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a b s t r a c t

Satellite images of the Western Desert of Egypt display conspicuous sinuous color patterning that pre-
vious workers have interpreted as erosional flutes formed by catastrophic flooding. Our work with high
resolution satellite imagery shows that the patterning is not erosional but, rather, the result of a network
of thousands of narrow synclines in the Eocene bedrock capping the Limestone Plateau. Synclines form
as isolated, 200-400 meter-wide downwarps in otherwise flat-lying strata. Limb dips are shallow, and
doubly plunging hinges form multiple basin closures along syncline lengths. Anticlines form “acciden-
tally” in inter-syncline areas where two adjacent synclines lie close together. Synclines have two
dominant orientations, WNW-ESE and NNW-SSE, parallel to two prominent joint and fault sets, and
synclines branch, merge, and change orientation along their lengths. Synclines are all at the same scale
with neither larger structures nor parasitic structures and are best described as non-tectonic sag syn-
clines. An Egypt-wide inventory reveals that these synclines are both confined to Eocene limestones and
developed, albeit it sporadically, over nearly 100,000 km2. The syncline network predates plateau gravels
of the Katkut Formation, which have been interpreted as Oligocene or early Miocene in age, and the
network is cut by faults related to Western Desert extension associated with Red Sea rifting. The
mechanism that caused sag of overlying layers is not clear. Modern karst collapse, subsurface dissolution
of evaporites, and collapse of paleokarst are all unlikely mechanisms given the timing of formation and
the underlying stratigraphy. Silica diagenesis and downslope mobilization of underlying shales are
possibilities, although uncertainty about the origin of silica in the limestones, plus the consistency of
syncline orientations over large areas, make these models problematic. Hypogene karst, perhaps related
to aggressive fluids associated with basaltic intrusions, may be the model most consistent with the
admittedly limited data we currently have for the network.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The hyperarid Sahara of central Egypt displays distinctive color
patterning in satellite imagery. Some of the patterning is due to
prominent NNW-SSE grabens that are related to Red Sea rifting
(arrows in Fig. 1a). These grabens also have clear topographic
expression both east and west of the Nile (Fig. 1b). Some of the
patterning is due to aeolian features, such as the linear Ghard Abu
Muharik dune field (Fig. 1a). Much of the patterning is neither of
these - it has little topographic expression and is “wormy” in

character (Fig. 1a and b), enigmatic in origin, and pervasively
developed over an area of at least 20,000 km2 in the east-central
Western Desert.

Few workers have addressed this pervasive patterning. Klitzsch
et al. (1987), working with Landsat MSS imagery from the 1970s,
mapped some of these features when developing the 1:500,000
scale geologic maps of Egypt but designated them simply as “faults
and fractures”. The first study to address the origin of the
patterning specifically (Brookes, 2001) also worked with Landsat
MSS images and suggested that the wormy patterns are giant
erosional flutes produced by catastrophic flooding. His interpreta-
tion has been reiterated many times in the literature (e.g., Goudie,
2005; Mostafa, 2013; Abu Seif, 2015; Abdelkareem and El-Baz,
2016). Revisiting the question and working more recently with

* Corresponding author.
E-mail addresses: btewksbu@hamilton.edu (B.J. Tewksbury), etarabees@yahoo.

com (E.A. Tarabees), Charlotte.Mehrtens@uvm.edu (C.J. Mehrtens).

Contents lists available at ScienceDirect

Journal of African Earth Sciences

journal homepage: www.elsevier .com/locate/ jafrearsci

http://dx.doi.org/10.1016/j.jafrearsci.2017.02.017
1464-343X/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Journal of African Earth Sciences xxx (2017) 1e20

Please cite this article in press as: Tewksbury, B.J., et al., Origin of an extensive network of non-tectonic synclines in Eocene limestones of the
Western Desert, Egypt, Journal of African Earth Sciences (2017), http://dx.doi.org/10.1016/j.jafrearsci.2017.02.017

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:btewksbu@hamilton.edu
mailto:etarabees@yahoo.com
mailto:etarabees@yahoo.com
mailto:Charlotte.Mehrtens@uvm.edu
www.sciencedirect.com/science/journal/1464343X
www.elsevier.com/locate/jafrearsci
http://dx.doi.org/10.1016/j.jafrearsci.2017.02.017
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://dx.doi.org/10.1016/j.jafrearsci.2017.02.017
http://dx.doi.org/10.1016/j.jafrearsci.2017.02.017


Landsat ETMþ, Abotalib and Mohamed (2013) came to the same
conclusion.

Previous studies were hampered, however, by the resolution of
the data examined. At the Landsat image resolutions used by pre-
vious workers (~70 m/pixel for MSS and 15e30 m/pixel for ETMþ),
imagery of an area with the proposed catastrophic flooding flutes
does show intriguing patterns (Fig. 2a and b). Zooming in, however,
reveals that the resolution is too low to resolve details needed to
critically evaluate the hypothesis (Fig. 2c and d), even in the highest
resolution Landsat panchromatic imagery. Imagery in Google Earth
at resolutions of 1e2 m/pixel, on the other hand, reveals stunning
detail that is hidden below the resolution of Landsat imagery
(Fig. 2e and f). This detail makes it possible to study small-scale
features and evaluate what is responsible for the patterning in
this largely inaccessible region.

In this paper, we present evidence that an extensively developed
network of sag synclines in Eocene limestone bedrock is respon-
sible for the pervasive wormy patterning in satellite imagery of the
Western Desert. We combine interpretation of high resolution
satellite imagery with geophysical data and a modest amount of
field data to constrain models for the cause and timing of sag.

2. Background

2.1. Regional setting

The east-central portion of the Western Desert is a gently
north-sloping plateau that sits 200e250 m above the Nile Valley
to the east and nearly 300 m above the Kharga Valley to the

southwest. Known as the Limestone Plateau (Fig. 1b) for its un-
derlying limestone bedrock, the area has little topographic relief
and is essentially undissected by drainage networks except along
the Nile and Kharga escarpments. The area is traversed by only
two roads, the Assiut-El Kharga Road and theWestern Desert Road
(Fig. 1a and b), and much of the area is essentially inaccessible. The
environment is hyperarid, modern rainfall is negligible, and the
water table lies hundreds of meters below the Plateau surface
(Salim, 2012).

The Limestone Plateau is capped by Eocene limestone, with
underlying less resistant Cretaceous through earliest Eocene shales,
marls, and chalk exposed in the escarpments bordering the Plateau
along the Nile and Kharga Valleys (Fig. 3). Upper Jurassic and
Cretaceous fluvial and shallow marine clastic sedimentary rocks lie
unconformably on Precambrian basement at the bottom of the
section and are exposed in the Kharga Valley.

The stratigraphic column that we present for our study area
(Fig. 4) is based in part on measured sections in the escarpments
flanking the Plateau (King et al., this issue; Said, 1990; Issawi
et al., 2009; Khalifa et al., 2004) and in part on one well drilled
in the 1960s approximately half way along the Assiut-El Kharga
Road (Barakat and Asaad, 1965). A word is in order about our
choice of stratigraphic nomenclature. Eocene limestones in Egypt
were originally divided into a number of formations exposed in
different areas, and the term “Thebes” was originally applied to
one of these formations. Klitzsch et al. (1987) elevated the term
Thebes to Group status when they developed the 1:500,000 scale
geologic maps of Egypt and assigned a new formation name, the
Serai, to what had been the Thebes Formation. In our area, the El

Fig. 1. Context maps, east central Western Desert, Egypt; location shown with rectangle on inset map. a) Satellite image showing enigmatic dark “wormy” patterning. Other color
patterning is due to grabens associated with Red Sea rifting (red arrows) and to aeolian features (e.g. Ghard Abu Muharik dune field). b) Colorized elevation model of area in Fig. 1a.
Red arrows show same grabens as Fig. 1a. Elevations of Western Desert Limestone Plateau are 250e350 m.a.s.l. (yellows and browns); Nile and Kharga Valley elevations are
~50e60 m.a.s.l. (greens). Satellite imagery from Arc2Earth (image credit Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid,
IGN, IGP, swisstopo, and the GIS User Community); colorized hillshade developed from Shuttle Radar Topography Mission (SRTM) elevation data. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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Rufuf, Drunka, and Serai on these maps are part of the Thebes
Group (Fig. 3). The 2005 1:250,000 scale geologic maps of the
southern Western Desert (Riad et al., 2005) return the Thebes to
Formation status and deprecate the term “Serai”. King et al. (this
issue) advocate a “Thebes Limestone Formation” containing all of
the various facies of Eocene limestones in the Western Desert.

