
Vol.:(0123456789)

Arabian Journal of Geosciences (2024) 17:250 
https://doi.org/10.1007/s12517-024-12047-7

ORIGINAL PAPER

The Late Oligocene–Early Pleistocene paleoclimatic pattern 
in the northeastern Sahara, Sohag Basin, Egypt: evidence 
from lithofacies and pedogenic features

Tawfiq Mahran1

Received: 24 April 2024 / Accepted: 31 July 2024 / Published online: 19 August 2024 
© Saudi Society for Geosciences and Springer Nature Switzerland AG 2024

Abstract
The lithofacies and pedogenic features in the Late Oligocene–Early Pleistocene formations provide evidence of changing 
paleoclimate in the northeastern Sahara region. The strata of the Katkut Formation and the lower Member of the Madamud 
Formation consist predominantly of coarse and fine-grained siliciclastic lithofacies deposited by braided and sinuous streams 
that formed under the influence of humid paleoclimate during the Late Oligocene–Late Miocene time. Paleosol horizons with 
mature calcretes in the overlying upper member of the Madamud Formation suggest increasing aridity by the end of Late 
Miocene through Pliocene time. This trend of aridification continued during the Early Pleistocene lacustrine deposition of 
Issawia and Armant formations, as indicated by the predominance of palustrine carbonates displaying different pedogenic 
features. The climate change may have resulted from the southward movement of Asian monsoons and the uplifts of the Red 
Sea Mountain chains, as the African continent drifted northeastward. This paleoclimate transition generated variations in 
basin sedimentation rates that were controlled by base level and tectonics.
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Introduction

The significance of Cenozoic continental deposits (fluvial 
and lacustrine-palustrine carbonates) has increased recently 
on a worldwide scale due to responses to climate change, 
which are essential to understanding the evolution of land-
scapes (Ramstein et al. 1997; Armenteros and Huerta 2006; 
Türkmen et al. 2007; Dupont-Nivet et al. 2007; Alçiçek and 
Jiménez-Moreno 2013; Cabaleri et al. 2013; Eronen et al. 
2015; Gürel 2017). Additionally, the sedimentary features of 
pedogenic carbonates, calcretes, and paleosols are regarded 
as a paleoclimate archive (Tanner 2000; Alçiçek and Jimé-
nez-Moreno 2013; Alonso-Zarza et al. 2011; Cabaleri et al. 
2013).

The Late Cenozoic fluvio-lacustrine sedimentation in the 
northwestern Sahara (i.e., the entire region of north Africa) 

is influenced by paleoclimatic changes, particularly in the 
Chotts Basin of Tunisia and Algeria (Swezey 2009) and 
in the Ouarzazate Basin in Morocco (Boulton et al. 2019). 
However, paleoclimate changes of Late Cenozoic fluvio-
lacustrine succession from the northeastern Sahara, which 
forms part of the southwest Mediterranean, are scantily 
documented. Thus, the importance of the current study has 
been utilized to interpret changes in the paleoclimatic regime 
between humid and more arid states of the examined succes-
sion in the Sohag basin (Fig. 1). This was documented from 
the presence and absence of calcrete-bearing paleosols and 
palustrine carbonates in the sedimentary succession. The 
non-calcareous paleosols that lack calcretes indicate that the 
climate was sub-humid to humid. In contrast, the predomi-
nance of groundwater calcretes in the calcareous paleosols 
indicates an increase in aridity. For example, Tanner and 
Lucas (2006) highlighted the transition from non-calcareous 
to calcareous paleosols as evidence of a change from wet-
ter to drier climate conditions during the Late Triassic. In 
the study area, the Katkut Formation (Late Oligocene) and 
the overlying lower member of the Madamud Formation 
(Late Miocene) exhibit features suggesting deposition dur-
ing humid conditions. Furthermore, features of the upper 
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portion of the Madamud Formation (Pliocene) and the 
Issawia and Armant formations (Early Quaternary) show a 
shift towards dry paleoclimate (Mahran and Hassan 2023). 
Thus, the Late Oligocene–Early Quaternary succession 
provides valuable materials for the study of paleoclimate 
evolution in the northeastern Sahara. Previous studies of the 
Late Oligocene–Early Quaternary have mainly focused on 
the stratigraphy, mineralogy, and regional sedimentological 
characteristics (Said 1981; 1990; Bekir and Mahran 1992; 
Issawi and McCauley, 1993; Abu Seief 2015; El Shater et al. 
2018; Mahran and Hassan 2023). However, the paleocli-
mate issue has not received enough attention. Therefore, the 
primary goal of this study is (1) to address the lithofacies 
architecture and the paleoenvironments and reconstruct a 
depositional model; (2) to discuss the lithologic variabil-
ity and pedogenic features in view of paleoclimate and 

tectonic characteristics, and (3) to correlate them with the 
global paleoclimatic changes and the Sahara development 
throughout the Late Oligocene–Early Pleistocene. This will 
be employed through an integrated technique combining 
field and sedimentological characteristics.

The Sohag Basin: tectonic and stratigraphic setting

The Sohag Basin developed as a 30 km wide and 75 km 
long local graben with a NW–SE trend. It is bordered by 
two large rising plateaus composed of two distinct rock 
units: the Early Eocene Thebes and Drunka formations 
(Said 1990). The plateaus that encircle the basin are dis-
sected by lineaments (fractures and normal faults) that 
generally trend NW, NNE, and ENE. The NW-striking 
faults that downthrow into the basin appear as straight 

Fig. 1   Simplified geological map of the Sohag basin showing the distribution of Late Oligocene–Quaternary succession (modified after Mahran 
and Hassan 2023)
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lengths that are both parallel to the basin’s direction and 
defined by its escarpments (Fig. 1). According to Mahran 
and Hassan (2023), the NNE and ENE faults are cross-
strike faults that are transverse to the basin axis. They 
are left- and right-lateral strike-slip faulting. The links 
between the NW extensional faults are frequently formed 
by faults with an ENE or NNE tendency. Straight wadi 
parts like Wadi Samhud, Wadi Tag El Wabar, and Wadi 
Abu Nafoukh are organized within these faults (Fig. 1). 
Similar NW-, ENE-, and NNE-striking faults have been 
described in the Beni Suef, Qena, and Wadi Kubbania 

basins (El Haddad 2007; Bosworth et al. 2008; Lansbery 
2011; Abdelkhalek and Kley 2019; Abdelkhalek et al. 
2020).

The general stratigraphic succession of the Sohag Basin 
includes six stratigraphic units which range from Late Oli-
gocene to the Quaternary in age (Fig. 2a, b). Previous works 
(e.g., El Deftar et al. 1978; Said 1990; Issawi and Osman 
2008; El Haddad 2014; Abu Seif 2015) provide the strati-
graphic context, Nile phases, and age limits for this succes-
sion. The Katkut Formation (Late Oligocene) corresponds to 
the pre-Eonile Phase and consists of 30 m of reddish brown 

Fig. 2   a Generalized 
lithostratigraphy of the Late 
Oligocene and Quaternary 
succession cropping out in the 
Sohag basin (data after El Ayyat 
1989; El Hinnawi et al. 1978; 
Said 1981, 1990; El Haddad 
2014; Abu Seif 2015 and pre-
sent study). b Details of studied 
Late Oligocene, Late Miocene, 
Pliocene, and Early Pleistocene 
succession showing the distribu-
tion of lithofacies
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coarse siliciclastic deposits (Fig. 3a) that are unconformably 
overlying the Lower Eocene Drunka Formation (El Deftar 
et al. 1978; Swezey 2009) and unconformably overlain by 
the Madamud Formation. The overlying Madamud Forma-
tion (Late Miocene–Pliocene) reaches a maximum thickness 
of 50 m and corresponds to the Eonile and Paleonile phases. 
It is subdivided into a lower member consisting of sand-
stone grading upwards into grey claystone and mudstone, 
and an upper member is dominated by mudstone and calcrete 
deposits (Fig. 3b, c). The Issawia and Armant formations 
(Early Pleistocene) rest unconformably on the underlying 

Madamud Formation (Said 1990; El Haddad 2014). These 
units are about 30 m thick and principally made up of brec-
cias and conglomerates (Issawia Formation, Fig. 3d, e) that 
interfinger and grade laterally into massive and brecciated 
lacustrine carbonates (Armant Formation, Fig. 3f–h), both of 
which are related to the Desert phase of Said (1981, 1990). 
The overlying Abbasia and Qena formations (Middle Pleis-
tocene), which belong to the Prenile phase, consist primar-
ily of sandstones and conglomerates. The Late Pleistocene 
Dandara Formation, which is part of the Neonile phase and 
represents the basin’s final filling, is composed of claystone 

Fig. 3   a Field view showing 
the Katkut Formation uncon-
formably overlying the Drunka 
Formation. b The Armant For-
mation unconformably overlies 
the Madamud Formation. c A 
panoramic view of the grey 
and reddish brown facies of the 
Madamud Formation is near the 
Eocene escarpment. d A close-
up view showing the upper 
member of Madamud Forma-
tion unconformably overlies the 
lower Member. e Cliff exposure 
of stratified conglomerates of 
the Issawia Formation cropping 
out at footslopes of Eocene 
escarpment. f Conglomerate 
tongue of the Issawia Formation 
overlain by carbonates of the 
Armant Formation. g Stratified 
conglomerates (Issawia Forma-
tion) interbedded with brecci-
ated limestone (Armant Fm). h 
Upward gradual transition from 
massive limestone to brecci-
ated limestone of the Armant 
Formation
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deposits. This investigation focuses on the Late Oligocene, 
Late Miocene, Pliocene, and Early Pleistocene deposits that 
correspond to the Katkut, Madamud, Issawia, and Armant 
formations.

