturbing
geopotential with increasing distance (depth) from their source (the caus-
ative body represented here by a mass point, with a random value of GM).
On the x axis, there are kilometres; on the y axis, there is an arbitrary
quantity, dependent on GM/r " (for a simple intercomparison of the var-
ious functions, with various powers n)
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we support the independent results achieved by geologists and
others. With our discrimination criterion (section
“Discrimination criterion”), we can claim that our findings
are well above a noise level. But one must remember that
gravitational data separately, only themselves, are ambiguous
for this purpose and that their interpretation will require a
special care and co-action with geoscientists. We have always
cooperated with other geoscientists.

Our approach is novel and it never has been used for the
Sahara or similar territory by anybody else (we have recent
works for other areas, see Kalvoda et al. 2013; Kloko¢nik
etal. 2013, 2016).

Comments to theory

The theory recalled and commented below comes mostly
from Pedersen and Rasmussen (1990) and Beiki and
Pedersen (2010) and from our recent papers (Kalvoda et al.
2013; Kloko¢nik et al. 2013, 2016); they describe current
research status in the field. The theory will not be repeated
here; only a few notes follow. We recall Klokoc¢nik et al.
(2016) for a review of the theory focused on our applications.
But it is fair to note that the paper written by Pedersen and
Rasmussen (1990) was crucial for us; in 1990, the authors
worked with the second derivatives of the disturbing
geopotential; their clairvoyant visions became reality with
present-day existence of airborne gradiometers and with the
GOCE satellite mission (Gravity field and steady-state Ocean
Circulation Explorer; section “Gravitational field models with
high resolution”).

The disturbing static gravitational potential 7 outside the
Earth masses is expressed, as is usual, in the spherical har-
monic expansion, in practice to some maximum degree and
order. (Everywhere in this study, we work with the static not
time variable potential.) The spherical approximation of the
gravity anomaly or disturbance Ag is computed as a radial
derivative of 7. The gravity tensor I' (the Marussi tensor) is a
tensor of the second derivatives of the disturbing potential 7 It
contains just five linearly independent components. Under
any transformation, I" preserves three invariants 7y, /; and I,
which are non-linear combinations of the components of T',
where [ is known as the Laplace equation (it is the trace of "
which is zero in outer space with respect to the tested body).
Pedersen and Rasmussen (1990) showed that the specific ratio
I of I} and I, lies always between zero and unity for any
potential field. If the causative body is strictly 2D, then /
equals zero.

The time when only the gravity anomalies were utilized for
various geoapplications is already behind us. All the functions
mentioned above (“aspects”) and defined in the quoted papers
are derivable from a given potential 7: they have, however,
different qualities and attributes, and they behave in various

ways and are sensitive in different ways to the causative body
or density anomalies which produce them. We can say that
they exhibit varied “gravitational signal” (while the static 7
remains the same). Negative gravity anomalies correspond,
e.g. to thick sediment infill, while positive are linked to shal-
low depth basements. The second-order derivatives and the
invariants provide evidence about the details of near-surface
subsurface structures. They contain information about the lo-
cation, size and orientation of the causative body.

The Marussi tensor was already used locally (in areas of a
few square kilometres) for petroleum, metal, diamond,
groundwater, etc. explorations (e.g. Saad 2006; Mataragio
and Kieley 2009; Murphy and Dickinson 2009; and many
others). The full Marussi tensor is a rich source of information
about the density anomalies, their size and orientation, provid-
ing useful details about objects located closely to the Earth’s
surface. This extra information can be used by tensor imaging
techniques to enhance target anomalies, as tested for local
features (economic minerals, oil and gas deposits, fault loca-
tion, etc.) (see, e.g. Murphy and Dickinson 2009; Saad 2006).

The strike angle 65 (also known as strike lineaments or strike
direction) is a non-linear combination of the components of T".
It indicates how gradiometer measurements rotate within the
main directions of the underground structures. Provided that
the ratio / mentioned above is small, the strike angle may indi-
cate a dominant 2D structure. For more details, see Beiki and
Pedersen (2010) or Murphy and Dickinson (2009).

The virtual deformations (vd) were introduced (defined)
and used for the first time in Kalvoda et al. (2013) and
Kloko¢nik et al. (2013). The apparatus of mechanics of con-
tinuum (e.g. Brdicka et al. 2000) was applied to derive the
main directions of the relevant tension. It is an analogy to
the tidal deformation; one can imagine directions of such a
deformation due to “erosion” brought about solely by a
“gravity origin”. The disturbing potential 7 plays a role of
the potential creating a deformation. The term “virtual” is
used to express that 7'would be able to act if rock/soil consis-
tency (cohesion) would be zero. To illustrate vd, the semi-axes
of deformation ellipse @ and b are computed together in their
relative size. The plotted quantities are a and b, expressed in
our figures as crosses.

The computation of all quantities defined above was orga-
nized by software based on Holmes et al. (2006), later Sebera
et al. (2013), using Hotine (1969), and now Bucha and Janak
(2013). Many tests and intercomparisons were performed.

To be fair, we have to note that the above list of functions
(aspects) of the geopotential is not complete, see, e.g. Pajot
etal. (2004) or Andrews-Hanna et al. (2012) for the horizontal
curvature of the potential field or its total horizontal derivative
(alternatives to certain functions of the terms of the Marussi
tensor).

To demonstrate how the various functions of the disturbing
geopotential mentioned above behave (decrease) with
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increasing distance from the source (of causative) body (a
density anomaly), it is assumed that the source body is a mass
point (with a selected value of GM, which is a product of the
universal gravitational constant with the mass of the Earth)
located on the Earth surface; all masses of the Earth are con-
centrated in the centre of the Earth. It is obvious that in this
simplified case, some of the functions listed above do not exist
or are equal to zero; the remaining functions are shown in
Fig. 2. A diverse rate of decrease of the “gravitational signal”
with increasing depth of the source mass body for various
aspects can be seen. The slowest decrease is for the gravity
anomaly (with 7%). The invariants decrease quickly (up with
#”). 1t tells us which aspects describe the density anomaly at
the surface or in shallow depths under the surface and which
are related to deeper structures (the gravity anomalies).

It may be useful to remark about another data source of
remote sensing methods—the ground penetrating radar
(GPR, airborne or satellite-born in our case). For the ice
(e.g. Antarctica, Greenland), it penetrates kilometres
through ice to bedrock or water, but for sand and rocks, it
is much less—about 20 m beneath the surface of clean, dry
sand, but wet sand or water is like a mirror for GPR. In this
comparison, the GPR data versus the gravitational signal
derived from the gravitational field models are completely
independent and the latter “penetrates” much deeper under
surface. However, the gravitational signal usually gives the
regional large-scale picture (several to several tens of
kilometre resolution), while for small/local geological
and geomorphological features (metres to a kilometre),
the GPR data are needed.

In our figures showing various functions of the disturbing
geopotential, strongly non-linear scales are used to emphasize
different kinds of geological features which otherwise might
remain hidden. The gravity anomalies and/or disturbances are
in milligals [mGal], the second-order potential derivatives are
in Eotvés: recall that 1 mGal = 107> ms 2, 1E =
1 Eotvés = 107 s 2. The invariants 7, and I, have units [s %]
and [s ] and the ratio / is dimensionless. The strike angle 6 is
expressed in degrees with respect to the local meridian and its
demonstration in red means its direction to the east and in blue
to the west of the meridian. These units are used in all pre-
sented figures.