We have chosen to return to the Thebes Group terminology of
Klitzsch et al. (1987) in part because the 2005 geologic maps do
not completely cover our main study area (Fig. 3), and we have
relied on the maps of Klitzsch et al. (1987) for bedrock geology.
Furthermore, Barakat and Asaad (1965) reported a limestone
sequence above the Esna Shale in the Assiut-Kharga well.
Although these limestones were assigned formation names that
are no longer in use in the Western Desert, the limestones are all
part of Klitzsch et al.’s Thebes Group. In the representative strat-
igraphic column in Fig. 4, we have shown the Eocene limestones
simply as “Thebes Group”. Although the Drunka Formation of the

Thebes Group caps the section in the areas where we have done
most of our mapping, formations in any specific stratigraphic
column vary with location in our broader study area (Fig. 3).
Furthermore, essentially nothing is known about details of the
stratigraphic column under the Limestone Plateau away from the
Nile and Kharga Escarpments, so presenting a more detailed
representative stratigraphic column is impossible.

From the standpoint of our work in mapping structures, the
most important aspect of the Eocene limestones is the inter-
layering of units typically ranging in thickness from less than a
meter to several meters that characterize the formations that
make up the Thebes Group (e.g., King et al., this issue; Khalifa
et al., 2014; Khalifa et al., 2004). Differences in erosional resis-
tance among limestone, siliceous and concretionary limestone,
argillaceous limestone, and marl accentuate bedding and produce
low scarps and dip slopes that are visible in high resolution sat-
ellite imagery, making it possible for us to interpret dip directions

Fig. 2. a & b) Landsat MSS color and Landsat ETM panchromatic satellite images of “wormy” patterning, location shown in Fig. 1a. c-e) Same area at different resolutions. Landsat
MSS color, ~70 m/pixel; Landsat ETM panchromatic, 15 m/pixel; DigitalGlobe from Google Earth, 1e2 m/pixel. Letter “X”marks the same location in each of the images. f) ~40X zoom
relative to a and b showing extraordinary level of detail available for analysis in Google Earth. Image centers: a-e) 26.800261, 30.742611; f) 26.801575, 30.747456. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and to map structures.

2.2. Previous work on bedrock structures

In the central Western Desert (Fig. 1), NNW-SSE grabens and
related normal faults associated with Oligocene/Miocene Red Sea
rifting have been addressed in many previous studies (e.g.,
Bosworth et al., 2015; Issawi et al., 2009 and references therein;
Omara et al., 1975) and have appeared onmaps for many years (e.g.,
EGSMA, 1981). By contrast, aspects of bedrock structure in this
region that could be related to the pervasive patterning seen in the
satellite imagery (Fig. 1) have been little studied. As far as we have
been able to determine, the only previous study that has recognized
fold networks similar to those that we present in this paper is work
by Youssef et al. (1998), who mapped a set of synclines and anti-
clines in Eocene limestone in an area about 25 � 40 km east of the
Nile near Sohag and interpreted them as having formed by slip
along blind NW-SE strike-slip shear zones.

Tewksbury et al. (2012) carried out a pilot study to investigate
the origin of the color patterning in a small area of the Thebes
Group at the contact between the El Rufuf and Drunka Formations
along the Assiut e El Kharga Road (location shown in Fig. 3). We
defined several general units that have distinctive characteristics in
satellite imagery and are useful for mapping remotely. By
combining mapping on satellite imagery with field verification, we
demonstrated that high resolution imagery can be used to trace
these mappable units in the limestones, determine dip directions,
define fold structures, and map faults.

Fig. 5 illustrates aspects of this earlier work that are critical to
our current study. We interpreted the oval feature in the satellite
imagery (Fig. 5a) to be a small doubly plunging syncline (an elon-
gate structural basin) with the erosional remnant of a resistant pale
brown unit defining the basin shape. In the field, we confirmed
both the inward dips of bedding (Fig. 5b) and the fact that erosion
has removed the pale brown unit from the underlying white rock
(stars, Fig. 5) except in the basin core.

Our field work also documented the differences between the

white unit in the satellite imagery and the pale brown unit. The
white unit is a purewhite limestone that is less resistant and erodes
into prominent yardangs (stars, Fig. 5). The pale brown unit is a
partially silicified limestone that is more resistant than the white
unit and develops prominent scarps a fewmeters high rimming the
basin, as well as dip slopes within the basin itself (Fig. 5bed). The
pale brown unit is white on a fresh surface but pale brown overall
in outcrop and satellite imagery because of accumulation of desert
varnish on cherty sections and fragments. The pale brown unit is
also characterized by large concretions up to a meter or more in
diameter (Fig. 5b and e).

These pale brown and white mapping units are repeated
throughout both the Drunka and El Rufuf Formations.We recognize
that these very general mapping units, which are distinguishable in
the satellite imagery, do not have a 1:1 correlation with specific
repeating subunits defined in stratigraphic sections measured in
the field by others (e.g., Khalifa et al., 2004; King et al., this issue).
They are still useful for mapping in the satellite imagery, however,
because they fundamentally reflect the differences in rock type and
erosional resistance of the cyclic lithologies that make up the
Eocene limestones. Fig. 5 also shows two other features common in
the satellite imagery, streaks and drifts of tan aeolian sand and dark
gray patches of lag deposits that are dark-colored due to desert
varnish on chert fragments in the lag.

3. This study

This study extends our experience in mapping along the
Drunka-El Rufuf contact to evaluate whether the patterning in
satellite imagery over large areas of the Western Desert reflects
bedrock structures and, if so, what the origin of those structures is.
Our study area initially encompassed an area of about 20,000 km2

west of the Nile in the Drunka and El Rufuf Formations of the
Thebes Group (Figs. 3 and 4) but ultimately incorporated a recon-
naissance survey of the entire Stable Platform of Egypt in high
resolution imagery to assess the extent of development of the
features we discovered.

Fig. 3. a) Generalized geologic map modified from Klitzsch et al. (1987) and Riad et al. (2005), with additions from our own mapping. Brown rectangle shows main mapping area of
this study; brown ellipse shows location of prior work by Tewksbury et al. (2012). b & c) Satellite imagery from Google Earth and hillshaded DEM developed from SRTM elevation
data for same area shown in Fig. 3a. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Data and methodology

Our primary data set is high resolution (~1e2 m/pixel) Digital-
Globe satellite imagery that is freely available in Google Earth.
Current imagery in Google Earth for most of our study area is recent
and high resolution, although contrast is typically low, which is
difficult for mapping and analysis (Fig. 6a). Earlier Google Earth
imagery that is equally high in resolution but pansharpened with a
different algorithm is commonly higher in contrast (Fig. 6b) and can
be accessed using the historical imagery slider in Google Earth. We
use the highest contrast imagery available to do our mapping.
Although these images do not reflect real-world colors, the basic
data are still the same. Some portions of our study area still have
only CNES-SPOT imagery at 3e5 m/pixel (Fig. 6c), and we
augmented this imagery with 0.5 m/pixel WorldView 1 panchro-
matic imagery provided by the Polar Geospatial Center at the
University of Minnesota. For a small portion of our study area, we
have 0.5 m DEMs produced at Ohio State University from stereo
WorldView 3 images that allow us to calculate approximate dips for
well-exposed dipping layers and to measure approximate layer
thicknesses.

Sun illumination in all of the DigitalGlobe images in our study
area is from the southeast, although shadow length varies with the
date of image acquisition. We use micro-topographic patterns to
interpret dip directions, in the same way that dip slopes, scarps,
flatirons, and Vs in outcrop traces two orders of magnitude larger
can be used in eroded fold and thrust belts to determine dip di-
rections. We have detailed the methodology in Tewksbury et al.
(2012) and point out the remarkable combination of factors that
makes this possible in the Western Desert: layers a few meters
thick with different resistances to erosion, very little topographic
relief with micro-scarps a few meters high, micro-wadis eroded
across the scarps, and essentially no regional dissection by valley
networks.