Material and methods

A detailed geological map was created (Fig. 1) and eleven 
well-exposed stratigraphic columnar sections were con-
structed. Five of the sections were located in the west of 
the Sohag Basin between Latitudes 26° 09′ and 26° 26′ N 
and Longitude 31° 39′ and 31° 50′ E. Six of the sections 
were located in the east between Latitudes 26° 17′ and 26° 
31′ N and Longitude 31° 50′ and 32° 14′ E. These sections 
were regionally correlated to show the overall variation from 
fluvial to mixed fluvio-lacustrine limestone. Based on grain 
size and dominant sedimentary features, the major lithofa-
cies types are recognized and modified in accordance with 
the lithofacies classifications suggested by Miall (1978, 
1996). The corresponding depositional environment for each 
lithofacies is interpreted. Depositional model is made based 
on the defined facies associations and their spatial distribu-
tion. To study the fabric and composition of the calcretes 
and limestones, petrographical studies were carried out on 
fifty representative thin sections in conglomerates, breccias, 
calcretes, and lacustrine-palustrine limestones. The impact 
of lithofacies changes and pedogenic characteristics on the 
development of paleoclimate in Late Oligocene–Early Pleis-
tocene times was discussed and compared with surround-
ing situations from the Mediterranean, northwestern Sahara 
regions as well as the global paleoclimate.

Results

On the basis of lithology and sedimentologic features, 
sixteen lithofacies have been identified within the studied 
successions. These lithofacies are organized into two main 
facies associations; the fluvial and the fluvio-lacustrine. The 
detailed descriptions and interpretations of these associa-
tions are given in Tables 1, 2, 3, and 4, and a summary is 
provided in the following paragraphs. The associated cal-
crete and paleosol profiles are also discussed.

Fluvial facies association

The fluvial association constitutes the Katkut and Mada-
mud formations and comprises eleven lithofacies types. 
Four lithofacies (Gt, Sp, Gp, and Gm) represent the Katkut 
Formation (Fig. 4). Five lithofacies types (St, Sp, Sh, Sf, and 
Fsc) make up the lower member of the Madamud Forma-
tion. The upper member includes two lithofacies types (Fm 

and p). These lithofacies are identified and interpreted as 
follows:

Lithofacies Gt: massive or crudely bedded conglomerate

Lithofacies Gt is the most prevalent lithofacies type close to 
the base of the Katkut Formation. Conglomerate dominates 
this lithofacies, which is primarily made up of gravel-sized 
carbonate and chert. Also, quartz pebbles are predominant. 
Gt has broad small sandstone lenses that form a wedge-like 
geometry (Fig. 5a). Lithofacies Gt infills subsiding karsti-
fied depocenters (Mahran and Hassan 2019). The majority 
of these lithofacies are fining upwards, with some channel-
like bodies. The conglomerates are rounded, imbricated, 
and clast-supported fabrics that are bimodal, immature, 
and extremely coarse in texture (Fig. 5b). Paleosol horizons 
within conglomerate deposits are common. Laterally, the 
bedded gravels give way to a thick cross-bedded sand with 
gravel lobes.

Interpretation

The massive conglomerate bars and channel-fill sands of 
lithofacies Gt are interpreted as braided channel deposits 
similar to those reported by other writers in different settings 
(Miall 1996; Braulta et al. 2004; Kjær et al. 2004; Soreghan 
et al. 2009). This interpretation implies high levels of water 
and strong gravel transportation as a result of a large sedi-
ment supply (Miall 2010). These rapid flow conditions are 
demonstrated by the coarser pebble-to-cobble size clasts, 
clast-support, imbricated fabrics, and scouring. The pres-
ence of rounder conglomerate clasts may imply periodic 
abrasion as well as long-distance transportation. The pres-
ence of silicified limestone and chert clasts, as well as quartz 
pebbles, suggests that they are sourced from Lower Eocene 
and Mesozoic rocks. The presence of paleosol horizons 
within conglomerate deposits may indicate the discontinu-
ous nature of braided deposition (Abdul Aziz et al. 2003).

Lithofacies Sp: planar cross‑stratified sandstone

Sandstones with medium to coarse-grained and moderately 
well-sorting and gravel lenses make up the majority of these 
lithofacies and are enriched with root traces that grade lat-
erally into the bedded conglomerates Gt. The sandstone is 
mainly quartz, with a few minor traces of carbonate rock 
fragments. This lithofacies is dominated by stories with 
vertically stacked sand that show large-scale planar cross-
bedding sets that are tabular and have a fining upward trend. 
The tabular foresets show a regional paleocurrent flowing 
northward. An erosional lower limit can be seen on indi-
vidual foresets. Lateritic ferruginous paleosols (2–5 m thick) 
and considerable iron impregnation in the groundmass, as 
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well as Fe–Mn nodules and concretions, mark the top of 
this lithofacies.

Interpretation

Based on the erosional lower boundary and fining-upward 
tendency, the lithofacies Sp is interpreted as channelization 
deposits. This interpretation is further supported by the 
abundance of root traces close to the top and the existence 
of unidirectional flow. Sandstones with an abundance of 
gravel lenses suggest intermittent, high-energy depositional 
conditions. The multistory deposits of sand that are verti-
cally stacked interpret that multiple ancient rivers played an 
important role in aggradation and transport of materials dur-
ing earlier pluvial periods (Abdelkareem et al. 2012). The 
presence of red paleosols terminated this lithofacies indi-
cates subaerial exposures and weathering of the carbonate-
dominated conglomerates.

Lithofacies Gp: planar cross‑bedded conglomerate

The overall thickness of lithofacies Gp is approximately 
20 m. This lithofacies frequently truncates the underlying 
lithofacies Sp of the channel deposits as well as the paleo-
sols. The Gp is composed of interbedded conglomerates and 
conglomeratic sandstones. This lithofacies is notable for its 
large-scale foresets, which can be found in cliffs up to 10 m 
high. The stratification of the foreset beds ranges from 20 to 
50 cm in thickness and has a 30° average dip that gradually 
decreases to 15°. The thickness of the set varies from 5 to 

30 cm. Paleocurrent directions in lithofacies Gp that flow 
mainly northward are compatible with the underlying planar 
cross-bedded sandstone. The conglomerate beds of lithofa-
cies Gp are clast-supported and consist of mixed silicified 
limestone, chert, and quartz. Clasts range in size from 5 to 
15 cm and are well- to sub-rounded.

Interpretation

This lithofacies is believed to have developed as a result of 
linguoid bars or point bars migrating in braided systems or 
gravel-bed meandering streams (Miall 1977). An irregular 
erosional surface separates the foreset gravels from the over-
lying lithofacies, indicating that the majority of the lower 
lithofacies emerged and were eroded prior to the formation 
of the above gravels. The increase of foreset beds at the base 
of this lithofacies indicates the deposition developed upon a 
high gradient basin margin.

Lithofacies Gm: stratified conglomerate

This lithofacies terminates the Katkut Formation. Litho-
facies Gm commonly truncates the lithofacies Gp of the 
channel deposits across erosion surfaces. The upper and 
lower bedding borders are sharp to slightly scoured and 
exhibit sheet geometries. This lithofacies occurs as sheet-
like conglomerate bodies. This lithofacies is red in colour 
and exhibits parallel bedding due to distinct clast-size seg-
regation and pebbles oriented parallel to their longitudinal 
axes. The greatest clast size varies from 10 to 30 cm, and 

Table 4   Summary of the list of the lithofacies types in the Armant Formation

Lithofacies (code) Description Interpretation

ML: massive limestone Dense, homogeneous without lamination, whit-
ish yellow, bedded, fossiliferous, thicker at the 
base (up to 1 m), and tends to thin out higher 
by up to 0.4 m. Commonly grade vertically 
and laterally into the brecciated lithofacies BL. 
Petrographically, they are micrites with mud-
stone to wackestone textures that have gastro-
pods, charophytes, and ostracods in them. The 
beds are affected by shrinkage cracks

It is deposited in relatively deep, low-energy lake water conditions 
with an increased sedimentation rate

BL: brecciated limestone Yellowish white, porous, and composed of mic-
rite and microsparite; it increases in thickness 
towards the basin margins, from 5 to 10 m, 
and is thin-bedded in individual beds (up to 
0.5 m thick). It exhibits a variety of pedogenic 
features and is composed of three fabrics: 
rhizolitic, intraclastic, clotted-peloidal, brec-
ciated, and nodular. Root traces are frequent, 
particularly near the tops of the beds. Fissures 
and circumgranular cracks are frequent, and 
sparry calcite may occasionally fill these 
structures as well as vugs, channels, fenestrae, 
and pseudomicrokarst cavities

It is deposited in a shallow palustrine environment under multiple 
conditions of prolonged subaerial exposure. Strong rhizoliths and 
vertical cracks that taper downhill are signs of a low-gradient 
lake margin setting
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it is clast-supported with a sandy matrix, and some have 
an imbricated fabric. The clasts appear to be more sorted, 
well-rounded, and subrounded in texture. Large blocks of 
the underlying Drunka Formation that attain 1 m in diameter 
are found. Lateritic ferruginous paleosols (0.5 m thick) and 
considerable iron impregnation in the groundmass.

Interpretation

This lithofacies is similar to the Gm lithofacies described by 
Miall (1996). The sheet-like conglomerates were believed to 
have formed by vertical accumulation on longitudinal bars 
that were deposited in small, low-sinuosity channels (Miall 
1996). Similar lithofacies have been previously observed in 
sheet food deposits (Blair and McPherson 1994; Türkmen 
et al. 2007). Clasts of Fossiliferous limestone with minor 
cherty limestone predominate the topmost of this lithofa-
cies, suggesting streams originating from the surrounding 
Lower Eocene strata. The reddish colour of this lithofacies 

is indicative of oxidizing conditions and deep groundwater 
table (Tuner 1980).

Lithofacies St: trough cross‑bedded sandstone

This lithofacies has developed on each side of the basin and 
expands hundreds of metres laterally and becomes thicker 
towards the centre of the basin. The thickness of the set 
ranges from 5 to 15 cm. Lithofacies St consists of brown to 
yellow, coarse-grained to gravelly, and poorly sorted sand-
stone. The sand grains are coarse to medium size, rounded, 
moderate to poorly sorted with pebbles of quartz, and some-
times have compositions that are both feldspathic and quartz 
arenite. This lithofacies is only present in the lowest and 
middle parts of the Madamud Formation displaying fining-
upward cycles. The troughs are formed by a curve set with 
an angle of dip. Poorly sorted lags are frequently associ-
ated with the bases of troughs. Sediments of this lithofa-
cies indicate a dominant paleoflow with a northward and 
northeasterly direction. The lithofacies St deposits can be 

Fig. 4   NW–SE stratigraphic log correlation showing the along-west-
ern margin lithofacies changes of the fluvial lithofacies of the Mada-
mud Formation and mixed fluvio-lacustrine lithofacies (Issawia and 
Armant formations). Note the vertical changes of the calcrete profile 

from the massive at the base into the nodular type in its upper part. 
The calcrete-coated grains dominate the Issawia Formation. Datum is 
on top of the Madamud Formation
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distinguished by the presence of downward-branching plant 
roots (Fig. 5c). The troughs in this lithofacies are filled by 
mottled clay lenses ranging in thickness from 0.5 to 1 m.