The virtual deformations (vd) are geometrically expressed
by a dilatation or compression. The dilatation indicates
uplifted regions at the geoid, the mass of which has a tendency
to disintegrate. On the contrary, the virtual compression indi-
cates lowered zones at the geoid. The natural processes, which
are the cause of these features near the surface, are certainly
very diverse as a consequence of regionally heterogeneous
integration of morphotectonic, erosion-denudation, volcanic
and other processes.

A systematic screening of the whole planet Earth was
performed. The results of the screening were represented
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by means of selected examples from regions of various
planation surfaces, high mountain ranges, collision zones
of oceanic and continental lithospheric plates, regional
fault zones, volcanic chains and large impact craters in
Kalvoda et al. (2013) and Klokoc¢nik et al. (2010, 2013)
(see also www.asu.cas.cz/~jklokocn). We present some
typical examples of the “gravitational signal” in the
section “Typical gravitational signal of various
geological structures, note on artefacts”. Then we select
specific segments of the Sahara (Fig. 1) with roughly flat
topography (“sand seas”) and outside mountains or
trenches (with relatively “silent” gravitational signal) for
a detailed inspection (“Gravitational signal and topogra-
phy for selected zones of Sahara with EIGEN 6C4 and
ASTER GDEM?” section); the majority of them have al-
ready been recognized by geologists and others to possess
large paleolakes (megalakes) or paleorivers (river sys-
tems) in recent geological history. Here, we provide an
independent tool to verify such findings and maybe to
do more in some cases, i.e. to suggest further places of
interest for investigation by geoscientists.

Data
Gravitational field models with high resolution

The input data to our analysis are the harmonic geopotential
coefficients (also known as the Stokes parameters) in the
spherical harmonic expansion of the Earth’s disturbing gravi-
tational potential; a set of these coefficients defines the grav-
itational (or gravity) field model. Today, global static gravita-
tional field models of the Earth based on a variety of satellite
and terrestrial data (so-called combined models) have a high
resolution. The Earth Gravitational Model 2008 (EGM 2008,
Pavlis et al. 2008a, b, 2012) and Furopean mproved Gravity
model of the Farth by New techniques (EIGEN 6C4; Foerste
etal. 2014) are both expanded to degree and order 2190 in the
spherical harmonics. This corresponds to resolution
5 x 5 arcmin, which yields ~9 km half wavelength on the
Earth’s surface.

In this paper, we use EIGEN 6C4. Its terrestrial gravity
database is very similar (not worse) than that in EGM 2008.
But more satellites were used in EIGEN 6C4 than in EGM
2008.

In many areas of Africa, terrestrial data are only “fill-in”
data; it means they are computed from (satellite-born) topog-
raphy data. Then, it is not surprising that the corresponding
gravity anomalies and topography correlate. The areas with
such data have inferior quality for our purpose. It is useful to
read the paper about EGM 2008 for more details on the data
quality and precision (Pavlis et al. 2012), namely pp. B04406-
9, 13 or Kloko¢nik et al. (2013, Fig. 1). For more information
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about the potential danger of the fill-in data, see section “The
Chotts Megalake and to the south from it” and the Appendix.
Fortunately, the situation is not critical for our analysis.

There is another obstacle with EIGEN 6C4 and similar
gravity models: due to the data gridding before the least-
squares adjustment (leading to the harmonic geopotential co-
efficients), the “gravitational signal” sometimes and some-
where suffers from various artefacts (more below in sections
“Typical gravitational signal of various geological structures,
note on artefacts” and “The Chotts Megalake and to the south
from it” and in the Appendix).

With EIGEN 6C4, the medium wavelength features of the
“gravitational signal” are more reliable than those from EGM
2008 for the majority of parts of the world, namely in the high
mountain ranges or in remote areas like the Sahara or
Antarctica; this is so due to a significant contribution of the
gradiometric data (the Marussi tensor components) coming
from the GOCE satellite which were incorporated into the
inversion of EIGEN 6C4 (see, e.g. Foerste et al. 2014,
Huang et al. 2015 and others, or www.esa.int/Our_
Activities/Observing the Earth/GOCE).

Satellite topography data

The topography data are subsidiary for us, but they cannot be
ignored. The ASTER GDEM, released in June 2009, was
generated using stereo-pair images collected by the ASTER
instrument (Advanced Spaceborne Thermal Emission and
Reflection Radiometer) onboard Terra satellite (a multi-
national NASA scientific research satellite). The coverage of
ASTER GDEM (Global Digital Elevation Model) spans from
83° north latitude to 83° south, encompassing 99% of the
Earth’s landmass. We make use of the improved GDEM V2
with 260,000 additional stereo-pairs, improved coverage and
reduced occurrence of artefacts in comparison with the first
version of GDEM, V1. The V2 maintains the GeoTIFF format
and the gridding with 30 m postings and 1 x 1° tiles (https://
asterweb.jpl.nasa.gov/-gdem.asp). Pre-production estimated
accuracies for this global product were 20 and 30 m at 95%
confidence for the vertical and horizontal data (http:/www.
gisat.cz/content/en/products/digital-elevation-model/
astergdem).

We do not use the older Space Shuttle Radar Topography
Mission Digital Elevation Model (SRTM DEM, in various
versions). But in few cases, we compared our plots based on
the GDEM V2 with those in literature, based mostly on the
Space Shuttle observations.

As an alternative source, we make use of ETOPO 1
DEM,; it is a l-arcmin (cell size) global relief model of
the Earth’s surface that integrates land topography and
ocean bathymetry (Amante and Eakins 2009). For the
Sahara, the difference |GDEM V2 — ETOPO 1] is some-
times significant; then, we use Google Earth pictures to

decide which of these models might be better in a given
place. In summary, we used both GDEM V2 and
ETOPO 1 models.

Discrimination criterion

We were concerned about the resolution of the gravita-
tional models (section “Gravitational field models with
high resolution”). We already know that features smaller
than about 10 x 10 km are too small to be “visible”
with EIGEN 6C4.

We are also concerned about the “fill-in” data in the gravity
field models (section “Gravitational field models with high
resolution”). The existence of the artefacts which appear in
the gravity aspects due to insufficient quality and/or resolution
of the data coming to EIGEN 6C4 was also mentioned above
and will be discussed more in “Typical gravitational signal of
various geological structures, note on artefacts” and “The
Chotts Megalake and to the south from it” sections and in
the Appendix.

Is there another obstacle in our analysis to provide objec-
tive results? A signal to noise ratio (S/N) should be watched
too, to be sure about the statistical significance of our results,
of all our conclusions. That ratio should be much larger than 3.
The minimum S/N = 3 is our discrimination criterion. What is
S and what is NV in our case?