5. Results

5.1. Mappable units and their features

Bedrock features are exceptionally well-exposed, easily visible
in the satellite imagery, and consistent with what we observed in
our pilot study along the Drunka-El Rufuf contact (Tewksbury et al.,
2012). Throughout our study area, we see multiple sequences of
resistant pale brown units and less resistant white units in the
satellite imagery (Fig. 7a).

Pale brown units form prominent dip slopes and scarps, and dip
slopes are commonly littered with large concretions that are visible
in the imagery as dark speckles on bedding surfaces (Fig. 7a inset).
White units erode more irregularly and, in many areas, display vast
fields of yardangs formed by wind erosion along a regionally
prominent NNW-SSE joint set (blue dashed lines in Fig. 7b). The
white units also typically exhibit one or more additional joint sets,
themost common of which is orientedWNW-ESE (red dashed lines
in Fig. 7b). The brown rock units typically do not display joints that
are visible in satellite imagery.

Fig. 7b shows a field of yardangs where erosion between yard-
angs has scoured all the way through a horizontal white unit down
to the pale brown bedrock unit underneath (red stars in Fig. 7b).
The top of the resistant pale brown unit forms an areally extensive
bedding surface with yardangs and patches of remaining white
limestone sitting on top.

Fig. 4. Representative stratigraphic column for study area; colors correlate with the
generalized geologic map in Fig. 3a. Colored horizontal lines show general stratigraphic
positions of unconformities described by several authors (e.g., Khalifa et al., 2004). Red
lines show unconformities where significant erosion may have occurred. Blue lines
designate paraconformities where a depositional hiatus occurred but without sub-
aerial erosion. Half line at top of the Duwi shows a local paraconformity. Oligocene/
Miocene Katkut Formation is included in the stratigraphic column but not the geologic
map (Fig. 3) because Katkut gravels have not been reliably mapped across the Lime-
stone Plateau. Depths to specific formations based primarily on Assiut-Kharga well
(Barakat and Asaad, 1965), located in the middle of our study area. Data from El Azabi
and Farouk, (2011), King et al. (this issue), Said (1960, 1962, 1990), El Hinnawi et al.
(1978), Issawi (1972), Issawi et al. (2009), Keheila and El-Ayyat (1990), Khalil and El-
Younsy (2003), Keheila et al. (1990), and El Hinnawi et al. (2005). (For interpretation

of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7a shows clearly that the Drunka Formation consists of
many interlayers of white rock and pale brown rock units. Differ-
ence in pixel elevation determined from the 0.5 m DEM (Fig. 7c)

between points 1 and 2 in Fig. 7a is 1.3 m with an accuracy of ±
0.4 m. This thickness for one of the pale brown units is consistent
both with what we saw in the field in our pilot study (Tewksbury

Fig. 5. Prior work by Tewksbury et al. (2012) that established field basis for current work. Red and purple stars show same locations in several images. a) Small doubly plunging
syncline (elongate structural basin) cored by thin layer of silicified limestone. Arrows show look directions for field photos in b, c, and e. b) Field photo (look direction shown in
Fig. 5a) showing shallow inward dip slopes on southwest limb of basin. c) View looking east across eroded white limestone with yardangs (red star) toward scarp formed by
southwest limb. d) Scarp 2e3 m high in silicified limestone forming southwest rim of basin, with underlying white limestone (foreground). e) Large concretions weathering out of
silicified limestone at nose of basin in Fig. 5a. Purple star shows yardangs in the underlying white limestone. Image source: Google Earth. Image center: a) 26.298122, 30.735671.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2012) and with what has been reported for general sub-unit
thicknesses in the Drunka Formation (Khalifa et al., 2004).

5.2. Synclines and the syncline network

Our mapping of these units in high resolution satellite imagery

reveals that the limestones in the Drunka and El Rufuf Formations
do not dip uniformly and gently to the north, as has been previously
described but, instead, display a network of thousands of narrow
synclines. We will first describe the general characteristics of in-
dividual synclines and then describe the syncline network in four
places.

Fig. 6. Three imagery sets available in Google Earth for same area. a) DigitalGlobe image with high resolution (1e2 m/pixel); low contrast makes structural mapping difficult. b)
Equally high resolution DigitalGlobe image, accessed using historical imagery slider; high contrast is ideal for structural mapping. c) Older CNES/SPOT image; lower resolution (4e5
m/pixel) not adequate for mapping. Image centers are all the same: 26.848120, 31.204321. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 7. a) Fine-scale interlayering of more resistant silicified limestone (pale brown, bordered by brightly lit scarps) and less resistant limestone (white). Image resolution is adequate
to resolve ubiquitous concretions weathered out of silicified limestone (dark speckles, inset image). b) White limestone unit partially eroded from underlying quasi-horizontal pale
brown silicified limestone unit (red stars). Overlying white limestone unit preserved as patches and yardangs. Prominent joint trends WNW-ESE (red dashes) and NNW-SSE (blue
dashes, parallel to yardangs). c) High resolution DEM of same area in Fig. 8a indicates subunit thickness of 1e3 m, consistent with scarp heights measured in field by Tewksbury el al.
(2012). Image sources: a & b: Google Earth; c: DEM from DigitalGlobe WorldView 3 stereo imagery courtesy of Paul Morin, Polar Geospatial Center, and Ian Howat, Ohio State
University. Image centers: a & c: 26.283963, 30.938284; b: 26.309653, 30.903450. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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5.2.1. Characteristics of individual synclines
Fig. 8a shows a typical syncline. Scarps, inward-facing dip

slopes, and erosional patterns in micro-wadis in the resistant pale
brown unit provide clear evidence of a synclinal structure. On the
north side, dark scarps and bright, south facing dip slopes indicate
SSW dips. On the south side, bright scarps and partly shadowed,
north facing dip slopes indicate NNE dips. Both are consistent with
dip directions indicated by the Vs and scallops formed by micro-
wadis (Fig. 8b).

We calculated approximate dip angles using differences in pixel
elevations in the 0.5 m DEM (Fig. 8c) between the tops and bottoms
of dip slopes. Calculated dip angles on the north and south limbs
are on the order of 3e6� ± ~1� (Fig. 8a). At the southeast nose,
calculated dip angle is about 2� ± ~1�. These dip values are
approximate and likely to be a bit underestimated because we
measured erosional dip slopes rather than actual bedding. Never-
theless, these shallow calculated dips are consistent with the
shallow dips that we measured in the field in our pilot study.

Shallow dip in the nose indicates very shallow fold plunge, and
the hinge “porpoises” along trend, forming multiple basin closures
along the length of the syncline. The axial surface trace of the

syncline in Fig. 8a also changes orientation along the length of the
syncline, from NNW-SSE at the southeast end to WNW-ESE in the
west. The syncline ranges from about 100 to 300 m in width and is
narrowest between basin closures. A resistant pale brown unit lies
in the core of the main basin and is topographically prominent
(Fig. 8a and c).

Despite very shallow limb dips, the outcrop pattern of the dip-
ping syncline limbs is strikingly different from the outcrop pattern
only about 100 m away from the syncline where the limestone is
horizontal (Fig. 8a). In oblique view, it is quite clear that most of the
surrounding bedding is, in fact, horizontal and that the syncline is
actually an isolated downwarp in otherwise flat-lying limestone
(Fig. 8d).

5.2.2. A network of synclines
Synclines across the El Rufuf and Drunka Formations are linked

together in a network, and Fig. 9 illustrates the general character-
istics and scale of the network. Synclines are 150e350m across and
have multiple basin closures along their lengths. Two dominant
syncline trends are common in most areas, although subsidiary
trends do occur. Synclines of all trends branch and merge into one

Fig. 8. Characteristics of individual synclines in syncline network. a) Dip slopes, Vs in micro-wadis (Fig. 8b), and scallops in micro hogback ridges show inward dips that define a
narrow syncline. Same syncline symbology as Fig. 5a. Dips calculated from elevations in high resolution DEM (Fig. 8c). Within 100 m of the syncline, dips in limestone layers are
horizontal (H), as indicated by irregular outcrop traces of jointed white subunit. b) Colorized elevation hillshade shows low relief (light green ~307e310 m.a.s.l., dark green
~315e317 m.a.s.l.) but clearly reflects syncline structure and horizontal layering (H) away from the syncline. d) Oblique view in Google Earth shows syncline (brown line shows axial
surface trace) as an isolated downwarp in otherwise flat-lying limestone. Image sources: a, b, & d: Google Earth; c: DEM from DigitalGlobe WorldView 3 stereo imagery, courtesy of
Paul Morin, Polar Geospatial Center, and Ian Howat, Ohio State University. Image centers: a & c: 26.282978, 30.954699; b: 26.284189, 30.952856. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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another and curve along trend from one orientation to another
(Figs. 8 and 9). Basin closures are commonly located where trends
merge or intersect. Fig. 9a also shows the correlation between the
orientation of the two dominant joint sets (dashed lines in Fig. 9a)
and the dominant syncline trends.