Interpretation

The lithofacies St is considered low-sinuosity fluvial chan-
nel deposits due to the nature of stacking patterns of the 
well-developed trough cross-bedded sandstone with erosive-
bases and normal grading during high-velocity conditions 

(Paula-Freitas 2010). It has been suggested that the clay 
lenses are mud plugs. They have filled depressions that were 
made when the flood events slowed down and suspended silt 
and clay deposits were abundant.

Lithofacies Sp: planar cross‑bedded sandstone

This lithofacies occurs overlying cross-bedded sandstone St. 
This lithofacies consists of brown to yellow to brown-col-
oured, coarse-to-medium-grained, moderately to well-sorted 

Fig. 5   a Planar cross-bedded 
conglomerate (Gm) overlain by 
a stratified conglomerate (Gp), 
Katkut Formation. b Crudely 
bedded conglomerates (Gt) are 
characterized by fining-upward 
cycles. c Cross-bedded sand-
stone interrupted by plant roots 
plant roots (Sp). d Multi-story 
planar cross-bedded sandstones 
(Sp). Note that the planar cross-
bedding displays a high angle of 
dip at the basal part (a), passing 
upwards into small-scale cross-
bedding with low angles of 
dip (b), e Horizontal sandstone 
(Sh) overlain by laminated 
sandstone–siltstone lithofacies 
(Sf). Note that mottled clay 
lenses (a) filling troughs within 
sandstone deposits. f Interbed-
ded sandstone, siltstone, and 
claystone (Fsc) unconformably 
overlain by massive siltstone, 
claystone, and mudstone (Fm). 
Note the highly deformed 
cross-bedded sandstone at the 
base of the photo. g Slickenside 
desiccation cracks in lithofacies 
Fsc. h Crude-bedded conglom-
erates (Gmm) are characterized 
by coarsening-upward cycles. 
Note the interbedded brecciated 
limestone near the top. i Mas-
sive and brecciated limestones 
(ML and BL). Note that the mas-
sive limestone (Ml) gradually 
passes upward into a brecciated 
limestone (BL). k A close-up 
view of brecciated and nodular 
fabrics of brecciated limestone
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sandstone. This sandstone is composed mainly of quartz, 
with a little amount of feldspar and rock fragments. This 
lithofacies consists of large tabular beds with planar cross-
bedding sets that are typically less than 0.5 m thick (Fig. 5d). 
Quartz grains and pebbles can be found at the base of many 
set boundaries. In the lithofacies Sp, low-angle forests 
(10–15°) are less frequent than high-angle forests (20–30°). 
The paleocurrent measurements of cross-bedded sandstone 
reveal a northeastern to northern trend. The top of this litho-
facies is composed of distinct fining-upward cross-beds 
with synsedimentary deformational characteristics, such as 
slumping and distorted folds.

Interpretation

This lithofacies exhibits planar cross-bedding transitions 
with a high angle of dip at the top and a small-scale cross-
bedding with a low angle of dip at the bottom. This demon-
strates that the upper part shows deposition in the shallow 
parts of the river channels (Miall 1996) whereas the basal 
portion suggests deposition in their deeper parts (Jo and 
Chough 2001). It has been suggested that the clay lenses 
are mud plugs. These are filled depressions formed when 
high-energy floods decreased and suspended silt and clay 
deposits were present. The rounded shapes of the quartz peb-
bles and sand grains indicate that the sediments underwent 
extensive transportation. Their origin, presumably from a 
source of Nubian sandstone in southern Egypt, is consistent 
with the tabular foresets’ northward inclination, suggest-
ing regional northward transportation. The deformational 
structures (slump and contorted folds) may indicate seismic 
activity caused by extensional movement.

Lithofacies Sh: horizontal sandstone

This lithofacies constitutes most of the studied sections of 
the Madmud Formation. Sheet-like to tabular geometry char-
acterizes the lithofacies Sh. Beds typically comprise planar, 
cross-bedded sandstone, and flat bases with the underlying 
lithofacies Sp. The sedimentary features of this lithofacies 
that have been observed commonly are parallel laminations 
(1–2 cm thick, Fig. 5e). The lithofacies Sh sediments are 
fine- to medium-grained yellow sandstones. The majority 
of the sandstone has moderately to poorly sorted feldspar 
and quartz grains and is sub-angular to sub-rounded. Local 
vertical roots have bioturbated this lithofacies.

Interpretation

According to Miall (1996) and Javidan et al. (2015), the 
sheet-like to tabular fine-to-medium-grained lithofacies 
point to deposition as in-channel deposits as a result of 
waning during the traction-suspension process during flood 

events (Ghazi and Mountney 2010). Throughout traction 
mechanisms, medium-grained deposits may result in paral-
lel lamination (Boggs 2006, 2009; Khalifa and Catuneanu 
2008). Common biotubations provide further evidence of the 
fluvial plain’s high plant cover, low rates of sedimentation, 
and quiet flowing conditions (Abdelfattah 2021).

Lithofacies Sf: laminated sandstone–siltstone

This lithofacies is distinguished by laminated, fine-grained 
grey and brown siltstone and sandstone, and generally, its 
lower contact is gradational with lithofacies Sh. The sand-
stone interbeds are sometimes channelized but very fre-
quently sheet-type. The beds extend laterally as sheet-like 
geometry. The main primary structures that characterized 
this lithofacies are parallel lamination and small-scale cross-
lamination. Usually, the basal and top boundaries are sharp. 
The Sf lithofacies is usually mottled and contains mature 
paleosol horizons that show rhizoliths, desiccation cracks, 
and nodular calcrete.

Interpretation

This lithofacies represents low-energy deposits that formed 
on floodplains in levee and crevasse splay zones during vari-
ous floods (Sahraeyan and Bahrami 2012; Sahraeyan 2013). 
Despite channelized flows being found near the main chan-
nel, unconfined flows associated with crevasse splays are 
likely to have contributed to the deposition of the sheet-type 
sandstone (Kraus and Aslan 1999). The intercalation of fine-
grained sand with the lithofacies Sf could indicate sudden 
changes in the flood regime or high-energy sheet floods into 
low-energy environments (Olsen 1988).

Lithofacies Fsc: interbedded sandstone–siltstone–
claystone

Sediments of lithofacies Fsc are composed of sandstone, 
siltstone, and claystone which form a tabular-bed geom-
etry. They extend laterally across hundreds of kilometres 
(Fig. 5f). The basal contact of this lithofacies is occasion-
ally gradational with lithofacies Sf. The higher contacts of 
this lithofacies are either imprinted by massive calcrete and 
paleosols or truncated by erosive surfaces or sharp contacts 
with the overlying lithofacies Fm. This lithofacies frequently 
has surfaces with slickensides (Fig. 5g).

Interpretation

This lithofacies is thought to represent deposition from 
suspension in remaining water bodies throughout various 
flood levels in an overbank floodplain environment. (Türk-
men et al. 2007; Bourquin et al. 2010). It is thought that 
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clay cracking, swelling, and shrinking during the drying 
and wetting cycle causes slickenside surfaces (Retallack and 
Alonso-Zarza 1998; Retallack 2001).

Lithofacies Fm: massive siltstone, claystone, and mudstone

This lithofacies dominates the upper member of the Mada-
mud Formation and is composed mainly of red and brown 
siltstone, claystone, and mudstone. Sandstone lenses are 
commonly sheet-type but can also be channeled in some 
places. The basal contact of this lithofacies is characterized 
by an unconformity surface, which can be traced in most 
of the studied sections. Kaolinite mineral is the main com-
position of this lithofacies. Mud cracks and red-coloured 
mottling characterize this lithofacies. The Fm include 
widespread macroscopic paleopedogenic features (calcrete 
nodules and paleosols). The lower part of this lithofacies 
is dominated by cyclic nodules and massive calcretes and 
siltstones. Upward, nodular calcretes are the most common 
type.

Interpretation

Based on the grain sizes and sedimentary structures, the dep-
osition of such lithofacies took place in an overbank envi-
ronment (Ghazi and Mountney 2010; Sahraeyan 2013). The 
presence of red-coloured mottling in the claystone associated 
with fewer preserved sedimentary structures and blocky and 
platy beds documents flood plain deposition (Scherer et al 
2015), providing evidence of soil formation (Alonso-Zarza 
2003) and suggesting well-drained floodplains during the 
processes of oxidation and soil formation (Retlallack 2008). 
The relatively high kaolinite composition of the deposits 
supports the well-drained environment (Driese and Ober 
2005; Sheldon and Tabor 2009). It is believed that the len-
ticular sands are crevasse deposits that developed during 
isolated events of floods.

Lithofacies P: pedogenic limestone.

This lithofacies is recorded within the upper member of the 
Madamud Formation (Fig. 6). It appears as limestone lenses 
which fill small troughs that sharply contact the surrounding 
lithofacies. The limestone in this lithofacies is distinguished 
by pseudo-microkarst cavities and polygonal desiccation 
cracks. They are typically elongated, up to 3 cm long and 
1 cm tall, and lined with sparry calcite. Under a microscope, 
this limestone is identified as biomicrite wackestone with 
rare detrital quartz grains. It consists of skeletal components 
scattered throughout the micrite matrix.

Interpretation

This lithofacies is interpreted as palustrine deposits, accu-
mulating in ponded water, that were caused by vertical 
aggradation of floodplains during low terrigenous sedimen-
tation (Wright 1999; Pla-Pueyo et al. 2009), similar to those 
described by Freytet and Plaziat (1982) in the Cretaceous-
Tertiary sequences of southern France. The polygonal cracks 
are thought to be desiccation cracks that formed during 
times of low levels of water. The absence of detrital grains 
in this lithofacies indicates that groundwater was the main 
source of water.