The S values will be derived from the actual gravity
anomalies/discrepancies Ag in the area of interest accord-
ing to EIGEN 6C4. The formal precision (called
“commission error” in Pavlis et al. 2012, see also Fig. 2
in Kloko¢nik et al. 2013) of the gravity anomalies for the
Sahara is between 5 and 15 mGal (exceptionally
~20 mQGal). Typically, it is 10 mGal. This is our N. It
was derived by the variance-covariance transfer from the
harmonic geopotential coefficients of EGM 2008 into
“inaccuracy” of Ag (Pavlis et al. 2012). A similar preci-
sion estimate for 7,, (or other aspects of the geopotential
in use here) is unknown even for EGM 2008. Similar data
for EIGEN 6C4 are not available. But we know that the
satellite and terrestrial database of EIGEN 6C4 is very
similar or wider than that of EGM 2008 (“Gravitational
field models with high resolution” section), and thus, we
assume the same quality of N for both these gravity
models.

It is easy to estimate, using the actual |Ag| for all the areas
studied (from the “Gravitational signal and topography for
selected zones of Sahara with EIGEN 6C4 and ASTER
GDEM?” section) that S/N > 3. But this is a crude discrimina-
tion criterion. We offer here better statistics (providing even
better results).

We will work with a difference of dAg between a typical
gravity anomaly Ag; inside the studied area (paleolake) and
anomaly Ag, not too far from the lake but outside of it (in the
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surrounding region). The mean quadratic error mga, of this
dAg s

2 2 2 2
M"qAg = M"gAgl + M 4ag2—2 M Agl A2

It is reasonable to assume mag) = Magr = Mag. The quan-
tity mag1 g2 arises from a correlation between Agy and Agy,
Le. mpging = 7 mzAg. Such a correlation must be high; if
not, we would not be able (for example) to separate the geoid
height variations (order of millimetres) from the geoid undu-
lations themselves (known within decimetres, not better); we
assume (from experience) the correlation coefficient » = 0.9.
Then, we get

mszg =2 mzAg—2 x 0.9 mzAg—vndAgzO.S MAg.

We take ma, = N = 10 mGal, as above. The results
for the areas investigated in section “Gravitational signal
and topography for selected zones of Sahara with
EIGEN 6C4 and ASTER GDEM?” are summarized
Table 1. Always the signal to noise ratio, here dAg/
Myag, is higher than 3; in other words, the improved
discrimination criterion S/N says that our analysis pro-
vides statistically significant results. From the physical
point of view, it means that the density anomalies be-
neath the surface, responsible for the relevant gravity
anomalies which we “observe”, are sufficiently large
in comparison with a reasonable accuracy estimate of
them.

Typical gravitational signal of various geological
structures, note on artefacts

The quantities mentioned above (“Comments to theory” sec-
tion) were computed with the software of Dr. B. Bucha
(Bucha and Janak 2013) and with our own software, and
few examples are shown here to learn how the typical gravi-
tational signal (trace, signature), generated by various geolog-
ical structures, looks like.

Table 1  The signal to noise ratio of the studied areas

The area studied Figure number * Minimum S/N
Lake MegaChad 9e 10

Lake MegaFazzan 10c 13

Chotts Megalake 11d 20
Tamanrasset rivers 12a 15

Kufrah Basin 13a 20

Wadi Tushka, Kharga 10

Grand Egyptian Sand Sea 7

#Figure numbers that can be found under Section 6 “Gravitational signal
and topography for selected zones of Sahara with EIGEN 6C4 and
ASTER GDEM”
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Figure 3a—c shows Mount Fuji area in Japan, the radial
derivate T,, of the Marussi tensor and the invariant /,. Fuji
has a large positive value of 7,,. The invariants are more
sensitive than 7, and exhibit strong variations of the signal
closely around Fuji and surrounding mountains. Then, Fig. 2¢
depicts vd, namely the volcanoes on the bottom of the Pacific
Ocean near Japan (note positive vd inside the volcanoes
surrounded by a negative value).

Figure 4a, b shows Popocatepetl and Iztaccihuatl near
Mexico City in terms of 7,, and I,. It is typical that large
volcanoes have the strongest gravity signal (positive
values) of all mountains in their vicinity. But well visible
are also “valleys” around the volcanoes (negative values
of T,,), which can partly be (together with stripe-like
structures nearby) an artefact of gridding or of another
origin. One has to be very careful to distinguish the signal
coming from an actual body and from an artefact. If the
causative body is small, approaching in size the resolution
limit of the used expansion (here L,,x = 2190 or 9 km),
then a “bull-eye” effect and “stripes” may appear. The
examples are in Fig. 4c, d. In Fig. 4c, we have Mt.
Olymp on the planet Mars, the largest (shield) volcano
in the solar system. But the current best available gravi-
tational field model available for Mars (Marty et al. 2009)
is expanded “only” to degree and order 95 (yielding a
resolution of ~200 km), so even such a large object is
“small” in comparison with the resolution limit, and the
artefacts immediately appear (the blue zones around the
volcanoes do not exist in reality).

Figure 4d shows two smaller volcanoes on the Egyptian-
Libyan border, with the same artefact effect (using the res-
olution in spherical harmonics till 2190 of EIGEN 6C4).
The “bull eye” and “stripes” are not the only types of arte-
facts which one can observe. In Fig. 6b, we can see the “bull
eye” and “stripes” and something what we call “graining”,
in T,,; these are short-periodic variations of the signal; we
know that for the same area, it does not appear for Ag. We
see that the higher derivative of the disturbing geopotential
we have, the bigger problem with artefacts can be expected.
Another form of the artefacts—a combination of “graining”
with a long-periodic effect—is shown in “The Chotts
Megalake and to the south from it” section and we attempt
to explain it in the Appendix. These and others artefacts can
be misinterpreted by a reader, so we pay some attention to
them.

The large impact crater Popigai, Siberia (possibly with its
smaller companions in SE-NW direction), is in Fig. 5a, b
(Klokoénik et al. 2010). Note a circular “lake” inside the
crater with a strong negative anomaly, surrounded by a rim
with positive anomaly, even with a central peak (known well
for large craters on the Moon).

The last examples are for big rivers. Figure 6a shows T,
for the Great Canyon and Fig. 6b for the Amazon River.
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The deep valleys are (as expected) connected with a strong
negative 7,,. For the Canyon, the negative value is so
strong (see the scale in F) that we can see it even when
the width of the Canyon is shorter that the corresponding
resolution of EIGEN 6C4. The Nile has also a deep (and
wide) valley with conspicuous negative gravity anomaly

a Fujl - Tzz

o

-100
-150

140.0°

and the second radial derivative and with a specific orien-
tation of the strike angle and vd (we will see in “The Nile,
Wadi Tushka and possible Kharga paleomegalake” sec-
tion). In a contrast, the Amazon River exhibits, however,
nothing like that and it flows across a positive anomaly—
Fig. 6b.
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the Pacific Ocean near Japan (c). Reproduced from Klokoénik et al. (2013)
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Fig. 4 a—d The largest stratovolcanoes Popocatepetl (P) and Iztaccihuatl
(/) near Mexico City: a T,, and b L. ¢ (leff) The values of 7,, for Mt.
Olymp on Mars. An example of the gridding aliasing effect (bull eye and

Modelling the gravitational signal of a paleolake

In this section, we present a simple model of a shallow basin
(paleolake) with the goal to estimate its possible gravity signal
for comparison with reality (with Ag observed there now).
The analysis has the following steps:

» Shape and depth of a paleolake (“the model”)

*  Gravity anomaly of the model

*  Comparison of the model with actual gravity signal in
localities of paleolakes

To get at least a rough estimate of gravity anomalies caused
by a megalake, we modelled the lake as a shallow basin in a
homogeneous limestone bedrock, filled by dry sand. Two
shapes of the lakes were considered, namely an elliptical lake
and a C-shaped lake to approximate Lake MegaChad, with
sizes 1500 x 300 and 1500 x 1100 km, respectively (Fig. 7).