Synclines are the most well-defined in satellite imagery where
at least one pale brown unit is involved. This results in part from the
color contrast where a white unit lies adjacent to a syncline in map
view and in part from the fact that the pale brown units are more
resistant and form scarps and dip slopes in the synclines that are
easily visible in the satellite imagery. Because synclines have
porpoising hinges, synclines have deeper keels in some places than
others, and portions having more layers in the core also have
deeper keels. Synclines with very shallow keels can be “ghosty” and

difficult to see, especially if they involve only white units.

5.3. Syncline mapping

We mapped the axial surface traces of all synclines in the two
areas shown in Fig. 10 using high resolution satellite imagery. The
larger area covers approximately 4000 km2 in limestones of the
Thebes Group and extends from south of the Drunka-El Rufuf
contact north into the Drunka Formation. The second area is
smaller (~300 km2) and lies about 40 km south of Assiut just west of
the Nile escarpment. It is clear in Fig. 10 that the character of the
syncline network varies across the region, and wewill focus on four
areas to paint a picture of similarities and differences.

5.3.1. Area 1 (central Drunka Formation)
In the northern and central portion of our larger mapping area

(Area 1, Fig. 10), synclines are spaced widely, typically 1e3 km apart
(Fig. 11a). Despite the fact that these synclines commonly contain
surficial deposits that form the dark-colored “worms” in satellite
imagery (Fig.11), zooming in on the high resolution imagery reveals
that these surficial deposits are very thin and that the inward
dipping bedrock layers that define the syncline structures are still
easily visible (Fig. 11b inset).

Two syncline trends are dominant, NNW-SSE and WNW-ESE,
and synclines from the two trends branch and merge. Although
synclines do interconnect, the network is, in fact, discontinuous,
and individual synclines commonly terminate abruptly, as at the
northwest tip of the “herringbone syncline” in Fig. 11b. Syncline
widths range from 150 to 400 m.

Between the synclines, the limestone layers are horizontal.
Fig. 11c shows an extensive horizontal bedding surface of one of the
resistant pale brown units. Remnants of a nearly completely eroded
overlying white unit sit on the bedding surface as patches and small
yardangs (white arrows in Fig. 11c), and the contact with the un-
derlying less resistant white unit has the typical dendritic outcrop
pattern of a horizontal contact (red arrows in Fig. 11c). Zooming in
also reveals horizontal bedding in the larger yardangs (Fig. 11c
inset). The only dipping layers in the scene are associated with two
small isolated basins and an E-W syncline (stars in Fig. 11c). In
short, over large areas of the central and northern portions of our
mapping area, synclines are the only fold structures e there are no
companion anticlines. Synclines form isolated downwarps in
otherwise horizontal limestone.

5.3.2. Area 2 (Drunka-El Rufuf contact region)
In the southern part of the map area (Area 2, Fig. 10), synclines

are more closely spaced (typically 200e500 m apart) than they are
in the northern and central portions, although individual synclines
are similar in scale (150e300 m wide) to those elsewhere (Fig. 12a
and b). As in the northern zone, bedding is horizontal between
synclines (Fig. 12a inset). Where synclines are closely spaced,
adjacent syncline limbs do define an “anticline” (Fig. 12b),
commonly flat-topped, in between the synclines, but anticlines are
“accidental” and simply a consequence of close syncline spacing.

Synclines in this area have two dominant orientations (Fig. 12a
and c), WNW-ESE and NNW-SSE (nearly N-S in some places). The
two dominant syncline orientations are parallel to two prominent
joint sets in the white limestone (dashes, Fig. 12b). As elsewhere,
joints are not visible in satellite images of the pale brown unit.

The contact between the Drunka and El Rufuf Formations lies in
this zone of closely spaced synclines, and we used satellite imagery
to map the contact in detail (Fig. 12c). The map pattern of the
contact is complex, with outliers of Drunka in the El Rufuf and in-
liers of El Rufuf in the Drunka (Fig. 12aed). South of the Drunka-El
Rufuf contact, a white unit at the top of the El Rufuf dominates, but

Fig. 9. Interconnected synclines form a network. a) Main syncline trends are parallel to
two prominent joint sets (white dashes). Synclines have multiple elongate basin clo-
sures along their lengths; basin closures with deeper keels are common at in-
tersections. b) Oblique view in Google Earth looking NE across Fig. 9a. Brown lines
show axial surface traces of synclines. Image credit: Google Earth. Image center: a)
26.177166, 30.970082. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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the keels of narrow, doubly plunging synclines create discontin-
uous outliers of pale brownDrunka (Fig.12a and inset). North of the
contact, the pale brown unit at the base of the Drunka dominates,
but inliers of El Rufuf appear where erosion has breached the pale
brown Drunka unit and exposed a white unit of the El Rufuf in the
broad, accidental anticlines and blocky domes that lie between
closely spaced synclines.

This area displays two distinctly different syncline domains
(Fig. 12c). Domain A is wide and dominated by narrow WNW-ESE
synclines. Domain B is narrow and has the same WNW-ESE syn-
cline trend as displayed in Domain A but also displays a set of N-S to
NNW-SSE-trending narrow synclines. The result is a chocolate-
tablet arrangement in Domain B of blocky, broad, flat-topped
domes separated by interconnected narrow synclines (Fig. 12d

Fig. 10. Axial surface traces of all synclines in the two outlined regions. Overall location shown in Figs. 1a and 3a. Details of synclines in Areas 1e4 appear in Figs. 11e13 and Fig. 2eef
respectively. Satellite imagery from Arc2Earth (image credit Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP,
swisstopo, and the GIS User Community). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and e). Darker keels of lower Drunka define the synclines, and the
white rock of the El Rufuf is exposed in the breached areas between
the synclines (Fig. 12d and e). Clusters of NNW-SSE en echelon fault
segments are arrayed along roughly N-S zones in Domain B. All but

the easternmost of the N-S “B” zones step the Drunka-El Rufuf
contact down to the east by a combination of faulting and broad
monoclinal flexure, accounting for the generally southward
migration from west to east of the outcrop trace of the contact in
the “A” blocks. The farthest east “finger” is down on both sides.

Fig. 12d and e also show that the N-S synclines in the “B” zones
connect to closely spaced WNW-ESE synclines in a “ladder” ge-
ometry, with basin closures at the intersections. WNW-ESE syn-
cline hinges plunge toward the N-S synclines and some peter out
altogether away from the N-S synclines. The N-S synclines also
show more layers in their cores than do the WNW-ESE synclines,
indicating deeper keels along the N-S synclines.

5.3.3. Area 3 (northeastern Drunka Formation)
In the small mapping area south of Assiut, synclines have the

same scale and character as those in Areas 1 and 2, but NNW-SSE
synclines dominate the network and are connected by subsidiary
WNW-ESE, E-W, and ENE-WSW synclines (Area 3, Fig. 10). NNW-
SSE synclines are typically spaced only a few hundred meters to
less than a kilometer apart, resulting in inter-syncline areas with
broadly anticlinal character (Fig. 13a). The oblique views in Fig. 13b
and c show that these inter-syncline areas are dominated by hor-
izontal bedding, with dipping bedding only immediately adjacent
to the narrow synclines themselves. We ran several audio-
magnetotelluric surveys across synclines in this mapping area
and determined that zones with low electrical resistivity underlie
the synclines along the survey lines at depths ranging from about
100 m to more than 400 m below the surface (Tarabees et al., this
issue).