Fluvio‑lacustrine facies association

This facies association represents the Issawia and Armant 
formations and comprises five lithofacies types: four lithofa-
cies (Gmm, Gmg, and Gp) characterize the Issawia Forma-
tion and two lithofacies (ML and BL) for the Armant Forma-
tion. These lithofacies are identified and interpreted in the 
following:

Lithofacies Gmm: clast‑supported, massive gravels, 
and breccias

Sediments of this lithofacies are characterized by a limited 
geographic distribution, and it situated close to the fault-
bounded eastern and western scarps in the basin’s peripheral 
area. It is a scree deposit belt situated near to an escarpment. 
It commonly unconformably overlies siltstone and massive 
clay of lithofacies Fm. Gmm lithofacies are aggradationally 
stacked, crudely bedded breccias and gravels composed of 
disorganized limestone and chert clasts that are typically 
poorly sorted and comprise clast-supported fabrics. The 
clasts are of various sizes, ranging from 0.2 to 1 m. The 
matrix consists mainly of coarse calcite and fine-grained 
silt and sand. Large fractures and dissolution channels are 
occasionally observed, together with coarse calcite crystals 
and red calcisoil.

Interpretation

Based on the crude-bedding and extremely angular clasts, 
talus aprons and scree deposits were the original sources 
of the clasts of the lithofacies Gmm. This lithofacies was 
probably formed from cracked bedrock and later deposition 
as colluvial debris on steep slopes because of the predomi-
nance of monomictic composition and the local provenance 
of the breccia clasts. Additional proof that colluvial debris 
was deposited comes from the severely disorganized fabric 
of clasts and the local inverse grading of several breccia beds 
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(Fig. 5h). Cracks and dissolution channels developed during 
dry periods (Esteban and Klappa, 1983), which were filled 
later with sparry calcite cement.

Lithofacies Gmg: matrix‑supported conglomerates

Lithofacies Gmg is the most frequent lithofacies type. Its 
thickness is about 30 m, representing ~ 70% of the Issawia 
Formation. In places, it interfingers laterally with Gmm. 
The beds of lithofacies Gmg tend to thicken and coarsen 
upward (Fig. 5g). The local conglomerate clasts are pre-
dominately composed of Eocene limestones and cherts. 
They are subrounded to rounded, and some are subangular; 
all are embedded in a coarse calcite and fine-grained sand 
matrix. Occasionally, the breccias and conglomerates are 
coated and cemented by calcretes. The conglomerate beds 
contain calcic paleosol intervals that vary in thickness from 
10 to 50 cm. Locally in the top part, large blocks that are up 

to 2 m in diameter can be observed. Paleocurrent patterns 
from some imbricated clasts indicate transverse transport 
towards the axis of the basin.

Interpretation

The lack of stratification and the immature sorting support 
the debris-dominated alluvial fan environment. The progra-
dation of proximal fan lobe deposits may be indicated by 
the thickening of the bed and the upward trend for coarsen-
ing (Tanner and Lucas 2018). Large boulders and blocks 
up to 2 m in diameter indicate flash floods accompanied by 
debris flows. Conglomerate deposits have been observed at 
the mouths of major wadis, suggesting that the location of 
the alluvial fans was controlled by debouching wadis that 
were inherited from previous ENE cracks in the surrounding 
limestone bedrock (Philobbos et al. 2000; Issawi and Osman 
2008; Lansbery 2011). The clast constituents of the alluvial 

Fig. 6   NW–SE stratigraphic log correlation showing the along-east-
ern margin lithofacies changes of the fluvial lithofacies of the Mada-
mud Formation and mixed fluvio-lacustrine lithofacies (Issawia and 
Arman Formations). Note the change in lithofacies associations above 
the line of correlation. In the north, carbonate is dominant. Towards 

the south, carbonates are shifted into coarse siliciclastics. Note the 
two calcrete profiles: mixed nodular-massive calcrete at the base and 
dominant nodular type in its upper part. Datum is on top of the Mada-
mud Formation
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fans are predominantly limestone and chert, reflecting the 
erosion of these clasts from limestone rocks outcropping 
close to the basin. The pedogenic processes, including rain 
wash, are thought to have created the paleosol intervals. This 
indicates that the alluvial fan deposits were abandoned, as it 
provides evidence of the ephemeral clastic discharges typi-
cal of the fans.

Lithofacies Gp: planar cross‑stratified conglomerate

This lithofacies is grey in colour and is separated from the 
underlying lithofacies Gmg by an unconformity with an 
irregular erosional surface. It is distinguished by low-angle 
planar cross-bedding. The thicknesses of the cross-bed sets 
and their cosets are 0.5 to 1 m and up to 5 m, respectively. 
The dip of the foreset ranges from 10 to 20°. The beds are 
clast-supported with a sandstone matrix. Clasts range in 
diameter from 2 to 15 cm, are rounded to subrounded, and 
occasionally have an imbricated fabric.

Interpretation

This lithofacies is interpreted to have developed as a result of 
the migration of linguoid or transverse bars within a braided 
system or inside a gravel-bed meander stream (Miall 1977, 
1978). It is believed that the unconformity of the surface 
with the underlying lithofacies Gmg indicates that much of 
this lithofacies emerged and was eroded before the overlying 
lithofacies Gp formed during the Early Pleistocene.

Lithofacies ML: massive limestone

This lithofacies consists of massive limestone beds. Most 
beds commonly grade vertically and laterally into the brec-
ciated lithofacies that are described below (Figs. 5i and 6). 
These deposits consist of homogeneous without lamination 
limestone beds. Laterally, this lithofacies interfinger with 
the lithofacies associations of the Issawia Formation. Pet-
rographically, the lithofacies ML are micrites with textures 
ranging from mudstone to wackestone, containing charo-
phytes, gastropods, and ostracods (Fig. 7a–c). Gastropods 
are found as sparry calcite-filled moulds or preserved shells. 
In these limestones, polygonal desiccation fissures, some-
times filled with sparry calcite and usually well-defined 
throughout the whole bed, are encountered.

Interpretation

Lithofacies ML is dominated by lime mudstone and wacke-
stone, indicating more open lacustrine deposition during 
highstands (Alonso-Zarza and Wright 2010), and suggests 
that deposition took place in conditions with relatively deep, 
low-energy lake water and an increased sedimentation rate 

(Abels et al. 2009; Adhikari and Wagreich 2013). These 
limestones include carophyta and small gastropods, which 
are indicative of a fresh to brackish lake environment (Sim 
et al. 2006). The existence of ML in the lower parts of the 
BL beds shows that the ML is a depositional residue and 
that the BL lithofacies, which is commonly overlying and 
laterally equivalent, was formed by modifying the tops of 
lithofacies ML. Similar massive limestone lithofacies that 
change laterally and vertically to brecciated have also been 
described in the palustrine limestone of south Spain (Miguel 
Nieto-Albert et al. 2022). It is suggested that the massive 
facies was deposited towards the centres of such lakes but 
was exposed episodically during lake regression. They were 
subjected to extensive pedogenesis during times of lowstand 
when desiccation fracturing and penetration of roots created 
brecciation.

Lithofacies BL: brecciated limestone

This lithofacies is well formed in the upper portion of the 
Armant Formation and increases closer to the western basin 
margin. In the outcrops, this lithofacies is thin-bedded either 
in individual beds (0.3 m thick), displaying multi-story 
ledges extending for hundreds of metres, which grade later-
ally to massive limestone. Most beds have a variety of fab-
rics, but not all of them are present in every bed. The most 
frequent feature of lithofacies BL is a brecciated fabric that 
covers the entire or a portion of the bed (Fig. 5k). The BL 
lithofacies are composed of subangular to angular clasts that 
were formed in situ throughout all of the beds. They range 
in size from 2 to 5 cm. The brecciated limestones include 
grains of quartz, bioclasts, and in some cases, chert frag-
ments. All together, they are cemented by a microsparite. 
This lithofacies can be recognized by a variety of pedogenic 
features reported by some workers (e.g., Freytet and Pla-
ziat 1982; Huerta and Armenteros 2005; Alonso-Zarza and 
Wright 2010; Tanner and Lucas 2012) and is composed of 
three fabrics: rhizolitic, intraclastic (Fig. 7d, e), and clotted-
peloidal. Numerous root traces can be found, particularly 
towards the tops of the beds where they penetrate 15 cm, 
branching and tapering downward (Fig. 7f). In thin sections, 
the root traces are recognizable as elongate and irregular 
cavities filled with fine to coarse calcite. Vadose sparry 
calcite may occasionally fill channels, vugs, fenestrae, and 
pseudomicrokarst cavities, in addition to circumgranular 
cracks and fissures (Fig. 7g). Grainstone and packstone tex-
tures of clotted-peloidal fabric are embedded in sparitic and 
microsparitic calcite cement (Fig. 7h).

Interpretation

Lithofacies BL is typically thicker upwards in places near 
the western portion of the lake. This suggests that many 
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sedimentation-exposure events had an impact on the entire 
lacustrine system and/or that the lacustrine system was cre-
ated as a result of substantial subaerial exposure and modi-
fication (Alonso-Zarza et al. 2011). Clasts of lithofacies BL 
exhibit angular to subangular shapes, which lack any signs 
of rounding, indicating that the grains are formed in situ. 
Later, the fragments are affected by vadose and groundwater 
cementation (Alonso-Zarza et al. 1992; Alonso-Zarza and 
Arenas 2004).