In the case of large but shallow lakes, the magnitude of
anomalies is practically independent of the lake shape. This
happens because the mass elements at the shores are incom-
parably more distant from the point to be computed than the
nearest elements, whose distances are limited by the lake

@ Springer
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stripes), visible in a as well. d (right) T, for two volcanoes (Uweinat and
Arkenu) on the Egyptian-Libyan border; another example of the artefacts
(the bull eye and a part of rings)

depth. Consequently, the closest elements dominate the mag-
nitude of the anomaly, while the influence of the distant ele-
ments that determine the lake shape is negligible, so that the
anomaly apparently depends only on the lake depth, according
to the ad hoc formula

Ag =41 Ao h,

where Ag is gravity anomaly in milligals, Ao denotes relative
density of sand with respect to the bedrock (in t/m?) and / is
the depth of the lake (in km). The formula is valid especially
for large lakes exceeding hundreds of kilometres in diameter,
which is the case of the megalakes studied here.

As a “model result”, the depth of 0.25 km yields anomalies
—10 mGal that are comparable with the observed anomalies at
the studied localities. Compare with the figures in the section
“Gravitational signal and topography for selected zones of
Sahara with EIGEN 6C4 and ASTER GDEM?”, specifically
with Fig. 9e for Lake MegaChad, Fig. 10e for Fazzan, Fig. 12¢
for West Sahara River system and Fig. 13e for East Libya and
the Kufrah River system. The extensive area south of the
Chotts, Fig. 11d, is not explained by the presence of lake only;
h should be much higher.
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Fig.5 a Agand b vd the for the large impact crater Popigai, Siberia (diameter of the main crater on the west side of our figure is about 100 km). More in

Kloko¢nik et al. (2010); possibly a multiple crater

Gravitational signal and topography for selected
zones of Sahara with EIGEN 6C4 and ASTER
GDEM

Introductory note

The functions recalled in the section “Comments to theory” were
computed and plotted for the whole planet Earth, in step 5’ x 5
with EIGEN 6C4 and with ASTER GDEM V2 or ETOPO 1 in
the same step. Many examples of the “gravity maps” were al-
ready presented [e.g. Kalvoda et al. (2013), Kloko¢nik et al.
(2010, 2013)]. Here we focus on the individual segments of the
Sahara, where geologists and others found lakes and rivers now
mostly or completely parched and covered by sand. We will show
whether and how the gravitational signal may contribute to a
confirmation and perhaps also to an extension of their discoveries.

We recall that from the gravitational signal alone, one cannot
infer on the causative body in a unique, unambiguous way; one
and the same signal may be generated by various density anom-
alies. We are aware that the gravitational signal is most sensitive
to recent geological structures or structures not yet modified by
various geological processes which have appeared meantime.
We also recall Fig. 2 where we showed the behaviour of various

functions of the disturbing potential (the gravitational signal) for
increasing depth of the causative body; it indicates that while
the gravity anomalies are sensitive more to the density anoma-
lies located deeper under the surface, the invariants react dom-
inantly on shallowly deposited bodies or their parts. The strike
angle and the virtual deformations provide a specific directional
and dynamical information, although we always (everywhere in
this study) use the static gravitational field models (only the
EIGEN 6C4 in our case).

Our choice of the areas in the Sahara (Fig. 1) is focused on the
places relatively “gravitationally silent”, calm and being undis-
turbed by mountain belts, fracture zones, etc. All selected seg-
ments have nearly flat topography (“sand and dune seas”) but not
“flat” gravitational signals. We know about fill-in data in EIGEN
6C4 in some areas of the world and we hope that it is not often the
case in the areas studied here (section “Gravitational field models
with high resolution”, although Fig. 1 in Kloko¢nik et al. (2013)
is a warning, but information about the terrestrial data in EGM
2008, and in turn also in EIGEN 6C4, are not complete). We are
aware of the fact that the quality of that terrestrial part of the data
used in EIGEN 6C4 for the Sahara is not the best.

Let us note also that our gravitational signal is independent
of the data from the quoted literature. Also the digital models

@ Springer
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Fig. 7 A model of the paleolake T T T T T T T T 1000
of C-shape as a shallow basin in a
homogeneous limestone bedrock
filled by dry and clean sand. The
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Fig. 8 Lakes and rivers under the
sands of the Sahara. It was a
“paradise” few thousand years
ago, with verdant fields, lush
country, a vast river system,
swamps, lakes and a few inland
megalakes

\ Rivers \ Probable - Lakes ->Fans -Swamps

ASTER GDEM and ETOPO 1 come from other sources than
the data in those papers (their source is often, at least partly,
the Space Shuttle Radar Topography Mission Digital
Elevation Model).

A sketch of the lakes and rivers already discovered, buried
under Saharan sand, is in Fig. 8 and is reproduced from
Internet materials of the Sahara Megalakes Project (King’s
College London). We test these localities (megalakes on the
Sahara), and more, in the following sections. For more about
the geology of Africa, see, e.g. Schliitter (2006).

Note also a long-term discussion on the timing of orbital-
scale monsoon changes (see namely Kuper and Kroepelin
20006); the hypothesis applies the well-known Milankovitch
theory and tries to explain the North African climate cycles
(“green” versus “desert” Sahara).

Rivers

Lake MegaChad

The Lake Chad (also called Small Lake) now sits on the borders
of Chad, Nigeria, Cameroon and Niger (Fig. 9a, b). It is still
reducing its size significantly (the reader can compare
“historical images” on Google Earth). In the past, it was much
bigger (Fig. 9¢), and it was the second largest inland lake in the
world after the present-day Caspian Sea. Armitage et al. (2015)
reconstructed the lake-level history; they claim that the humid
period ended abruptly 5000 BP [BP = before present]. The
oldest archaeological sites found near the former shores of the
Lake MegaChad are 4000 years old, already from the time of
desiccation, and are at an altitude of ~300 m (metres above
today’s mean sea level). The contour line 325 m (when the
megalake should be the largest in its recent geological history,

Fig. 9 a, b The Lake Chad and its surrounding area today (© Google
Earth). Centre of a has latitude and longitude ¢ = 13° N and A= 14°E. ¢,
d The Lake MegaChad (reproduced from Leblanc et al. 2006, their Fig. 1)
and topography according to the ASTER GDEM V2. The contour line
with 325 m is marked. The gravity data suggests a continuation of the
paleolake in the N-NW direction from the present-day remnant of the lake
or the existence of a sedimentary basin with two deeper centres that may

indicate at certain point of desiccation two independent lakes with larger
and more important now completely dry area NW of the present lake. e—i
The gravity disturbances Ag (e); the second radial derivative, a compo-
nent of the Marussi tensor 7, (f); one of the gravity invariants /, (g), the
strike angle # (h), and the virtual deformations (b/ue for compression, red
for dilatation) vd, (i) with EIGEN 6C4 (till degree and order 2190) in step
5" x 5" (~9 km)
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Fig. 9 continued.
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15,000-11,500 BP) is shown in Fig. 9¢ (from Leblanc et al. We compare ourresults also with Lopezetal. (2016), name-
2006). See also Schuster et al. (2005). This contour line is marked ~ ly with their Fig. 2 showing gravity anomalies and locations of
also in the topography map from the ASTER GDEM in Fig. 9d.  piezometric domes and depressions (see below).
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Fig. 9 continued.
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There is a debate about a possible path for the Megalake
Chad to discharge into the Mediterranean Sea via the Kufrah
Basin in east Libya (see “Eastern Libya (Kufrah Basin) and
northwestern Egypt (Grand Sand Sea)” section) or to the
southern Niger (Drake et al. 2008). Taking into account our
gravitational and topographic data (Figs. 9e—i and 13c—f),
such a “connection” was feasible.