5.3.4. Area 4 (“catastrophic flooding flutes”)
In the introduction to this paper, we mentioned that several

authors have proposed that the dark wormy patterns in satellite
imagery across this part of the Western Desert are erosional flutes
from catastrophic flooding across the Limestone Plateau. High
resolution imagery reveals, however, that these proposed cata-
strophic flooding flutes are actually defined by the same kind and
scale of narrow synclines with multiple basin closures that char-
acterize all of our other mapping areas (Fig. 2e and inset). NNW-SSE
trends dominate here, although subsidiary ENE-WSW trends do
occur. Fig. 2f also shows fault offsets of limestone layers in one of
the synclines, confirming that these are bedrock, not erosional,
features.

5.4. Extent of syncline development

In addition to doing detailed mapping in the Drunka and upper
El Rufuf Formations, we carried out a country-wide reconnaissance
survey using high resolution satellite imagery to determine the
extent of syncline development across Egypt (Fig. 14). The synclines
and syncline networks are not a local phenomenon e they occur,
albeit sporadically developed, over an area of nearly 100,000 km2.
Synclines are developed preferentially in the Eocene limestones of
Egypt (medium pink on the geologic map in Fig. 14). Although not
equally well-developed everywhere in the Eocene limestones,
synclines are similar in character and scale everywhere they occur.
Synclines are the key structurese they form isolated downwarps in
otherwise flat-lying limestone without anticlines in between.
Although synclines occur in a variety of orientations in all of the
networks, WNW-ESE and NW-SE or NNW-SSE orientations domi-
nate in virtually all of the regions.

Fig. 11. Characteristics of synclines in Area 1 (location shown in Fig. 10). a) Synclines
are narrow but widely spaced and discontinuous; WNW-ESE and NNW-SSE trends
dominate. b) Dark syncline cores show dipping bedrock layers (inset). Same syncline
symbology as Fig. 5a. c) Limestone layers are horizontal between synclines. Erosional
remnants of a white limestone layer (white arrows) lie on underlying horizontal brown
unit, which has an irregular outcrop trace (red arrows) with underlying white unit.
Yardangs also show horizontal bedding (inset). The only locations with dipping layers
are two small isolated basins and a small syncline (white stars). Image credit: Google
Earth. Image centers: a) 26.596757, 30.945977; b) 26.629558, 30.929505; c)
26.558700, 30.886916. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 12. Characteristics of synclines in Area 2 along contact between El Rufuf Formation (south) and Drunka Formation (north). Location shown in Fig. 10. a) A white unit lies at top
of El Rufuf (E) and a brown unit at bottom of Drunka (D). Narrow WNW-ESE and NNW-SSE brown patches are synclinal outliers of younger Drunka (D) in the top of the El Rufuf (E).
Layers are horizontal between synclines (H, inset, oblique view looking SE in Google Earth) except immediately adjacent to syncline limbs (Fig. 1b). b) Broad white areas are inliers of
older El Rufuf (E) where erosion has breached areas between narrow synclines cored by Drunka (D). Synclines are parallel to two prominent joint sets (red dashes). c) Syncline
network, faults, and contacts in Area 2. Colors for Drunka and El Rufuf Formations same as in Figs. 3 and 4. Mapped outcrop trace of contact (blue) is complex because of network of
closely spaced synclines. “A” domains are dominated by WNW-ESE synclines; “B” domains are narrower and have WNW-ESE synclines crossed by NNW-SSE to N-S synclines
parallel to faults of similar orientation. d) “B” domains have blocky, flat-topped “accidental” domes between synclines of the two trends. e) Oblique view looking NW in Google Earth
of ladder-like network of synclines. Image credit: Google Earth. Image centers: a) 26.167041, 30.855670; b) 26.104511, 30.924132; d: 26.083510, 30.953724. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Characteristics of synclines in Area 3 (location shown in Fig. 10). a) Same syncline symbology as Fig. 5a. Where synclines are closely spaced, inter-syncline areas are broadly
domal or anticlinal (red stars) but “anticlines” are an accident of close spacing of adjacent syncline limbs. b) Where synclines are more widely spaced, bedding is horizontal. Oblique
view in Google Earth looking ENE, showing horizontal bedding in yardangs in foreground. Red stars correlate with Fig. 13a. c) Oblique view in Google Earth showing that bedding is
horizontal (H) except immediately adjacent to synclines. Image credit: Google Earth. Image center: a) 26.850487, 31.096667. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 14. Locations of areas in Egypt (blue asterisks) with synclines similar to those in our main mapped syncline network (brown ellipse). Synclines are localized in Eocene limestone
(medium pink). Google Earth images show that synclines are similar in characteristics and orientation over the entire area. Synclines shown in southern Egypt (lower right, three
images) do not lie along the major mapped E-W and N-S faults of the region. Map adapted from EGSMA, 1981. Image centers, clockwise from upper right: 28.533771, 31.248534;
27.708135, 31.256808; 26.962901; 31.695877; 24.536072, 31.846536; 24.283936, 31.772569; 24.333132, 31.470419; 26.700149, 29.922060; 27.728406, 28.743558; 28.480802,
28.639428; 28.332968, 26.834424. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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5.5. Timing of syncline formation

5.5.1. Age of synclines relative to Pleistocene/Holocene drainage
networks

A wadi system dissects the edge of the Limestone Plateau both
east and west of the Nile. High resolution imagery shows clearly
that the syncline network is unrelated to the hydrologic system that
produced the wadis. Fig. 15a and b shows deep wadis cutting across
and parallel to the synclines, and the wadis are conspicuously not
coincident with the synclines. The lack of correlation indicates that
the synclines are unrelated to the Pleistocene/Holocene hydrologic

system and were present in the limestones when the wadis
dissected the Plateau.

Wherewadis east of Sohag cut deeply into the syncline network,
high resolution imagery plus the 3D terrain view in Google Earth
allow us to see a bit of what underlies the synclines. Where the
cores of synclines are visible inwadi cliff exposures, we consistently
see continuous layers beneath the syncline cores (Fig. 15a and b).

5.5.2. Age of synclines relative to pre-Nile gravel deposits
The geologic map in Fig. 3 shows a number of Plio/Pleistocene

and Holocene sedimentary units that occur in the Nile Valley, on
the escarpment flanks, and in the wadis that dissect the edge of the
Limestone Plateau. In addition to those units shown on the map,
two clastic sedimentary units, the Katkut Formation and the Abu
Retag Formation, lie over two hundredmeters above the Nile Valley
on the Limestone Plateau surface itself and sit unconformably on
limestone of the Drunka Formation. The Katkut Formation was
originally defined by Issawi et al. (1999) and applied to fluvial
gravel deposits developed sporadically across the Limestone
Plateau. Mahran et al. (2013, as cited in Abu Seif, 2015) proposed the
name Abu Retag Formation for a set of fluvial gravels that are
younger than the Katkut. We have not included either unit on the
geologic map e although they have been well mapped in places
near the Nile Valley west of Sohag (Abu Seif, 2015), they have been
poorly mapped elsewhere on the Limestone Plateau.

South of Sohag, high resolution satellite imagery shows very
clearly that gravels of the Katkut Formation lie unconformably on
eroded synclines in the Drunka Formation (Fig. 15c), indicating that
the synclines were present in the Drunka Formation and that an
erosional surface had developed on the synclines before the Katkut
gravels were deposited on them.

The absolute ages of the Katkut and the Abu Retag Formations
are poorly constrained because they lack index fossils. Both pre-
date development of a through-going Nile in the Late Miocene,
and Issawi et al. (1999) assigned an Oligocene age to the Katkut.
Abu Seif (2015) and Mahran et al. (2013, as cited in Abu Seif, 2015)
suggest that the Katkut might be as young as Early Miocene
because some sections southwest of Sohag were deposited in NW-
SE grabens, whichwere presumably associatedwith Red Sea rifting.
Abu Seif (2015) notes the presence of Precambrian basement peb-
bles in the Abu Retag but not the Katkut, suggesting that the Katkut
predates major uplift in the Red Sea Hills. On this basis, Abu Seif
(2015) suggests a Late Miocene age for the Abu Retag.

5.5.3. Age of synclines relative to Red Sea Rift-related faulting
Synclines are cut and offset by NW-SE to NNW-SSE normal

faults associated with extension in the Western Desert during
rifting of the Red Sea. Despite generally similar trends between Red
Sea Rift-related faults and one of the main syncline trends (NNW-
SSE), Fig. 16a shows clearly that synclines of all orientations,
including ones oriented NNW-SSE, were present in the limestones
before the faults developed. Bosworth et al. (2015) have suggested
that rapid unzipping of the Red Sea ca. 23 Ma at the Oligocene-
Miocene boundary generated only short-lived regional extension
in the Western Desert and that faulting ceased shortly thereafter.