The BL lithofacies exhibits a variety of pedogenic modi-
fications, including rhizoliths, circumgranular cracks, 

mottling, and clotted-peloidal intraclastic fabrics. These 
features suggest that the lake basin had shallower, low-
energy, and low-gradient margins and that it was subaerially 
exposed throughout the lowstands of the lake level (Platt and 
Wright 1992; Huerta and Armenteros 2005; Tanner 2000; 
Tanner and Lucas 2018). Comparable Miocene palustrine 
systems with fluctuating water levels have been documented 
for the Mediterranean (i.e., Arenas and Pardo 1999; Tur-
key; Alçiçek and Alçiçek 2014). The formation of vertical, 
downward-tapering fissures and clotted-peloidal intraclas-
tic limestones supports long-term subaerial exposure and is 

Fig. 7   Photographs showing 
lacustrine-palustrine limestone 
microfacies. a Lacustrine 
mudstone and wackestone with 
preserved charophytes. b Lacus-
trine limestone with abundant 
gastropods and charophytes. c 
Bioclast shells are replaced by 
vadose silt and blocky calcite. d 
Blocky calcite occurs as rectan-
gular to square calcite crystals 
in shape with an irregular and 
planar outline. e Desiccated 
mudstone, in which the cracks 
are filled with sparry calcite. f 
Granular with intraclast lime-
stones showing irregular desic-
cation cracks and clotted and 
peloidal grainstone fabric. Note 
that the cracks are not filled. g 
Nodular limestones, including 
irregular cracking networks. h 
Lacustrine wackestone show-
ing planar and circumgranular 
cracks filled by vadose silt
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assumed to have resulted from repeated desiccations during 
episodes of falling water tables and shrinking water bod-
ies when it was common for plant roots to penetrate the 
sediment (Plaziat and Freytet 1982; Huerta and Armenteros 
2005; Alonso-Zarza and Wright 2010; Tanner and Lucas 
2012). The occurrence of circumgranular cracks that have 
been filled with silt and sprite is thought to be attributed to 
cyclic drying and wetting (Alonso-Zarza and Wright 2010). 
Similar examples of carbonates with comparable fabrics 
that can be interpreted as lacustrine/palustrine deposits in 
the Middle Miocene intermediate unit at the Madrid basin 
(Alonso-Zarza et al. 1992), the Owl Rock Formation of the 
Chinle Group (Tanner 2000) and the Mid-Eocene unit in 
the Gebel El-Goza El-Hamra, NE Desert of Egypt (Wanas 
et al. 2015).

Calcretes

The calcrete levels typically develop in the lithofacies Fm, 
Gmm, and Gp, and they can range in thickness from 0.5 
to 10 m. According to the calcrete classification of Netter-
berg (1980), Goudie (1983), and Wright and Tucker (1991), 
three main calcrete types were identified in the fluvial and 
fluvio-lacustrine succession based on the observed data and 
features (described below).

Mixed nodular‑massive calcretes

The mixed nodular and massive calcretes are formed on the 
tops of the lithofacies Fm and alternate cyclically within 
them (Fig. 8a, b). The nodular calcretes are made up of nod-
ules of diverse sizes and shapes that range in colour from 
white to light grey. They range in shape from subspherical to 
irregularly merging nodules that make up the concretionary 
calcretes. They are elongated and parallel to the strata of the 
sediment body (Fig. 8c, d). This type of calcrete has a lot of 
cracks, which are usually embedded with a mosaic of sparry 
calcite. Under a microscope, the matrix of the parent sedi-
ments can be seen to contain micrite nodules that make up 
the nodular calcrete. Quartz grains are floating in a micritic 
calcite groundmass to produce micritic nodules (Fig. 8e). 
Some of the quartz grains show etched features that are sur-
rounded by a sparitic rim, forming a structure that resem-
bles a corona (Fig. 8f, g). According to Wright and Tucker 
(1991), all of these characteristics point to an alpha micro-
fabric. The nodular calcrete grades vertically into massive 
calcrete, and it has a colour variety that ranges from yellow-
ish white to grey (Fig. 8h). The massive calcrete consists of 
flattened and stratified calcrete that forms a 0.5-m-thick layer 
above the nodular calcrete layers, and it is highly indurated. 
It also occurs as pillars filling mud cracks with slickensides 
and other shrinkage features (Fig. 8i). When examined under 
a microscope, it is a mosaic of microsparite calcite which 

ranges between 5 and 12 m in size. No biogenic features, 
including alveolar septal structure, calcified roots, or microc-
odium, are observed.

Interpretation

The mixed nodular and massive calcrete profiles indicate 
that they have been formed during periods of fluvial sedi-
mentation and calcrete accumulation. Their integration into 
sedimentary successions provides support for sedimentary 
hiatuses. (Candy et al. 2003). Similar cyclic calcrete pro-
files are present in both the Miocene in the Duero basin 
(Armenteros and Huerta 2006) and the Hagoul clays (Khalaf 
and Gaber 2008). According to the interpretation of these 
authors, the transition from nodular to massive calcrete 
indicates the increase in carbonate concentrations relative 
to siliciclastic components. The gradual change indicates the 
floodplains’ slow rate of sedimentation (Alonso-Zarza et al. 
1992; Sanz et al. 1995). This could imply a gradual increase 
in the water table near the surface during episodic recharge 
of groundwater linked to low terrigenous sedimentation 
(Alonso-Zarza and Silva 2002; Candy et al. 2003; Alonso-
Zarza 2003; Huerta and Armenteros 2005; Alonso-Zarza 
and Tanner 2006; Alonso-Zarza et al. 2011; Al Shuaibi and 
Khalaf 2011; Wanas and Sallam 2014). The lack of biogenic 
features, the prevalence of etched detrital quartz, a mosaic 
of microsparite calcite cements (5–12 µm in size), the sharp 
boundaries, and the lack of pedogenic textures suggest their 
groundwater origin and deposited in the phreatic zone (Mack 
et al. 2000; Jutras 2017; Alonso-Zarza and Wright 2010). 
Additionally, their groundwater origin is confirmed by the 
presence of pillar calcrete with its sparry calcite composition 
(Alonso-Zarza and Wright 2010; Jutras 2017).

Nodular calcretes

Nodular calcretes are the dominant calcrete type in the 
topmost part of the lithofacies Fm. The nodular profile is 
composed of vertically elongated clusters (20 cm in length 
and 6 cm in diameter, Fig. 8k) at the upper and isolated, dis-
persed, nearly spherical to irregular globular nodules (5 to 
15 cm in diameter) at the bottom. As the carbonate concen-
tration rises from the bottom to the top, the thickness of this 
profile changes from 2 to 8 m. Desiccation fissures, mottling, 
and diffuse margins are visible on the nodules (Fig. 9a).

Interpretation

Based on the disorganized pattern of calcrete nodules in 
the red siltstones and the presence of oxidation, the nodular 
calcrete is formed in the meteoric vadose zone (Huerta and 
Armenteros 2005). According to Khadkikar et al. (2000), 
these nodules may have been inorganically taken by meteoric 
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fluids because of their diffuse margin. They are caused by 
precipitating, displacement, and/or replacement processes 
that accumulate calcium carbonates in sediments and/or 
horizons of soil (Goudie 1983; Wright and Tucker 1991).

Coating and cementing calcretes

This type of calcrete profile dominates the lithofacies 
Gmm and Gmg of the Issawia Formation. Two calcrete fab-
rics displaying successional relationships are recognized: 

laminar-coated grains and calcrete cements (Fig. 9b). (a) 
The laminar-coated grains consist of gravel-sized clasts 
coated with hematite-stained, micrite bands. Internally, the 
bands occur as packages of rhythmic, individual laminae 
(0.2 to 0.3 mm in thickness, Fig. 9c) that are defined by 
their colour and laminae thickness. Tubiform laminae rich 
in alveolar septal structures are common. The package is 
laterally discontinuous and characterized by a downward 
elongation. (b) The calcrete-cemented fabric is infilling the 
interstitial spaces between coated breccias and conglomerate 

Fig. 8   a The nodular-massive 
calcrete is overlain by nodular 
calcrete, with a sharp bound-
ary between them. The lower 
half is composed of mixed 
nodular-massive calcrete, while 
the upper half is made up of 
nodular calcrete. b A close-up 
view of alternated massive cal-
crete (M) and fine siliciclastics. 
Note that the massive calcrete 
displays sharp upper and 
lower boundaries (S). c Cyclic 
calcrete at the base followed 
upwards into nodular calcretes, 
d Subspherical to irregular 
coalesced calcrete nodules form 
the concretionary calcretes, 
which are elongated and parallel 
to the strata of the sediment 
body. e A photomicrograph of a 
massive calcrete reveals etched 
quartz grains coated by spar 
calcite cements and embed-
ded in a micrite matrix. f A 
photomicrograph of massive 
calcrete in a calcisol show-
ing Alpha microfabrics that 
mainly consist of microsparitic 
to sparitic calcite groundmass 
with floating quartz grains. g 
Enlargement part of e showing 
sparitic calcite-fringing quartz 
grain with a corona-like struc-
ture (arrow). h Nodular calcrete 
overlain by massive calcrete. 
Note the gradual transition from 
nodular to the massive calcrete 
(arrow). i Reddish brown mud-
stone with slickensides filled 
with massive calcrete (Pillar 
calcrete). k Nodular calcrete in 
reddish brown facies showing 
diffuse margins and exhibits a 
downward elongation
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clasts. Microscopically, the cementing calcrete is made up 
of equal parts of microsparite and sparite mosaics (Fig. 9b).

Interpretation

The prevalence of micritic coating, pisoids, and limestone 
nodules in the laminar-coated grain fabric, as well as their 
proximity to the surface of the beds, indicates that pedogenic 
processes were primarily responsible for calcrete production. 
The presence of biogenic microstructures (e.g., root tubes, 
alveolar septal structures, and calcified roots) supports the 

pedogenic origin (Alonso-Zarza 2003; Alonso-Zarza and 
Arenas 2004; Huerta and Armenteros 2005). The downward 
elongation of the lamination implies that in situ processes 
were responsible for their growth. The occurrence of equal 
mixtures of crystalline sparite and microsparite mosaic 
types of cement filling interstitial voids implies that elevated 
groundwater levels could have been a significant factor in 
the production of calcrete. The successional relationship 
between the laminar-coated grains and sparry calcite cement 
proved that the latter had not formed by the recrystallization 
of previously present laminar micrite. Therefore, according 

Fig. 9   a A square enlargement 
of Photo 8f, demonstrating 
nodular calcrete desiccation. b 
Polished slab showing laminar-
coated grains are made up of 
gravel-sized clasts coated with 
hematite-stained micrite bands. 
In the upper left, enlargement of 
clasts encrusted by a downward 
elongation of laminar calcrete 
(cg). c A photomicrograph of 
laminar calcrete-coated grains. 
Note that the laminae are com-
posed of dense micrite, with 
alveolar septal structures. The 
coated clasts are cemented by 
microspar and sparite, including 
some detrital quartz grains. d 
Field view showing the calcic 
paleosol (Cs) unconformably 
overlying the vertic paleosol 
(Vs). Note the vertisols showing 
prominent vertic fractures. e A 
close view showing slickenside 
planes, with polished surfaces 
and striations in the vertic 
paleosols. f Large desiccation 
cracks and pseudo-anticlines 
in the calcic paleosol. g Calcic 
paleosol displays evidence of 
pedoturbation in the form of 
rhizoliths or calcified roots. h 
Calcic paleosol includes mas-
sive calcrete
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to the calcrete stratigraphy, coated grain calcrete seems to 
have evolved first, and interstitial spaces were subsequently 
filled with microsparite and sparite mosaic cements. Simi-
lar relationships between laminar-coated grains and sparry 
calcite cement have been described in the Teruel Graben, 
northeast Spain (Alonso-Zarza and Arenas 2004).