Our results are presented in Fig. 9d (the topography) and
e—i (for the gravitational signal with EIGEN 6C4 model).
The northern part of the megalake (including the Bodélé
Depression) reveals very well negative disturbances Ag
and second radial derivatives 7, (Fig. 9e, f). Present-day

remnants of the megalake on the NW side have also nega-
tive Ag and T,,. All these correlate well with the compres-
sion of the virtual deformations vd. The “negative” struc-
tures in N and NE (see arrow in Fig. 9h) have probably a
deeper density anomaly origin—the structures are notice-
able in Fig. 9e—i but not in Fig. 9h; there one should not
expect a flat causative body. The paleolake may continue in
the NW direction from the present position of that remain-
ing lake.

Our results support the existence of the Lake
MegaChad, and at a certain point of desiccation, they
may indicate two independent lakes with larger and more

Sand Seas
Inland Delta
Lakes
\olcanoes
Contours (m)
Rivers

ERrysseram
*, Algeria

b

AL

— TN £

25km |; Hamada

Fig. 10 a, b The Fazzan Basin and surrounding area according to ©
Google Earth; centre of a has ¢ = 26° N and A = 13° E. There are two
big sand seas in the Fazzan (M Murzuq and U Ubari). The Fazzan Basin
topography derived from STRM DEM with the main river channels, sand
seas and volcanoes is marked. The catchment boundary of Lake

@ Springer

MegaFazzan is shown as a thin black line (reproduced from Drake et al.
2008). More detailed topography is given below (h). ¢~h The Fazzan
Basin and surrounding area with Ag (¢), 7, (d), 5 (e), 6 (f), vd (g) with
EIGEN 6C4 and the topography from ASTER (h). The symbol H means
Wadi al Hayat and Wadi Nashu with a belt and a cliff between them
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important now completely dry area NW of the present A comparison of our results with (Lopez et al. 2016, their
lake. This agrees with the piezometric map in Fig. 4 in  Figs. 2 and 4), namely using our Fig. 9e—g, i, shows a fair
Lopez et al. (2016). agreement of geographic positions of non-distinct negative
c d
mGal
130 E
120
110 pos
100 70
90 60
80 50
70 40
9 60 ® 30
3 50 3 - 20
3 40 2 10
< 0
-20 -10
10 -20
0 -30
-10 -40
-20 -50
.30 -60
80 g0 100 119 120 130 149 150 160 179 180
longitude
e f
1000
900
800
700
600
500
400
300
s ~100
2 o 8
s 100 2
200 8
-300
-400
-500
-600
700
-800
-900
-1000
80 g0 100 110 120 130 140 150 1g0 170 180
longitude
30.00
20.00 1900
1600
28.00 1500
1400
1
2700 1200
g 3 1100
£ 2 26,00 1000
s 3 900
800
25.00 700
{600
o 500
240 oo
300
23.00 200
100
22.00
8.0 9.0° 10.0° 11.0° 12.0° 13.0° 14.0° 15.0° 16.0° 17.0° 18.0°
longitude longitude

Fig. 10 continued.
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gravity anomalies, negative second derivatives, extremes of
the invariants and the virtual deformations with the positions
of piezometric depressions. But the gravity signal is influ-
enced by a variety of density anomalies coming from diverse
sources, such as volcanic bodies, and thus, a relation between
the gravity signal and the domes/depressions is not
unambiguous.

Note that we also confirm the Chad lineaments found by
Braitenberg et al. (2011)—who worked with EGM 2008 at
that time. Namely, Fig. 9f, i shows various interesting details
and Fig. 9g shows the extrema of /, (compare to Fig. 4a, b in
the Braitenberg et al. study), leaving this for further investiga-
tion by specialists.

Lake MegaFazzan
The Lake Fazzan (Fezzan) was in what is now west Libya

(and a small part was in Algeria) (Fig. 10a). Drake et al.
(2008) used information on topography, geology and

s R
: Boud"  RiwMosiotg.
Touggourt* Kol
e & Ousd
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latitude

0° 10 20 30 40 50 0 80 90 100
longitude

Fig. 11 a, b Left (a) The area of the Chotts Megalake (including Chotts
Melrhir, El Gharsa, El Jerid and El Fejej depressions, from west to east)
according to © Google Earth; Tezeur oasis in a has ¢ = 34° N and A = 8°
E. b Shuttle’s DEM of the Chotts Basin (Kings’ Coll.) with the catchment
area and the main rivers and lakes overlaid. c-g ASTER GDEM
topography (c¢) and d—f the gravitational signal with EIGEN 6C4

@ Springer

geomorphology to develop a chronology for the development
of Lake MegaFazzan. A giant lake has existed periodically in
the Fazzan Basin since the late Miocene (7-5 million years
ago). The largest possible extent of the lake (~3 million years
ago) is shown in Fig. 13 in Drake et al. (2008); we use here
their Fig. 2 and reproduce it as Fig. 10b. Later lake phases
were smaller, and the interglacials less humid. The last humid
phase started about 10,000 BP but was interrupted by abrupt
intensification of aridity.

EIGEN 6C4 shows the Fazzan Basin in terms of the
gravity disturbances Ag and the radial component of the
Marussi tensor 7,, (Fig. 10c, d). The place for possible
megalake is clearly marked. Figure 9c, d correlates very
well with Fig. 10a, b. The gravitational signal cannot geo-
locate exactly the paleolake but can confirm or at least
support independent geological findings (e.g. Drake
et al. 2008, the Sahara Megalakes Project) about the ex-
istence of such megalake. The invariants disclosing shal-
lowly deposited density anomalies delineate the shape of

100

latitude

longitude

model. Note the extensive and deep negative Ag (d) and T, (e) or
anomalous /, (f) in the area where the megalake is supposed, but more
rivers/aquifers and lakes might be hidden under sand in S and SW direc-
tions from the megalake (e, g). Peculiar artefacts (circled) are discussed in
the text. Blue colour in ¢ does not mean water but that the terrain is below
sea level
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the basin (see I, in Fig. 10e and the symbol H for Wadi
Hayat); compare with sharp geomorphology around H in
Drake et al. (2008). On possible coast of the paleolake,
the strike angles 6 have a tendency to the same orientation
(blue vectors in Fig. 10f, oriented mostly NS or NW/NE).
The zones of compression of vd in Fig. 10g follow the
rivers (east and west of the circular-like belt) and concen-
trate in the eastern and northern parts of the basin (where
we expect the deepest part of the megalake). The belt
between Wadi al Hayat (Hayaa) and Wadi Nashu is
shown as a dilatation (Fig. 10c, d, and positive extremes
of I, in Fig. 10e), a possible shore of the southern part of
the paleolake on its eastern side also. With the gravita-
tional data we presented in this section, we can imagine
Lake MegaFazzan roughly as was “located” by geologists
(see Fig. 10b), with possible continuation to NW from the
poor present-day rest of the lake. Topography from
ASTER is shown in Fig. 10h. Our results support the
existence of Lake MegaFazzan.

latitude

longitude

g

latitude

Fig. 11 continued.