We pointed out earlier that the limestones display prominent
WNW-ESE and NNW-SSE joint sets and that the two main syncline
trends are parallel to these joint sets. We also observe many small
NNW-SSE microfaults (Fig. 16b). The close spacing and small, dip
slip offsets suggest reactivation of an older NNW-SSE joint set
during Red Sea Rift-related extension in the Western Desert.

6. Interpretations

The geometries and scales of synclines in our mapped network

Fig. 15. a & b) Oblique views in Google Earth show lack of correlation between wadis
and synclines, indicating that synclines are unrelated to Pleistocene/Holocene hydro-
logic system. Syncline cores show continuous layers where breached by wadi erosion.
c) Katkut Formation gravels lie unconformably on eroded synclines. Image source:
Google Earth. Image centers: a) foreground at 26.955176, 31.701103; b: foreground
26.645921, 31.861146; c) 26.121816, 31.625994. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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are very different from those in typical regional tectonic fold sys-
tems. In every place we have examined the synclines, we have been
struck by how similar all the synclines are ewidths of 150e400 m,
shallow limb dips, no parasitic folds, no larger structures. An area of
4000 km2 in a fold and thrust belt such as the Zagros would typi-
cally contain a dozen whaleback anticlines and related synclines,
whereas our main mapping area in the Drunka Formation contains
over 1000 synclines. Furthermore, over large areas, synclines are
“the only deal in town”, with flat-lying limestone layers, rather than
anticlines, in between the synclines. Inter-syncline areas that are
broadly anticlinal in character are due to proximity of the limbs of
two adjacent synclines, rather than to an active anticline-forming
mechanism.

The syncline network is also unlike the prominent dome and
basin structures that are co-located with and genetically related to
slip on the major long-lived E-W and NNE faults that have been
previously studied by many workers farther south in Egypt in the
south central Western Desert (e.g., Issawi, 1968; El Hinnawi et al.,
1978; Sehim, 1993; Youssef, 2003; Alfarhan et al., 2006;
Tewksbury et al., this issue). Rather than being co-located with
faults, the synclines that we have mapped in the Thebes form an
areally extensive network of long, narrow, curving, and branching
synclines (Fig. 10) in limestone bedrock that largely lacks the long-
lived, through-going faults that characterize the Western Desert to
the south. The fact that our synclines are developed as a network
over such a large area also suggests that it is not a reasonable model
to propose that each syncline is related to a blind strike-slip shear

zone at depth, which was suggested by Youssef et al. (1998) for a
small area in the Drunka Formation east of the Nile.

The synclines in the Thebes are not typical tectonic structures,
and we suggest that they are best described as sag structures. A
viable model would need to operate in a manner similar to mine
collapse, where broad subsidence results from a relatively small
amount of volume reduction/removal of material at depth. Sag
above mine collapse can occur in layers hundreds of meters above
the horizon of volume reduction (R. Loucks, pers. comm., 2015), and
the surface commonly shows little but sag of layers, although
faulting can occur on shoulders. We require a similar, but natural
process that 1) is non-tectonic, 2) operated on a regional scale in a
fairly narrow time window between the end of limestone deposi-
tion in the Middle Eocene and Oligocene or Miocene deposition of
the Katkut Formation and extensional faulting related to Red Sea
rifting, 3) developed structures with consistent orientations
controlled by prominent joint sets, and 4) is consistent with both
the nature of the underlying stratigraphic sequence and the
observation that synclines are confined to Eocene limestones.

Our data are admittedly limited for evaluating possible models
for the origin of the syncline network. Consequently, we have
chosen to present a number of models and to evaluate each in
terms of how likely it is to be a viable mechanism.

6.1. Epigenic/vadose zone karst

Epigenic speleogenesis is the cave- and sinkhole-forming karst
process with which geologists are most familiar. Dissolution fea-
tures form by descending and laterally moving groundwater, and
aggressiveness of groundwater water with respect to carbonate
rocks is acquired in the soil zone. Processes are directly related to
contemporary surface topography, and caves, passages, and
collapse are all near-surface.

Collapse of epigenic karst is a common cause of subsidence in
limestone terrains, and potential collapse of known Pleistocene/
Holocene epigenic karst features does, in fact, figure prominently in
modern geotechnical engineering considerations for expansion of
cities in Egypt outside the Nile floodplain (e.g., Abdeltawab, 2013;
Abdel Aati and Shabaan, 2013; Ashraf, 2012). Road cuts and cliff
exposures in the Nile Escarpment show abundant shallow disso-
lution features, small caves, grikes, terra rossa, and shafts and so-
lution cavities infilled with conglomerate, sand, and breccia
(Mostafa, 2013). Our syncline network cannot, however, be related
to these young epigenic karst features, because gravels of the
Oligocene (Miocene?) Katkut Formation unconformably overlie
eroded synclines of our network.

What about epigenic karst collapse during the Oligocene, when
the climate in Egypt was wetter and rivers meandered across a
broad, lowland surface (e.g., Bown and Kraus, 1988; Rasmussen
et al., 2001; Holmes et al., 2010)? Although we cannot rule this
out as a mechanism for generating our syncline network, we think
it is unlikely because our evidence suggests that whatever caused
the sag was not a near-surface phenomenon. Despite a minimum of
many tens of meters of erosion of Eocene limestone since the early
Oligocene (and Macgregor, 2012, suggests 200 m removed by
erosion), we see no evidence of sinkhole collapse in the places
where it is the most likely to have occurred, namely in the cores of
structural basins along the synclines. Instead of chaotic breccia in
the cores of basins, we see coherent bedded limestone that
commonly sits many meters above the surrounding erosion surface
(Fig. 8). Furthermore, in wadis excavated many tens of meters deep
across the cores of synclines and basins, we see continuous,
coherent limestone layers, rather than collapse breccias (Fig. 15).

Fig. 16. a) NNW-SSE-striking faults related to Red Sea rifting offset synclines of all
orientations. b) Closely spaced NNW-SSE microfaults may have formed by reactivation
of a prominent joint set in the limestones during Red Sea rifting. Image source: Google
Earth. Image centers: a) 26.792324, 31.071276; b) 26.901297, 31.129621. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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6.2. Deep dissolution of evaporites

Qatar and eastern Saudi Arabia display sag syncline networks in
the Eocene Dammam and Miocene Dam Formations that are
strikingly similar to our syncline network in Egypt (for comparison,
see Tarabees et al., this issue). Previous workers have established
that the Qatar structures formed as a result of dissolution of un-
derlying Eocene evaporites of the Rus Formation, with accompa-
nying sag in the overlying limestone layers (Prost, 2014; Sadiq and
Nasir, 2002; Cavelier, 1970). Stewart (2015) describes similar
structures in eastern Saudi Arabia resulting from subsurface
dissolution of Rus Formation evaporites and sag in overlying layers.
Structures of similar geometry and scale also occur in the Pecos
Valley of New Mexico and West Texas, USA, and were formed by
dissolution of subsurface evaporites in the Castile and Salado For-
mations (e.g., Stafford et al., 2008; Land and Love, 2006; Motts,
1962).

Deep dissolution of evaporites is an unlikely mechanism for
formation of the syncline network in Egypt, however, despite the
similarities in geometry of both sets of structures. No layered
evaporites have ever been reported in the stratigraphic section
underlying the Eocene carbonates in Egypt (e.g., Barakat and Asaad,
1965; Issawi et al., 1999, 2009), and proposing such a mechanism
would require suggesting that evaporites were present at one time
but have been completely removed by dissolution, which is theo-
retically possible but does not make a very satisfying argument.

It is intriguing to speculate, however, whether any of the shales
underlying the Thebes might have been deposited in an environ-
ment conducive to the nucleation and growth of displacive halite
after deposition. Benison et al. (2015) describe shales that, in drill
cores, consist of up to 80% displacive halite but that, in outcrop, look
like rather normal shales with a bit of anhydrite, because ground-
water has long since dissolved the halite and collapsed the sedi-
ment back to its original volume. Localized displacive halite
dissolution along faults and fracture swarms in shales underlying
the Thebes, with accompanying sag in overlying limestone layers, is
worth entertaining as an interesting speculation, although it would
require drill cores to investigate the presence of displacive halite at
depth.