Paleosols

The presence of palaeosols, which have a combined thick-
ness of around 10 m, is a distinctive characteristic of the 
overbank deposits (upper member of the Madamud Forma-
tion). They consist of continuous tabular beds that range in 
colour from greyish-white to brown. The interior structure 
of these palaeosols ranges from massive to blocky. The most 
noticeable pedofeature is the presence of calcium carbonate, 
which may take the form of small nodules or massive cal-
cretes. According to Mack et al.’s 1993 classification, paleo-
sols can be divided into two main types: vertic and calcic.

Vertisols

Vertisols are abundant in the lowest portion of the upper 
member of the Madamud Formation. Although their lateral 
extent extends hundreds of metres, channel-fill deposits of 
lithofacies Sp. frequently cut them. Its predominant lithol-
ogy is sandy mudstone whose thickness ranges from 0.2 
to 0.5 m, and its colouration ranges from grey to greyish 
white (Fig. 9d). It has scattered small carbonate modules 
with spherical to subspherical forms, up to 1 cm in diam-
eter. The nodular carbonates can be found as veins or scat-
tered nodules (2–4 mm in diameter) to massive coalescent 
nodules (up to 5 cm in diameter). Among the recognizable 
diagnostic features are slickenside planes, which are laterally 
continuous with polished surfaces and striations (Fig. 9e). 
Mineralogically, the vertisol fractions exhibit high propor-
tions of kaolinite relative to other clay fractions (Mahran 
and Hassan 2023).

Interpretation

The most obvious indicators of expandable clays shrinking 
and swelling can be found in these vertisols (Kraus and Aslan 
1999). Clays, which formed as a result of repeated wet-dry 
episodes, shrank and swelled as evidenced by the presence of 
bowel-shaped slickensides (Retallack 2001; Abdelfattah 2021). 
The high content of kaolinite implies generally well-drained 
soils (Sheldon and Tabor 2009), while the presence of carbon-
ate nodules, veins, and streaks is related to low water tables 
during dry seasons (Retallack 2001; Kraus and Hasiotis 2006).

Calcisols

Calcisols terminate the upper member of the Madamud For-
mation and are interbedded with breccias and conglomerates 
of the Issawia Formation. The calcisols of the Madamud 
Formation consist of tabular beds with a lateral extension of 
several kilometres. The upper contact has an erosional sur-
face with dissolution features, whereas the lower contact is 
erosive. Pseudo-anticlines and large desiccation cracks are 
also observed (Fig. 9f). The most noticeable pedofeature is 
the presence of calcium carbonate, which can take the form of 
small nodules or massive calcretes (Fig. 9g, h). Three distinct 
types of alpha microfabrics were identified: floating detrital 
grains, etched quartz grains, and calcitic crystalline grains 
enriched with calcite groundmass.

The calcisols of the Issawia Formation are also reddish 
brown in colour and are up to 50 cm in thickness and repeated 
in three horizons. This paleosol is found on the tops of the 
gravels. The upper part of the paleosol is truncated and buried 
under the overlying conglomerate cycles. The most common 
pedofacies are Fe/Mn nodules. Other pedogenic carbonate 
nodules are also present.

Interpretation

The development of calcisols is related to strong evaporation 
and average precipitation below 1000 mm (Beilinson et al. 
2013). This hypothesis is reinforced by the occurrence of dolo-
mite minerals in the upper strata (Mahran and Hassan 2023). 
The overall increase in smectite content relative to other clay 
minerals (Mahran and Hassan 2023) is thought to reflect a low-
lying and poor-draining environment (Thiry 2000). According 
to Lindbo et al. (2010), the formation of Fe/Mn is attributed to 
the accumulation of water in poor permeability mudstones in 
a water-saturated environment.

Fig. 10   Interpreted paleogeographic reconstructions of the four evo-
lutionary stages of the Sohag basin. a In stage 1, in the Late Oligo-
cene, the basin was formed by a regional extension, leading to the 
deposition of the sheet floods and braided channel deposits of the 
Katkut Formation. b In stage 2, in the Late Miocene, the basin con-
tinued to subside accompanied by a humid climate leading to the 
deposition of the channels and floodplain deposits of the lower mem-
ber of the Madamud Formation. c By Pliocene, in stage 3, the basin 
continued to sedimentation accompanied by an arid climate leading 
to the deposition of floodplain, calcrete, and palustrine deposits of 
the upper member of the Madamud Formation. d In stage 4, by the 
Early Pleistocene, the basin was dissected by the ENE- and NNE-
trending fault strands, leading to the deposition of the alluvial fans 
of the Issawia Formation, which developed along basin margins and 
transversed into the axis of the basin, interfingering with longitudinal 
lacustrine carbonates

◂
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Discussion

Depositional model

The distribution of fluvial- and fluvio-lacustrine facies 
associations during the Late Oligocene–Early Pleistocene 
allowed for the development of a depositional model in 
the following 4 stages:

In the first stage (Late Oligocene), the basin evolved as 
a full graben (Fig. 10a) with significant NW–SE exten-
sional fault segments on the east and west of it (Mahran 
and Hassan 2023). The fault-bounded western margin was 
more active relative to the eastern one because the basin’s 
depocenter was near the western boundary, where fluvial 
lithofacies Gt, Sp, Gp, and Gm of the Katkut Formation 
formed. These deposits were developed by pre-Eonile 
paleorivers that drain northwesterly (Issawi and McCauley 
1993; El-Baz et al. 2000; Robinson et al. 2000; Ghoneim 
et al. 2007; Lansbery 2011; Abdelkareem et al. 2012).

In the second stage (Late Miocene), the basin continued 
as a fully NW–SE graben that was bounded by significant 
extensional fault segments to the east and west (Fig. 10b), 
some of which were linked by strike-slip faults (Mahran and 
Hassan 2023). As a result, the basin became deeper, and 
fluvial channels (lithofacies St and Sp) formed longitudinally 
(N-S) along the basin axis. Subsequently, sediments from the 
flood plain were vertically aggraded and accumulated in the 
centre and in near-shore areas (Sh, Sf, and Fsc). By the end 
of this stage, a few small lakes and ponds had formed on the 
flood plains; these lakes and ponds are more abundant in the 
vicinity of the active faults and associated hanging walls.

In the third stage (Pliocene), the basin experienced low 
terrigenous sedimentation events interrupted by periods 
of stagnation. These circumstances led to the accumula-
tion of red mudstones (Fm), which alternated with cyclic 
nodular and massive calcretes (Fig. 10c). These cycles 
merged laterally, and in areas of more subsidence, mature, 
thicker, and massive calcretes completely replaced the red 
mudstones (Fig. 11).

In the fourth stage (Early Pleistocene), another phase 
of uplifting pulses started, and the physiography of the 
basin tilted largely eastward as it changed from a com-
plete graben to a half-graben basin. As a result, multiple 
alluvial fans made up of breccias and conglomerates from 
the Issawia Formation (Gmm, Gmg, and Gp) accumulated. 
Some of these fans developed along the basin’s margins 
and are limited in size, while others were transported from 
fault-bounded basin margins and transversely along the 
basin axis. At this stage, shallow lacustrine carbonate 
deposits (ML, BL) of the Armant Formation were accumu-
lated towards the basin centre and laterally interfingered 
with the Issawia Formation (Fig. 10d).

Tectonics control on sedimentation pattern

Tectonics indicates that the main structural regime of the 
middle section of the Nile, including the Sohag basin, was 
created by the rifting of the Red Sea and Gulf of Suez dur-
ing the Late Oligocene and Miocene (Youssef 2003; Sakran 
et al. 2019; Abdelkhalek and Jonas 2019; Abdelkhalek et al. 
2020). This tectonic movement produced significant drops 
in the eustatic sea level by the end of the Eocene (Haq et al. 
1987), as shown by the existence of a regional end-Eocene 
unconformity that separates Late Oligocene deposits from 
Eocene rocks (labeled “the end Eocene unconformity”). The 
long duration of this unconformity is demarcated by the 
absence of lower and middle Oligocene strata in the study 
area. Furthermore, the angular unconformities between the 
studied sequences (labeled “end Late Oligocene, end Late 
Miocene, and end Pliocene”) that appear to be of regional 
extent across the studied area are linked to tectonic reacti-
vation of the NW-striking faulting that defines the Sohag 
Basin. The local unconformities through the lithofacies 
St, Sp, and Sf (Fig. 12a) and evidence of synsedimentary 
soft-deformational structures (e.g., wedge geometry, faults, 
slumps, dykes, and breccias; Fig. 12b–g) support that they 
may be associated with tectonic influence on the accumula-
tion of the studied deposits. Their occurrence in different 
stratigraphic levels was ascribed to basin subsidence and 
repetitive fault movements.

Additionally, this tectonic activity had an impact on the 
syn-rift Sohag basin’s structure as well as the A/S ratio (i.e., 
accommodation space relative sediment supply) throughout 
the development of the Late Oligocene-Early Pleistocene 
sedimentary sequence. The lithofacies Gt, Sp, Gp, and Gm 
are linked to extensive fluvial activity, limited accommo-
dation, and declining subsidence rates (Alonzo Zarza et al. 
2011; Wanas et al. 2015; Scherer et al. 2015).

The channels and flood plain deposits (St, Sp, Sh, Sf, Fsc, 
and Fm) of the Madamud Formation most likely developed 
during periods of high accommodation rates and flooding. 
This is supported by the widespread onlapping and retro-
gradational stacked flood plain fluvial deposits (Fig. 12h, 
i). Floodplain sediments may build up due to tectonic sub-
sidence and an increase in accommodation space compared 
to the sediment supply (Alonzo-Zarza et al. 2011; Scherer 
et al. 2015).