The Chotts Megalake and to the south from it

The Chotts Megalake (now salt pans-sabkhas and a series
of low-altitude saline seasonal lakes, marshland and basins
in a depression in Tunisia and Algeria) was fed by several
rivers from the Atlas Mountains and two large river sys-
tems flowing from the south from the central Sahara (see,
e.g. Internet materials of the Sahara Megalakes Project,
King’s College London). For geology evolution of this
and surrounding areas, see Patriat et al. (2003).

Several mythological sources point to there being a large
lake where the Chotts el Jerid and other chotts currently reside.
In particular, this region has been regarded as the location of
“Lake Tritonis™. Is there any evidence that this body of water
emptied during the Bronze age or earlier? The answer is yes
(see Battarbee et al. 2004; Kafri and Yechieli 2010;
Hoelzmann et al. 2004, etc.).

With Google Earth and with ASTER GDEM (Fig. 11a, c)
we can imagine the location of the megalake and how it

longitude

o

longitude
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overcame today’s height difference ~40 m north of towns
Fatnassa and Al-Hammah to enter the Mediterranean Sea in
the east direction (Fig. 11b). This agrees well with Kafri and
Yechieli (2010) about hydrology systems of this area.

Our results are presented in Fig. 11c (the topography) and
d—f (for the gravitational signal with EIGEN 6C4 model).
Obviously, both topography and gravity support the existence
of the megalake, but more so, they insinuate that the negative
Ag (d) and T, (e) or anomalous /; (f) of a large extent may be
a sign of possible paleolakes or swamps and rivers also in the
S and SW directions from the Chotts Megalake location,
known as Grand Erg (Sand Sea) Oriental. Note that only a
part of this area is represented by the fill-in data in EIGEN
6C4; they have better data here. Our results support the exis-
tence of Lake MegaChotts; moreover, for the first time, we are
not in a role just to confirm or support features known to
geologists, but we suggest further research, namely in the
south directions from the Chotts, where we can expect three
to four river tributaries (see arrows in Fig. 11d).

Fig. 12 a—h Mauritania, West Sahara: a © Google Earth general, b zoom
for the western part to the Atlantic Ocean, ¢ map of possible Tamanrasset
river valley (reproduced from Skonieczny et al. 2015), d zoom of Google

@ Springer

We are familiar with various types of artefacts (see
Fig. 4a—d). Figure 11d—e, g exhibits very peculiar “objects”,
like very long walls. These are huge rectangular structures
with side of more than 100 km long, together with small size
“graining”. It hardly can be a real (man-made?) object.
Also, note circular structures in that area, usually with neg-
ative Ag and T,,, with one stronger positive value at
(p = 32° X = 8.5° E, see the red circles in Fig. 1le, g).
Recall that sand surface in that area is generally flat
(confirmed by Fig. 11a, ¢). We did not observe such linea-
ments elsewhere; it is strange that they appear solely in this
area where better gravity data than is usual for the Saharan
territory are available with EIGEN 6C4 (see Fig. 1 in
Klokocnik et al. 2013; these should be the NGA LSC data,
see Pavlis et al. 2012). Both structures remain enigmatic
features possibly caused in case of rectangular grid probably
by an interaction of the actual tectonic structures with the
computational artefacts. We try to explain their origin (see
Appendix).

Goovaleesith

Earth for the Richat structure near Ouadane, e Ag and f 7, of catch-
ment(s), g vd and h topography from the ASTER GDEM (the Atlantic
Sea is without any data), from El Djouf Sand Sea to the ocean
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Fig. 12 continued.

Fig. 13 a—f East of Libya and the Kufrah River system. a Topography
according to © Google Earth, b topography according to ASTER GDEM
V2, ¢ Ag with EIGEN 6C4, d T,, with EIGEN 6C4 and e the Kufrah
River paleodrainage system and the Wadi Sahabi paleochannel (in blue)
mapped onto a Landsat mosaic. The hypothetical two paths according to
Paillou et al. (2012) and older literature (for references, see Paillou et al.
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2012). f vd with EIGEN 6C4 (note different scales in overlapping f and
Fig. 14b to emphasize what we need to display). ¢ Contains our sugges-
tion for a possible paleoriver—see the dashed line overlying the gravity
disturbances. d, f Indicate that there are more candidates for possible
flows of paleoriver(s). See also Fig. 14a—b, f. Compare to Fig. 13e, com-
ing from an independent study (Paillou et al. 2012)
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West Sahara—Mauritania

Large generally flat sandy areas are in Timbuku, Mali and
Mauritania, with a modest slope to the W from altitude
300 m (and more) to the Atlantic Ocean. Figure 12a, b shows
these areas by © Google Earth. Hypothetical paleoriver
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network underneath West Sahara sands was discovered in this
area with radar imagery (Skonieczny et al. 2015) as part of the
enormous Tamanrasset river valley (Fig. 12e), comparable
with present-day Ganges-Brahmaputra river basin in Asia.
We agree with such findings, judging from Fig. 12e—g, and
we support them and can extend them. We would agree with
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Fig. 13 continued.

@ Springer

200 i
160 170 180 190 200 210 220 230 240 250

longitude



Arab J Geosci (2017) 10:199 Page 21 of 28 199

two and may be four estuaries—see Fig. 12h, all this in accord The circular feature at ¢ = 21.0° N and A = 11.5° W
with Fig. 12f. Note, however, that this area suffers from the (Fig. 12b, d) near Ouadane town, visible perfectly also in 7,
fill-in data use in the gravity field models (Pavlis et al. 2012). (Fig. 121), is the Richat structure (the Eye of the Sahara) with a

a b EGM2008 - Lybie - Egypt - Tenzor deformace
o
35 31
30
25 300
20
15
290
3 8
2 5 2
s 5
0 280
-5
-10
-15 27°
-20
-25
T 260
180 190 200 210 220 230 240 250 20 270 280 180 190 200 210 220 230 240 250 260 270 280
longitude longitude
C d Topografie - Egypt - Lybie
. 0 310 L 1 L |
-100
-200
-300
-400
-500
-600
'y _ )
8 700 <
£ -800 =
it -900 =
-1000
-1100
-1200
-1300
-1400 ‘)\
-1500 Y R ‘ 2
: -1600 260 — — =
180 190 200 210 220 230 240 250 260 270 280 189 199 200 210 220 230 249 250 260 270 28°
longitude longitude
e f EGM2008 - Gilf Kebir - virtual deformations
1000
900
800
700
600
500
400
300
~200
5 PO
g 100 g
-200
-300
-400
-500
-600
~700
-800
-900
-1000