6.3. Collapsed, coalesced paleokarst

When an extensive epigenic cave system forms during long-
term exposure of limestone and subsequently undergoes subsi-
dence and burial, the weight of new sediment layers can cause
collapse of the old buried paleokarst system (Loucks, 1999, 2007;
McDonnell et al., 2007). Paleocaves and passages coalesce on
collapse, creating sag synclines that are much wider in the younger
sedimentary cover than individual caves and passages in the orig-
inal paleokarst. The scale, features, and geometries of our syncline
network are strikingly similar to features in the Ellenburger Group
of West Texas, USA, that have been interpreted by Loucks et al.
(2004) and McDonnell et al. (2007) as collapsed, coalesced
paleokarst.

Collapse of paleokarst is unlikely for our area in Egypt, however,
because the stratigraphic record does not contain unconformities
that reflect long-term subaerial exposure of carbonates prior to
deposition of the limestones that contain the sag synclines (Fig. 4)
(El Azabi and Farouk, 2011; Keheila and Kassab, 2001; Aubry, pers.
comm., 2016). Although fluctuating sea levels did place carbonate
horizons within the freshwater phreatic zone (e.g., Khalifa et al.,
2004), the stratigraphic column contains neither evidence of sub-
stantial dissolution during these intervals nor evidence of areal
extent large enough to account for our syncline network.

6.4. Silica diagenesis above polygonal faults

Davies (2005) investigated the origin of a hummocky terrain in
the subsurface of the North Sea that displays a network of narrow
synclines separating broad flat-topped domes a kilometer or so
across. He suggested that warm fluids rose along polygonal faults
and into overlying units, triggering localized diagenesis of biogenic
silica with significant volume loss and pore space collapse accom-
panying conversion of Opal A to Opal CT. Volume loss caused sub-
sidence localized above the polygonal faults, forming a polygonal
network of narrow synclines and accidental domes in between.

Our syncline network is strikingly similar in both scale and
syncline characteristics, although the network pattern is not
beautifully polygonal, as it is in the North Sea. Our Eocene lime-
stones do, in fact, overlie sequences that contain abundant shale
and chalk, the only rock types that host polygonal faults
(Cartwright, 2011). Furthermore, biogenic silica could have been
the silica source for the abundant chert in the Western Desert
limestones, although no siliceous microfossils have been found in
the Drunka, and the source of the silica is debated (e.g., Abu El Ghar
and Hussein, 2005).

We thought that a silica diagenesis model might be plausible for
localized volume reduction in our limestones and sag of overlying
layers until we ran our audio-magnetotelluric surveys, which
indicate that low resistivity zones underlie the synclines (Tarabees
et al., this issue). It is difficult to see how a low resistivity zone
would be consistent with limestone under the synclines that is
denser and less porous due to an Opal A to Opal CT transition.

6.5. Downslope mobilization of underlying shales

Because our Eocene limestones are underlain by several Late
Cretaceous and Paleogene shale units (Figs. 3 and 4) that have the
potential for instability, we have explored the possibility that
mobilization in underlying shalesmight have created sag structures
in the overlying Eocene carbonates. Løseth et al. (2011) describe
such structures in the North Sea formed by high Pf-induced gravity
gliding in organic-rich black shales after deposition of an overlying
sequence. The black shales exhibit strata-bound normal faults, with
drape/sag folds in overlying units. Moscardelli et al. (2012) have
also reported down-slope mobilization of shales in the Gulf of
Mexico that distorted an existing network of strata-bound polyg-
onal faults, causing a network pattern of sag in overlying layers as
underlying polygonal faults were reactivated. The low resistivity
zones beneath the synclines in our audio-magnetotelluric surveys
(Tarabees et al., this issue) could be consistent with highly faulted
and fractured zones that are now filled with modern artesian
groundwater but that were generated originally by mobilization of
underlying shale.

Any mobilization model will form a “pile-up” zone down slope
where thrust faults, folds, and/or diapirs accommodate the trans-
latedmaterial. Wewere intrigued by the fact that the southern Sinn
el-Kaddab Plateau displays very large (10e40 km diameter), low
amplitude dome structures (Fig. 17) that are underlain by Creta-
ceous shales. We initially speculated that uplift of north Egypt in
the Syrian Arc at the Bartonian/Priabonian boundary (Guiraud et al.,
2001) might have triggered southward mobilization of shales (with
or without polygonal faults), development of sag synclines in
overlying limestones, and diapiric rise of mobile shales in the south
to form the giant low-amplitude domes. From the Late Eocene
onward, central Egypt has been a terrestrial environment (e.g.,
Macgregor, 2012), but it is unclear whether uplift in the north was
enough to reverse slopes near the end of the Eocene and trigger
southward mobilization.

This seemed to us to be a model that was worth pursuing for our
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syncline network until we completed a country-wide syncline in-
ventory and realized not only the extent of development of the
features but also the remarkable consistency in dominant orien-
tations of the sag structures. Both of these observations make
downslope mobilization a less likely model, but they don't rule it
out entirely.

6.6. Hypogene speleogenesis

Hypogene speleogenesis, in contrast to epigenic speleogenesis,
is the formation of dissolution structures by waters ascending
through a cave-forming zone from below, driven by hydrostatic
pressure or other sources of energy (Klimchouk, 2009). Hypogene
karst features are independent of recharge from the surface.
Aggressiveness of the water with respect to carbonate rock is ac-
quired at depth and can be thermal or chemical (e.g., elevated
temperature, dissolved CO2, H2S) (Frumkin and Gvirtzman, 2006;
Decker et al., 2015; Kempe et al., 2009). Joint and fault systems
commonly control the vertical component of flow across lithologic
boundaries, resulting in broadly rectilinear patterns of dissolution
(Klimchouk et al., 2012). Hypogene speleogenesis can produce
enormous features, go on for millions to tens of millions of years,
and operate at depths ranging from tens of meters to several kilo-
meters, and deep hypogene dissolution may cause no visible effects
at the surface (e.g., Klimchouk et al., 2016; Bayari et al., 2009).

Hypogene speleogenesis is an intriguing possibility to consider
for our syncline network, because it could produce deep-seated
collapse with sag of overlying limestone layers without requiring
either subsurface evaporites or the presence of buried paleokarst.
Modern rise of artesian groundwater into these voids and collapse
zones would be consistent with the low resistivity zones that we
measured beneath the synclines in our audio-magnetotelluric

surveys (Tarabees et al., this issue). Below, we consider where hy-
pogene speleogenesis may have operated, what role stratigraphy
might have played, and what the source of aggressive fluids might
have been.

6.6.1. Structural control
In hypogene speleogenesis, faults and fracture networks serve

as conduits that carry deeply derived fluids upward through a less
permeable horizon into a rock sequence where dissolution is not
only spatially correlated with the fault/fracture network but also
commonlymost intensewhere faults and fracture swarms intersect
one another (Klimchouk et al., 2012). Syncline orientations in our
network are strongly correlated with joint and fault orientations
that predate Red Sea Rift-related extension, and synclines are
confined to limestones of the Thebes Group, which is underlain by
the Esna Shale. Furthermore, along the Drunka-El Rufuf contact,
synclines in the N-S striking fault zones (the “B” domains of
Fig. 12c) exhibit more sag than synclines parallel to the WNW-ESE
striking joint set, and WNW-ESE synclines connect to the N-S
synclines in a ladder-type arrangement, with basin closures at the
“ladder” intersections and with sag decreasing away from the N-S
synclines along the WNW-ESE “ladder rungs” (Fig. 12e).

These features are consistent with more dissolution at depth
along more permeable N-S faults, migration of fluids laterally away
from the N-S faults along WNW-ESE fractures swarms, and
maximum dissolution and sag above conduits where the faults and
fracture swarms intersect. We also note that the N-S faults are best
developed in the southern part of our syncline mapping area along
the Drunka-El Rufuf contact and that these N-S faults die out to the
north (Figs. 3 and 12c), which could account for the closer spacing
of synclines near the contact and more widely spaced synclines
farther north in the Drunka Formation.