The overlying Issawia and Armant formations (Early 
Pleistocene) were also significantly influenced by tectonics 
(Guiraud et al. 2001). The lithofacies Gmm deposited against 
NW fault lines (fault scarps talus), whereas the lithofacies 
Gmg and Gp (alluvial fans) are affected by the transverse 
wadis, which inherited the NE-fault lines. Tectonics also 
played a major role in the distribution of the calcrete and 
lacustrine-palustrine deposits, as the lake basin’s physiog-
raphy displayed a typical east–west topographical gradient. 
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For example, the calcrete facies in the western margins occur 
as single, thin nodular-massive sequences and are strongly 
defined at the top of the alternated siliciclastics. Towards 
the east, they integrate into thick massive calcrete beds 
producing a fringe marking the lacustrine limestone from 
the distal fluvial facies (Fig. 11). Similar observations are 

observed from lacustrine-palustrine deposits. The palustrine 
lithofacies predominated the western margin of the basin 
due to its shallow setting and lower gradient. Where there 
is a high gradient on the eastern side, lacustrine and palus-
trine carbonate regressive cycles are more prevalent (i.e., 
A/S > 1). Alonso-Zarza et al. (2011) stated that the creation 

Fig. 11   A sedimentological model showing the control of hydrologi-
cal conditions and subsidence on the lateral and vertical calcretes and 
palustrine-lacustrine deposition from the western to eastern margins 
of the basin. a Lateral and vertical transition from nodular to massive 

calcrete. b Formation of pedogenic nodular calcrete. c Lateral transi-
tion from palustrine, mixed palustrine–lacustrine to dominant lacus-
trine limestone
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of stacked regressive cycles is hypothesized to be caused by 
strong pedogenic alteration during subsidence pulses and 
recurrent periods of subaerial exposure.

Paleoclimate changes

Paleoclimate and base-level changes have the greatest 
impact on alluvial and fluvio-lacustrine stratigraphic archi-
tecture changes in any basin (Holbrook et al. 2006; Turkmen 
et al. 2007; Pla-Pueyo et al. 2009; Bourquin et al. 2010; 

Huerta et al. 2011; Feng et al. 2013; Wanas et al. 2015; 
Scherer et al. 2015) where the paleoclimate directly condi-
tioned the balance between sediment supply and accommo-
dation (Beilinson et al. 2013). Tanner (2000, 2010) reported 
that sequences consisting of both lacustrine and palustrine 
carbonates are controlled mainly by climatically controlled 
fluctuations in base level, where the sediments of palustrine 
carbonates are subjected to intense pedogenesis under semi-
arid conditions during the falling base level. Furthermore, 
the pedogenic characteristics of palustrine limestone, such as 

Fig. 12   Synsedimentary soft-
deformational structures within 
the studied deposits. a Tilted 
thin-bedded sandstone and 
siltstone showing progressive 
thickenings towards the east 
(wedge-shaped pattern). b The 
deformed beds (d) were sealed 
by nondeformed mudstone 
and claystone (s). Note the 
effect of the deformation in 
the sandstone deposits with 
common slumped and folded 
beds. c Slumping in sandstone 
beds. Note the sandstone beds 
are dislocated and folded during 
flow and deposition. d Synsedi-
mentary faults created grabens 
and horsts. Note this deforma-
tion is stratiform and coincides 
with the sandstone beds. The 
overlying beds are not affected 
by faulting. e Hydrobalstic 
(load cast) in interbedded sand 
and mud layers. Note that the 
internal bedding is deformed 
into sand lobes that are layered 
on top of one another and are 
pinched and stretched as a result 
of distensional movement. f Par-
allel fissure fillings cut through 
bedded fluvial mudstone (M) 
and lacustrine limestone (LM). 
Note enlargement isolated 
megafissure (N) infilling with 
clasts is derived both from the 
collapse of the overlying brec-
ciated limestone (BL) and from 
the adjacent limestone and mud-
stones. g Boudinage structure 
is localized within alternating 
sand and mudstone beds, where 
the mud beds are dislocated into 
spaced fragments that locally 
float within the sand matrix. 
h, i End-Late Miocene angular 
unconformity occurs at the top 
of the lower Member of the 
Madamud Formation. Note that 
the upper member is onlapped 
into the underlying member
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desiccation fissures, brecciation, mottling, and nodulariza-
tion, can provide evidence for the influence of water table 
changes and paleoclimate (Alonzo-Zarza and Wright 2010; 
Alonzo-Zarza et al. 2012).

In the study area, detailed sedimentological studies 
through the evolution of the architectural fluvial and fluvio-
lacustrine facies and environmental changes, as well as the 
associated pedogenic characteristics, record paleoclimatic 
conditions changing throughout time (Fig. 13). The Kat-
kut Formation is made up of various fluvial types, such as 
braided river and hyperconcentrated stream flow deposits, 
which, according to Picford et  al. (2008) and Abdelka-
reem et  al. (2012), indicate greater precipitation in the 
source regions (south and southeastern Egypt) during the 

Late Oligocene humid periods. This denotes a condition in 
which there is limited accommodation space. Additionally, 
this fluvial system displays characteristic fluvial incisions 
indicating periods of severe rainfall (Abdelkareem et al. 
2012) as well as a large capacity for transportation (Nador 
et al. 2007). The prevalence of silicified limestone gravels, 
as well as widespread well-rounded cherts and quartz peb-
bles in lithofacies Gt and Gp, is said to have been produced 
by extreme chemical weathering in the source area (Selley 
1982; Iwaniw 1984) and suggests deposition in an energetic 
fluvial environment in a humid tropical climate (Gürbüz 
et al. 2021). The presence of root moulds in the lithofacies 
Sp supports a subtropical to tropical climate with annual pre-
cipitation of 1200–1500 mm during the Oligocene–Miocene 

Fig. 13   Conceptual diagram summarizing the Late Oligocene–Early 
Pleistocene depositional history of the Sohag Basin, including a 
Stratigraphic succession, b vertical distribution and relative abun-
dance of paleosols, calcretes, and brecciated limestone. c regional 

unconformities. d Global climatic events. e NE Sahara climate 
showing trends in climate towards more arid conditions. f Position 
of Africa plate. g Uplifts associated with tectonic events. h Source 
rocks. Trends in climate towards more arid conditions
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(Nador et al. 2007; Picford et al. 2008; Issawi and Osman 
2008). The humidity that predominated at that time is sup-
ported by the diversity of vegetation and the existence of 
clay and fossilized bones in karst caverns in the Western 
Desert’s Farafra Oasis (Wanas and Sallam 2014), as well as 
by the abundance of vertebrate and reptile fauna, as well as 
tropical flora, in time-equivalent sediments located at north 
Fayum depression (Said 1990; Issawi and Osman 2008). In 
the study area, the humidity is documented by the predomi-
nance of fluvio-karstic landforms (e.g., cone karst, karren, 
giant flutes, fluvial channels, and paleodolines) in the sur-
rounding limestone plateau (Grimes 2012; Mahran and Has-
san 2019).

Humidity in the area significantly increased during the 
lower member of the Madamud Formation (St, Sh, Sf, and 
Fsc). The broad fluvial sand incision, which includes root 
moulds and subrounded to rounded quartz grains at the base, 
followed by the predominance of flood plain, grey-coloured 
mudstone deposits (Mahran and Hassan 2023), supported 
the prevailing humidity during that time. Their widespread 
occurrence exhibits aggradational stacking patterns through-
out the basin due to the high accommodation during the 
base-level rise, sustained by persistent humid periods and/or 
tectonic subsidence (Tanner 2000; Armentores and Huerta 
2006; Cabaleri et al. 2013; Tanner and Lucas 2018; Wanas 
et al. 2015). These lithofacies are composed primarily of 
kaolinitic clays (Mahran and Hassan 2023), which are not 
present in overlying lithofacies and are considered a strong 
indicator of a humid-subtropical to tropical setting and active 
soil material weathering (Chamley 1989; Hallan et al. 1991; 
Righi and Meunier 1995; Ruffell et al. 2002).

Climate was also a fundamental control on the develop-
ment of calcretes and paleosols in the lithofacies Fm (upper 
member of Madamud Formation). For example, the mas-
sive calcrete-clastic cycles can be interpreted as fifth-order 
fluvial aggradation cycles (Atchley et  al. 2004), where 
variations in base level brought on by climatic oscillations 

induce cycles in accommodation and sediment supply. The 
overlying nodular calcretes display meteoric vadose origin, 
suggesting well-drained floodplains in an arid climate (Mack 
et al. 1993; Kraus 1999; Alonso-Zarza 2003). Gürbüz et al. 
(2021) suggested palaeoclimatic fluctuations according to 
the colours of the fluvial sediments in the Beyşehir-Suğla 
basin, Turkey. Accordingly, the lower, grey-coloured litho-
facies Sf and Fsc indicate humid conditions, whereas the 
upper, brown–red-coloured lithofacies Fm suggest arid con-
ditions. In addition, lithofacies Fm display the development 
of vertic and calcic-type paleosols that document the arid 
conditions (Tanner and Lucas 2006).

The fluvio-lacustrine deposits (Issawia and Armant for-
mations) with extensive pedogenic features are also linked 
primarily to climate and base-level fluctuations, similar to 
those described by Tanner (2000) in the Owl Rock Forma-
tion of the southwestern USA. However, tectonics played an 
important role. According to Platt and Wright (1992) and 
Alonso-Zarza (2003), massive limestone (ML) has colour 
mottling, root traces, and desiccation cracks, which indicate 
intermittent dry periods.

Furthermore, the occurrence of various palustrine facies 
(such as clotted-peloidal, pseudomicrokarst, brecciated to 
granular limestone, and desiccated limestone) as a result of 
shrinkage cracking and desiccations during the emergence 
periods indicates that the climate was extremely arid (Platt 
and Wright 1992; Tanner 2000; Alonso-Zarza and Wright 
2010; Alçiçek and Jimenez-Moreno 2013; Wanas and Soli-
man 2014; Tanner and Lucas 2018). Additionally, such 
arid conditions associated with base level lowstand caused 
the interbedded and the lateral equivalent ephemeral flu-
vial deposits (Gmg and Gp) with scour bounding surfaces, 
analogous to the interpretation of the fluvial system in the 
Triassic San Pedro Arroyo Formation (Tanner and Lucas 
2012). The aridity is supported by the presence of calci-
sols and carbonate-rich rock fragments. Furthermore, the 
overlapping of calcrete fabrics (vadose, and groundwater) 
indicates that their accumulation is controlled by fluctuating 
water tables during arid climates and conditions of scarce 
clastic sediment supply (Platt and Wright 1992; Bustillo and 
Alonza Zarza 2007).