240 250 269 270
longitude

Fig. 14 a—d Grand Sand Sea in West Egypt and a part of eastern Libya: a structure in eastern Libya that may represent the relicts of another large
T,, b vd, ¢ I; and d topography from ASTER GDEM. To the suggested river. e, f A possible lake(s) and a flow of a hypothetical paleoriver to the
paleolake and indication of large river flow from south to north to Siwa area of the Grand Sand Sea in West Egypt north of Uweinat and Arkenu,
depression and/or to the western coast of Libya. Note less visible NS south of Siwa: e for I, f for vd
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<« Fig. 15 a—c More chances for paleolakes and paleorivers in the Sahara. a
Strong negative 7, of the Nile River valley, Faiyum oasis, delta of the
Nile, Grand Sand Sea, Western Desert, Siwa/Qatara depressions, Wadi
and lakes Toshka (white arrow), connected via relicts of lakes to the area
of Baris and Kharga (with possible paleomegalake); b, ¢ topography of
the Kharga and Wadi Toshka area from two independent sources; see next
captions. b (/eft) Topography of southern Egypt and adjacent Sudan from
SRTM DEM. Middle Pleistocene (approx. 0.5 Ma) overflow of the Nile
River to the west through the Wadi Toshka was proposed to account for
lake remnants, fossil fish and paleochannel terminations at a level 247 m
(see Maxwell et al. 2010). Compare to the topography from ASTER
GDEM (in ¢). ¢ (right) ASTER GDEM of the same area as in b (but
independent source). Water flowed through Wadi Toshka into a megalake
(Maxwell et al. 2010) reaching on its northern side Kharga. Compare to
the SRTM DEM (in b). d Detail of terrain near Wadi and Lakes Toshka, e
zoom of T,, and f vd with possible flow of the past Nile from Wadi
Toshka in west direction to East Oweinat, then to north to the Kharga area

diameter about 40 km. It was initially interpreted as a meteor-
itic crater (even coesite was found there, but later it was
recognized as a misidentification, Dietz et al. 1969), so now
geologists think that it is an eroded geologic dome (e.g. Jesus
etal. 2011; Matton and Jébrak 2014). The gravitational signal
itself would not exclude its impact origin, but the outer ring on
its southern side would be already disintegrated by some pro-
cess (compare Fig. 12d, fto Fig. 5a, b). Our results support the
existence of the paleoriver network in West Sahara.

Eastern Libya (Kufrah Basin) and northwestern Egypt
(Grand Sand Sea)

Here we deal with the area of eastern Libya and Grand
(Egyptian) Sand Sea in NW Egypt. For the geology of this
area see, ¢.g. Salem and Busrewil (1980). We show the topog-
raphy of those areas via © Google Earth in Fig. 13a, via
ASTER GDEM in Figs. 13b and 14d and the gravitational
signal in Fig. 13c—f. Drake et al. (2008) or Paillou et al.
(2012), among others, studied the Kufra(h) paleodrainage sys-
tem, and processing of the US SRTM topographic data and
Japanese PALSAR radar images suggested a path of the river
system to N to the Mediterranean Sea (Fig. 13¢). The Kufrah
River paleowatershed, at its maximum extent, would represent
close to a quarter of the surface area of Libya. Our gravita-
tional results suggest that both paths in Fig. 13e are possible.

We envisage space for paleorivers and paleolakes in NW
Egypt, beneath the present-day part of the Grand Sand Sea
(Fig. 14a—d). Clearly marked are a negative band of T,,
(Fig. 14a) and of the depression (vd in Fig. 14b) and the
extremes in /, (in Fig. 14c). A flow logically comes out from
south to north along the present-day border between Egypt
and Libya, all in accord with the topography (Fig. 14d)—there
is a slope from S to N to the Siwa and Qattara depressions
nearby. We speculate about the outflow in W and NW direc-
tions to Libya and then to the Mediterranean Sea (gravitational
signal permits few alternatives). The reader can watch it main-
ly in Fig. 14b—d (and with previous series of Fig. 13a—f). A

possible connection of this area with the parts of West Egypt
north of Uweinat and Arkenu mountains and Gilf Kebir (Great
Barrier) for ¢ = 22-29° is shown in Fig. 14e, f: (e) is for /; and
(f) for vd.

The Nile, Wadi Tushka and possible Kharga
paleomegalake

There are more chances for the existence of paleolakes and
paleorivers on the territory of present-day Egypt (and partly
Sudan, Fig. 15a), not only the cases shown by Fig. 14a—f.

Note strong negative 7., (Fig. 15a), connected with the
middle and lower reaches of the Nile River, with its deep
and wide valleys; Faiyum (al-Fayylim) oasis (¢ = 29-30° N,
A = 30-31° E); delta of the Nile, Grand Sand Sea/Western
Desert and Siwa and Qattara depression (27-30°, 25-28°);
oases Dakhla, Farafra and Baharia (25-27°, 27-29°); Wadi
Toshka or Tushka (22-23°, 31-32°), related via relicts of
(Toshka) Lakes (22—23°, 30-31°) to N to the valley and town
Kharga/Charga (with possible northern end of the megalake,
23-26°, 30-31°). Analogically, a strong signal can be found
by the invariants and vd (not shown here).

A comparison with topography focused on the case of
southern Egypt and adjacent Sudan (Fig. 15b, ¢) and details
of the gravitational signal in this area follow in Fig. 15e, f.
First, we show the topography from the SRTM DEM (in
Fig. 15b, from Maxwell et al. 2010) with overflow of Nile
River to W through Wadi Toshka (height difference ~20 m)
and then topography from the ASTER GDEM (in Fig. 15c).
Water may flow through Wadi Tushka via lakes remnants in
the W direction into a hypothetical paleomegalake, reaching
on its northern end Kharga. Its length from south to north
might be 350 km and its depth about 100 m. Then it might
continue to NE or NW. The gravitational signal in Fig. 15a, f
illustrates a possible configuration of the paleoriver and
megalake. Our results support those in Maxwell et al. (2010).

Landsat and Radarsat images unveiled evidence of an an-
cient megalake in Darfur (northwestern Sudan). The size of
the lake should be about 200 x 200 km. We were not success-
ful to support these results by our gravitational data; the
“signal” is not significant enough.

We did not investigate other possible paleolakes and
paleorivers in Africa outside the Sahara (such as the
hypothetical megalake Congo or a megalake on the Nile in
Sudan, e.g. Williams et al. 2010; Whiteman 1971), because
this search would be complicated by other local geological
phenomena. Some areas, however, can be tested on request
(contact please the first author), but one has carefully
accounted for nearby geological structures, for resolution of
our method, non-uniqueness of the gravitational signal, possi-
ble disturbing artefacts or presence of the fill-in data in all
recent combined gravitational field models.
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Fig. 15 continued.
Concluding remarks

It is always important to have independent analyses
supporting certain results achieved by other researches, and
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this paper is such a case. We demonstrated that and how the
recent gravitational and topographic data support findings
made by geologists and others as for the existence of
paleolakes and paleoriver systems, now buried under the
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sands of Sahara. Various functions of the disturbing gravita-
tional potential (the aspects) were computed and plotted for
the whole planet Earth, in step 5 x 5 arcmin with the global
gravitational model EIGEN 6C4 and with two global topog-
raphy models ASTER GDEM and ETOPO 1. Many examples
have already been presented elsewhere [e.g. Kalvoda et al.
(2013), Kloko¢nik et al. (2010, 2013, 2016)]. Here we focused
on the specific areas of the Sahara, where geologists found
paleolakes and rivers now mostly or completely parched and
covered by sand. We tested how the gravitational signal con-
tributes to a confirmation (and perhaps also to an extension) of
their discoveries and we nearly always supported the conclu-
sions of geologists).