One might also expect that variations from place to place in the
geometry of the sag syncline network should reflect the geometry
of the conduit network. For example, the overall sigmoidal shape of
the network (Figs. 10 and 12c) might well reflect widely spaced N-S
fault zone conduits at depth, with migration of fluids along joint
sets WNW and ESE away from the fault zones.

6.6.2. Role of stratigraphy and hydrostratigraphic units
Contrasting lithologies and fluid chemistries play an important

role in hypogene speleogenesis. If a sedimentary sequence displays
a facies-controlled hydrostratigraphy consisting of alternating
layers of more and less permeable lithologies, diffuse lateral flow of
formation fluids occurs along the more permeable units
(Cunningham et al., 2006), whereas rising deeply derived fluids are
localized along fault andmaster fracture conduits (Klimchouk et al.,
2012). Mixing of fluids with different chemistries in the permeable
units can produce a fluid that is newly aggressive with respect to
the host rock (Palmer, 1991), triggering dissolution in a series of
stacked networks separated by less permeable horizons
(Klimchouk et al., 2012). The Thebes Group consists of less
permeable horizons (e.g., cherty and silicified limestones) inter-
layered with more permeable layers (e.g., chalky and porous
limestones), making it susceptible to this kind of intrastratal mixing
flow corrosion.

6.6.3. Aggressive fluids
Extensive hypogene karst development requires widespread

fluids that are appreciably aggressive (Klimchouk, 2014; Bayari
et al., 2009). One candidate is a fluid rich in H2S. The presence of
pyrite in shales underlying the Thebes suggests a possible source
for sulfur in rising waters.

Another good candidate is a thermal fluid charged with CO2,
which is not only aggressive but becomes more corrosive as it rises

Fig. 17. The southern Sinn el-Kaddab Plateau displays large low-amplitude domes that
may have formed by mobilization of Late Cretaceous and/or Paleocene shales. Yellow
star shows location of southern part of our main mapping area. Image credits: Imagery
copyright 2012 DigitalGlobe, Inc.; elevation model from Shuttle Radar Topography
Mission data. Image centers: a) 24.052393, 30.943229; b) 23.708226, 30.673595. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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and cools due to the inverse relationship between water temper-
ature and calcite solubility. Bayari et al. (2009) describe enormous
hypogene karst features in Turkey that are developed in a region of
more than 50,000 km2 by fluids that were aggressive due to high
mantle CO2 flux associated with extensional thinning of the litho-
sphere and related basaltic volcanism. Frumkin et al. (2015) has
shown that hypogene fluids don't even have to be particularly hote
even a few degrees Celsius is enough to promote dissolution.

Decker at al. (2015) have also recently argued that supercritical
CO2 (scCO2) is a particularly potent agent of dissolution. scCO2
migrates easily upward through faults and fractures and dissolves
very readily in water encountered in aquifers, making the fluid
highly aggressive. scCO2-related fluid aggressiveness is at a
maximum just above the supercritical/subcritical transition. The
pressure at which the transition between supercritical and
subcritical CO2 occurs is temperature-dependent, but, at normal to
somewhat elevated geothermal gradients, scCO2 becomes subcrit-
ical at depths of 350e750 m. We are intrigued by the fact that the
base of the Thebes would have been at depths of 400e600 m
(depending on the amount of post-Eocene erosion), at the time
when hypogene speleogenesis might have occurred in the Thebes.

Hypogene fluid withmagmatogenic CO2 is not beyond the realm
of possibility in Egypt. Modern springs in Egypt show the presence
of mantle-derived, magmatogenic CO2 even today (Mohammed,
2015; Mohammed et al., 2014), and recent work by Lee et al.
(2016) suggests that a high flux of CO2 from the mantle is a long-
lived feature in areas undergoing crustal extension. Both suggest
that it is not unreasonable to propose that rising hypogene fluids
associated with past basaltic volcanism in Egypt might have had a
high flux of mantle-derived CO2.

Whether basaltic magmatism could have played a role in
possible hypogene speleogenesis in the Thebes hinges onwhen the
syncline network developed. The syncline network predates both
deposition of Katkut Formation gravels and normal faulting in the
Western Desert, which was presumably associated with Red Sea
rifting. Bosworth et al. (2015) provide compelling evidence that the
Red Sea unzipped rapidly at the Oligocene-Miocene boundary ca.
24-22 Ma, and they suggest that normal faulting in the Western
Desert was coeval and equally short-lived, although there is no
direct evidence for this. Unfortunately there is also no direct evi-
dence for the age of the Katkut Formation, so the minimum age of
formation of the syncline network is not well-constrained but is
likely around the Oligocene-Miocene boundary. The maximum age
is, of course, the age of the limestones themselves, which are as
young as 49.6 Ma (King et al., this issue). Given the strong corre-
lation between faults and fracture swarms and our syncline
network, we suggest that the synclines formed after a short
contractional event at the Bartonian/Priabonian boundary (ca. 38
Ma) that primarily affected the Syrian Arc but also reactivated faults
and developed joint sets in the “Stable Platform” of Egypt (Guiraud
et al., 2001; Youssef, 2003; Tewksbury et al., this issue).

Cenozoic basalts are widespread in Egypt (Meneisy, 1990;
Klitzsch et al., 1987), but most occurrences with older radiometric
dates have not been re-dated with modern high precision methods.
It is not clear, therefore, whether there are any basalts in Egypt that
date between 38 and 24 Ma. Recent high precision dates do show a
narrow window of time ca. 22e24 Ma when the Cairo basalts and
related intrusions were emplaced in conjunction with initiation of
Red Sea rifting (Bosworth et al., 2015). Although the Thebes itself is
essentially basalt-free at the surface, two geophysical studies
(Bakheit, 2005; Bakheit et al., 2003) propose subsurface basalts in
Eocene limestone east and west of the Nile, suggesting that basaltic
intrusions might well underlie other parts of the Thebes. The age of
these proposed basalts is unknown.

We know that the syncline network predates normal faulting in

theWestern Desert, but we don't know by howmuch. Even if future
high precision dating reveals a dearth of basalts in the 38-24Ma age
range, it is possible that the syncline network formed by hypogene
speleogenesis associated with basaltic intrusions during an early
phase in the Oligocene-Miocene rifting event and was cut, perhaps
not much later, by normal faults associated with the same event.

7. Conclusions

Of the seven models we have considered for the origin of the
syncline network, four are highly unlikely. Regional folding and
faulting is not consistent with the geometry of the syncline
network, and recent epigenic karst, dissolution of evaporites, and
collapsed coalesced paleokarst, are not consistent with the age of
the network or the known stratigraphic section. Silica diagenesis is
an intriguing possibility but appears to be less likely given our
geophysical data. Of the models we have considered, subsurface
mobilization of shales and hypogene speleogenesis are the most
plausible, although consistency of orientation of synclines over
large distances is difficult to explain with downslope mobilization.
Given the data we have at present, hypogene speleogenesis may be
the most viable model.

Studies of hypogene speleogenesis elsewhere have been based
on investigation of accessible hypogene cave systems. In Egypt, we
are faced with evaluating the possibility of hypogene speleogenesis
based on near-surface effects that might have resulted from hy-
pogene dissolution at depth. On the other hand, we have an un-
usual combination of factors that makes it possible to map these
subtle features over huge areas. The outcrop area of limestone is
extensive, dissection is negligible, vegetative cover is absent, and
surficial deposits are minimal. In many ways, our high resolution
satellite imagery is a bit like a seismic horizon map. We hope that
the features we have documented in the Thebes will encourage
others working in terrains where hypogene karst is a possibility to
look for sag synclines above zones of deep dissolution.

If our syncline network is the result of hypogene speleogenesis,
the process operated over a large area. Most areas where hypogene
speleogenesis has been previously proposed are much smaller. If
the conditions are right for aggressive fluids to rise into soluble
strata, though, we can see no reason in principle why a large area
would be unreasonable. And one might expect differential devel-
opment across a large area, which is what we see in the Thebes.
Diachronous development of the network would also be likely, and
it is possible that some sag synclines in Egypt might still be active
today.

We fully admit, though, that we are currently in the realm of
speculation because we are constrained by a lack of data, and
further critical evaluation of specific models must await more data,
particularly subsurface data and better age constraints. And, of
course, there may be yet another mechanism out there that we
haven't considered.
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