Global trends

The lithologic variability, pedogenic characteristics, and 
unconformities of the Late Oligocene–Early Pleistocene in 
the study area, part of the Late Cenozoic-Quaternary strata 
across the Sahara, may be correlated with brief variations in 
the global climate and tectonics as well as Sahara develop-
ment (Fig. 13). Initially accumulation of Katkut Formation 
during Late Oligocene was formed by north- and northwest-
flowing fluvial systems incised into the plateau. The devel-
opment of these fluvial networks is matched with the eustatic 

Fig. 14   Stages of the evolution of climate change in the Sahara region 
as a result of the northward drift of the African continent and move-
ments of Asian monsoons. The solid red line indicates the Earth’s 
Equator relative to the drifting continent. a The paleogeographic 
position of Africa during the Late Oligocene taken from literature 
(e.g. Smith et  al. 1994; Swezey 2009; Abdelkareem et  al. 2012). b 
The paleogeographic position of Africa during the Late Miocene, 
taken from literature (e.g. Smith et al. 1994; Swezey 2009; Abdelka-
reem et al. 2012). At this stage, deep incision and north-flowing riv-
ers (Eonile Rivers) penetrated downwards to reach the Paleozoic and 
Mesozoic rocks. c Paleogeographic position of Africa during the 
Pliocene–Pleistocene taken from literature (e.g. Smith et  al. 1994; 
Swezey 2009; Abdelkareem et al. 2012). d The circulation of Asian 
monsoons occurred during the Late Oligocene–Late Miocene. e The 
circulation of Asian monsoons occurred during the Early Pliocene. 
Note the uplifts of the Red Sea Mountains and the deflection of mon-
soons southward. f The southward movement of monsoon domains 
during Pliocene–Early Pleistocene time

◂
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record and typically colder global climates (Miller et al. 
1987, 1991; Zachos et al. 2001; Burke et al. 2003); therefore, 
an eustatic effect on alluvial sedimentation is proposed here. 
Several studies (e.g., Garfunkel 1988; Smith et al. 1994; 
Guiraud et al. 2001; Bosworth and McClay 2001; Thur-
mond et al. 2004; Bosworth et al. 2005; Lotfy and Van der 
Voo 2007; Swezey 2009; Abdelkareem et al. 2012) hypoth-
esized that the Sahara during Late Oligocene was located at 
the current-day latitudes of Chad and Sudan, as a result of 
Africa’s northward drift (Fig. 14a). This geometry favoured 
conditions for heavy, frequent rainfall (1200–1500 mm/year) 
(Issawi and Osman 2008) that transported large amounts 
of coarse-grained fluvial sediments to the Sohag Basin. 
Besides the humid climatic conditions, regions such as the 
Red Sea and the Nubian Swell were uplifted and acted as 
typical sites for their erosion, significant river discharge, and 
abundance of coarse clastics. This probably explains why 
Late Oligocene fluvial deposits occur in the study area; these 
deposits may have formed as a result of this uplift. Issawi 
and Osman (2008) agree with this interpretation and suggest 
the northwest-flowing Gilf-fluvial system during the Late 
Oligocene coincided with an uplift on the southeastern Red 
Sea margins.

This trend of humidification continued during Late Mio-
cene deposition, as indicated by the dominant fine silici-
clastics with lateritic crusts, which were thought to be 
pedogenic results of strong weathering in humid tropical 
conditions. Zachos et al. (2001) reported that global warm-
ing and humidification occurred during the Late Miocene, 
creating conditions that were favourable to the deposition 
of fine siliciclastic material. According to Said (1981), the 
formation of deep incisions in the Eonile rivers during the 
late Miocene was caused by the reinforcement of humid con-
ditions during the Mediterranean’s drawdown, sometimes 
referred to as the Messinian crises. Griffin (2002) pointed 
out that the incision serves as a record of the magnitude of 
the river systems in Messinian. Notably, many regions of the 
northern Sahara (e.g., northern Libya, the Chotts Basin of 
Algeria and Tunisia, and the Quarzazat Basin of Morocco) 
have Late Miocene humidification with fine siliciclastic 
facies.

During the Pliocene-Early Pleistocene period, dry condi-
tions prevailed, as the Northern Hemisphere experienced 
significant global climate shifts, with rising temperatures 
and a drying trend (Zohans, 2001; Kutzbach et al. 2001; 
De Schepper et al. 2014; Allstädt et al. 2021). This is evi-
denced by facies changes, carbonate occurrences, paleosols, 
and groundwater calcretes in the Pliocene-Early Pleistocene 
sediments.

In view of the increasing drift of Africa, the trend of 
aridification in the NE Sahara was formed (Schuster 2006; 
Swezey 2009; Abdelkareem et al. 2012), and Egypt shifted 
from a humid subtropical to a northerly dry climate zone. 

This assumption is confirmed by the proportion of rain-
fall in the NE Sahara at that time that became less intense 
(400–600 mm/year) (Issawi and Osman 2008). It is likely 
that the latitudinal setting of the Sohag Basin during the Pli-
ocene-Early Pleistocene confirmed the arid climate because 
Egypt was situated roughly between palaeolatitudes 20 and 
30° close to the current latitude (Fig. 14b, c).

Additionally, it is likely that the NE African uplifts (Red 
Sea Mountain chains) and the southward movement of the 
moisture characters of Asian monsoons could be regarded 
as important elements driving the evolution of the Late Mio-
cene–Plio-Pleistocene paleoclimate (Rodwell and Hoskins 
1996; Griffin 2002; Sepulchre et al. 2006). The humidity in 
the Late Miocene probably developed in association with 
the initiation and development of the Asian monsoon. Grif-
fin (2002) mentioned that the Asian monsoon was initiated 
at about 8–7 Ma and at that time the monsoon transferred 
moisture mainly to North Africa (Zhisheng et al. 2001). 
The tropical characters in the study area are attributed to 
the westward monsoon flow along NE Africa, indicating the 
Red Sea highlands were reduced in topography during the 
Late Miocene (Bohannon et al. 1989; Schuster 2006; Sep-
ulchre et al. 2006). The predominance of fine siliciclastic 
fluvial strata in the Late Miocene sediments confirms their 
humid character (Fig. 14d).

Recently, Farouk et al. (2022) discussed the astronomi-
cal forcing of climate changes in the southeastern Medi-
terranean Sea during the Early Pliocene. They explained 
that the alternating sand-shale beds of the Kafr El Sheikh 
Formation are interpreted as a response to the reflooding at 
the lower Pliocene rapid sea level rise, which is increasing 
concurrently with the estimated global average and tropi-
cal temperature rise from 5 to 4 Ma, which were evidently 
influenced by the summer precipitation from the North 
African monsoon. On the other hand, it is thought that 
the presence of these moisture characteristics in the sedi-
ments of the Nile Delta and their absence in the equivalent 
sediments in the study area could be interpreted as a result 
of uplifts of the Red Sea Mountains of NE Africa, which 
have a significant influence on the direction of monsoons 
and, consequently, the location of rainfall and moisture. 
Because of this, the Asian monsoon flow was able to enter 
the west and produce heavy precipitation in the Nile Delta 
due to the reduced topography, where the Red Sea high-
lands are missing. By contrast, in the study area, the Red 
Sea highlands acted as a topographic barrier and deflected 
the westward monsoon flow southward along the Red Sea 
coast (Fig. 14e). During the Late Pliocene–Pleistocene, 
this phenomenon, which causes monsoons to deflect south-
ward, persisted as topographic barrier blocks. Thus, aridi-
fication was continuous throughout the Early Pleistocene 
(Sepulchre et al. 2006). The uplifts that affected the Red 
Sea Mountains resulting from rifting processes, reached 
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a maximum at the Plio-Pleistocene interval (Bothworth 
2005; Sepulchre et al. 2006). Furthermore, it is suggested 
that the southward movement of monsoons contributed 
significantly to the increased aridity in northeastern Africa 
in the Pliocene–Pleistocene (Griffin 2002). This movement 
transformed the humidity in central Africa, southern Asia, 
and North Africa became drier (Fig. 14f). The occurrence 
of Early Pleistocene basins that allowed the formation 
of carbonate lakes along the central and southern Nile 
courses, west of the Red Sea Mountains, documents such 
drier climatic conditions (Fig. 14c).

Conclusions

The mixed siliciclastic-carbonate succession in the Sohag 
Basin records facies changes and pedogenic features, pro-
viding information regarding the Late Oligocene to early 
Pleistocene paleoclimatic trend in the northeastern Sahara. 
Based on field and sedimentological studies, sixteen litho-
facies types of different sedimentary environments have 
been recognized, which are organized in fluvial and flu-
vio-lacustrine facies associations. The fluvial association 
started with conglomerates and sandstones of the Katkut 
Formation (Late Oligocene) deposited by braided streams, 
followed upwards by aggrading sandstones and mudstones 
of the Madamud Formation (Late Miocene-Pliocene) 
accumulated by channels and flood plains. The fluvio-
lacustrine association is represented by breccias and con-
glomerates of the Issawia Formation which accumulated 
as alluvial fans that interfingered laterally with the palus-
trine-lacustrine limestone of the Armant Formation (Early 
Pleistocene). Pedogenic features including paleosols and 
calcretes are identified in the fluvial and fluvio-lacustrine 
facies. Analysis of lithofacies changes and pedogenic char-
acteristics indicates that the paleoclimate of these strata 
evolved progressively from humid conditions in the Late 
Oligocene and the Late Miocene to arid conditions by the 
Pliocene-Early Pleistocene. The evolution of the paleocli-
mate, therefore, appears to have been influenced by the 
development of the Asian monsoon and the uplifting of 
the Red Sea Mountains, in association with the drift of the 
northern Sahara, where Egypt’s paleolatitudinal position 
moved from a humid tropical-subtropical zone to an arid 
latitude. This paleoclimate change generated variations 
in basin sedimentation rates that were controlled by base 
level and tectonics.
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