It was necessary to critically review our input data, namely
as for the areas with the fill-in (topographic) data used in the
gravity field model EIGEN 6C4, as for a resolution of this
model on the ground or various artefacts created usually due
to a low quality of the local terrestrial data and due to their
gridding. We show that the signal to noise ratio (a difference
between the gravity anomaly inside and closely outside the
hypothetical paleolake divided by an accuracy estimate of the
gravity anomalies in EIGEN 6C4) is sufficiently large (>3) to
be statistically significant.

We work not only with the gravity disturbances/anomalies
but also with the full Marussi tensor of the second derivatives
of the disturbing potential, with the gravity invariants, their
specific ratio, with the strike angle and virtual deformations
(for theory, see Pedersen and Rasmussen 1990; Beiki and
Pedersen 2010; Kalvoda et al. 2013; Kloko¢nik et al. 2010,
2013, 2016). To learn how the typical gravitational signal
from all these functions (aspects) of the geopotential looks
like for various geological objects (volcanoes, faults, impact
craters...), we provided various examples in the section
“Typical gravitational signal of various geological structures,
note on artefacts” (and much more examples can be found in
our already quoted papers).

We modelled megalakes filled by sand (instead of water) as
for their gravity anomalies and the second radial derivative for
the various shapes of lakes and their depth, and tested how
large gravitational signal can be expected from a megalake
with various thickness of the sand layer. We found that our
model can explain what is observed in reality, meaning that in
majority of the studied cases, the observed “gravity” comes
dominantly from a paleolake.

Our choice of the Saharan areas was focused on places
relatively “gravitationally silent”, undisturbed by big
mountain belts, fracture zones, etc. All selected segments
have now “flat” topography (“sand and dune seas”) but
often not “flat” gravitational signal. We studied localities
of the paleolakes MegaChad, Fazzan and Chotts; the area
related to a paleoriver system Tamanrasset; and in east
Libya, northwest Egypt (Grand Sand Sea) or south Egypt
(from Wadi Toshka to Kharga). Our results are presented in

the section “Gravitational signal and topography for select-
ed zones of Sahara with EIGEN 6C4 and ASTER GDEM”;
with them, we support the conclusions from Leblanc et al.
(2006) and Armitage et al. (2015) for the paleolake
MegaChad, from Drake et al. (2008) for MegaFazzan, for
MegaChotts from Skonieczny et al. (2015), for
Tamanrasset from Drake et al. (2008) or Paillou et al.
(2012) for east Libya (including Kufrah Basin) or from
Maxwell et al. (2010) for the area between Wadi Tushka/
Kharga. Moreover, we suggest the existence of a paleolake
and rivers in northwestern Egypt roughly beneath the Great
Sand Sea, flowing from south to today’s oasis Siwa and
nearby depression and in the west direction to Libya with
intake to the Mediterranean (Fig. 14a—f).

Our findings suggest a completely different view of the
Sahara region. Relicts of small lakes are well known in nu-
merous places of Egypt, Libya and other countries (Embabi
2004), but the existence of several megalakes points more to
the landscape resembling contemporary Lake Victoria in east-
ern Africa.

The intensive gravitational anomalies such as south of
Siwa in Egypt display the widespread existence of large
and deepening lake basins that must be in the majority of
cases older than Quaternary and possibly Miocene (approx.
>20 Ma) in origin (Said 1990, 1993). The belt of oases in
Egyptian Western Desert is probably established on the
relicts of the former Nile valley, that was during
Oligocene-Upper Miocene (34—5 Ma) dissected and par-
tially uplifted by Neoid movements. Intensive aeolian pla-
nation then took place in dry phases of Quaternary (2.7 Ma
to present), but some parts of the former valley were later
exhumed by strong winds during glacials. Therefore, we
tend to look at Saharan landscapes as characteristic African
etchplain on which (during humid phases) very large but
shallow—in some cases probably intermittent—Ilakes
existed, encircled by riverine systems. While the ground
penetrating radar discovers numerous but mostly shallow
wadis—so-called radar rivers—the changes of gravitation-
al field indicate relicts of valleys of comparable size as
present-day Nile (McHugh et al. 1988).

These lake basins later probably several times dried up;
their segments were uplifted or submerged by Neoid tectonics
(Issawi and Al-Misriyah 1999), but the lower tectonic escarp-
ments and ridges unlike in eastern and southern Africa were
destroyed by wind abrasion resulting in a new phase of pla-
nation. Therefore, we propose not only the existence of large
Cenozoic lakes but different morphological histories of the
Saharan region as well (Burke and Gunnel 2008).

One of the authors twice crossed the Egyptian Western
Desert during archaeological expeditions aimed at the un-
derstanding of the old roads from the Old Kingdom and in
Silica region. Large lake basins like Silica are virtually
invisible on the present desert surface due to long-lasting
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wind abrasion and thanks to a cover by younger aeolian
sediments which were often removed by scarce torrential
rains and then again covered by reblown sand.

We are thus aware that our mostly hypothetical findings
established on analogy with proven or existing lake basins
such as Faiyum (flooded in some cases by shallow Miocene
seas, Dumont 2009) must be verified by field drilling research,
but we need to point out that the satellite gravitational data
(now from GOCE) are opening new insights and indications
of major Saharan lost rivers and paleolakes (and much more).

Our method works and can in the future be strengthened by
new gravitational models and other data—it means more reli-
able (less fill-in areas in the gravity models) and more accurate
data and with data having better resolution. Further localities
can be tested on request but not always and not everywhere a
success can be guaranteed. Geological data and our results
indicate locations where further paleontological, paleoanthro-
pological and archaeological field explorations should be
conducted.
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Appendix - artefacts

We recall sections “Gravitational field models with high
resolution”, “Typical gravitational signal of various geologi-
cal structures, note on artefacts” and “Lake MegaFazzan”.
The method of solution for the harmonic geopotential coeffi-
cients is in fact a type of Fourier analysis. The input data are
inevitably gridded (they are not continuous), and thus, the
mathematical process generates “false” harmonic frequencies.
As an example, let us take the function “sinus” defined on the
interval <0°, 360°> by the individual data points given in an
interval 20° (Fig. 16). After the Fourier transform, we receive
a frequency spectrum shown in Fig. 17. Due to the gridding,
we observe many frequencies and not the expected
“theoretical” period of 360°. The most important frequencies,
together with their amplitudes, are gathered into Table 2. By
this way, we explain at least some of the artefacts discussed in
sections “Typical gravitational signal of various geological
structures, note on artefacts” and “Gravitational signal and
topography for selected zones of Sahara with EIGEN 6C4
and ASTER GDEM?”. Besides this, we can observe classical
big “long-wave” aliasing effect (Fig. 18), originating when
very few observations would be available in the interval
<0°, 360°>. The artefacts depend on the density of the input
data and on numerical precision of the transform.
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Table2  The approximation of the function “sinus” on the interval <0°,
360°>. The most important frequencies, together with their amplitudes,
after the Fourier transform of “sinus” function with the gridded input data

Period [°] Amplitude
360 1.0077
215 0.0131
150 0.0050
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