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This study aims to provide the depositional facies, sequence 

stratigraphic and paleoclimatic characteristics of the Mid-Eocene (Bartonian) 

continental succession exposed at Gebel El-Goza El-Hamra (Shabrawet area, 

NE Eastern Desert, Egypt). The studied succession consists of siliciclastic 

rocks followed upward by carbonate rocks. Detailed field observation and 

petrographic investigation indicate accumulation in floodplain-dominated 

alluvial and shallow lacustrine systems. The floodplain-dominated alluvial 

facies (45 m thick) is composed mainly of carbonate nodules-bearing, mottled 

mudrock with subordinate sandstone and conglomerate beds. The 

conglomerate and pebbly sandstone bodies interpreted as ephemeral braided 

channel deposits. The massive, laminated, planner cross-bedded, fine- to 

medium-grained sandstone bodies interlayered within mudstone reflect sheet 

flood deposits. The mudstones associated with paleosols represent distal 

floodplain deposits. The shallow lacustrine facies (15 m thick) is made up of 

an alternation of marlstone, dolostone and mudrock beds with charophytes 

and small gastropods. Pollen assemblages, stable δ
18

O and δ
13

C isotopes, and 

paleopedogenic features reflect prevalence of arid to semi-arid climatic 

conditions during the Bartonian. 

The sequence stratigraphic framework shows an overall fining-upward 

depositional sequence, consisting of Low- and High-accommodation Systems 

Tracts (LAST, HAST), and is bounded by two sequence boundaries (SB-1, 

SB-2). Conglomerate and pebbly sandstone deposits (braided channel and 

sheet flood deposits) of the lower part of the alluvial facies (FA-1) reflect a 
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LAST. Mudrock and silty claystone facies (distal floodplain deposits) of the 

upper part of alluvial floodplain facies (FA-1) and its overlying lacustrine 

facies (FA-2) correspond to a HAST. The LAST, HAST and SB were formed 

during different accommodation-to-sediment supply (A/S) ratio phases. The 

variation in A/S ratios was mainly controlled by sea-level change as well as 

by local tectonic subsidence and uplift of the basin coincident with the 

reactivation of the Syrian Arc System during the Bartonian. 

 

 

1. Introduction 

Interest in alluvial-lacustrine deposits has increased worldwide 

because significant clues to the climatic, tectonic and environmental 

conditions on local, regional and global scales (e.g., Gierlowski-Kordesch, 

1998; Abdul Aziz et al., 2003; Huerta and Armenteros, 2005; Alonso-Zarza et 

al., 2009; Gurel and Kadir, 2010; Alçiçek and Jiménez-Moreno, 2013). 

Sequence stratigraphy of alluvial-lacustrine successions has been analyzed in 

detail (e.g., Shanley and McCabe, 1994; Martinsen et al., 1999; Plint et al., 

2001; Cleveland et al., 2007; Fanti and Catuneanu, 2010; Scherer et al., 2015), 

but still there is discussion about the sequence stratigraphic elements in this 

kind of sedimentary successions. The alluvial-lacustrine successions of the 

Mid-Eocene (Bartonian) of Egypt have never been studied in detail to 

ascertain their depositional environments, sequence stratigraphy and 

paleoclimatic conditions. 
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Previous geologic studies of the Mid-Eocene rocks in the area under 

investigation focused on their stratigraphy (Al-Ahwani, 1982; Shamah and 

Helal, 1993; Abu El-Ghar, 2007; Selim et al., 2012; Sallam et al., 2015). 

Recently, Selim et al. (2012) and Sallam et al. (2015) reported the occurrence 

of continental deposits in the Mid-Eocene (Bartonian) rocks. No previous 

work exists on the sedimentological, sequence stratigraphic and 

paleoenvironmental characteristics of these Bartonian continental deposits.  

The present study aims to address the depositional facies, sequence 

stratigraphy and paleoclimatic characteristics of this continental succession. 

This will be achieved through integrated field, petrographic, geochemical 

(stable δ
18

O, δ
13

C isotopes) and pollen analyses of the Bartonian rocks.  

2. Geological setting and lithostratigraphy 

The Shabrawet area lies on the western side of the Great Bitter Lakes 

close to the Suez Canal in the Eastern Desert of Egypt (Fig. 1). The Shabrawet 

area is situated in the unstable tectonic shelf area of the African cratonic 

margin (Said, 1990). It represents a segment of the Syrian Arc System 

developed in the southern margin of Tethys on a NE–SW trend (Said, 1990). 

The Syrian Arc System was renewed and enlarged several times during the 

late Cretaceous up to the Neogene (Said, 1990). It includes a number of 

asymmetrical anticlines and synclines stretching from Libya to the west via 

north Egypt and further northeast into Levant. Two ENE-oriented 

asymmetrical plunging anticlines, enclosing a shallow syncline, were 

recognized in the Shabrawet area, and named as Gebel Shabrawet East and 
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Gebel Shabrawet West (Al-Ahwani, 1982). The Cretaceous rocks form the 

cores of these anticlines and are unconformably overlain by nearly horizontal 

Eocene, Oligocene and Miocene strata (Al-Ahwani, 1982; Haggag, 2010). 

The Shabrawet area was also influenced by a major NW–SE fault that resulted 

in the displacement of the Eocene and younger rocks against the older 

Cretaceous strata (Haggag, 2010). 

Lithostratigraphically, the oldest exposed rock unit in the Gebel 

Shabrawet area is the Malha Formation (Aptian–Albian) that crops out at the 

core of Gebel Shabrawet East anticline (Haggag, 2010). The Malha Formation 

is followed upwards by the Galala Formation (Cenomanian), the Maghra El-

Hadida Formation (Turonian–Santonian) and the Maghra El-Bahari Formation 

(late Cretaceous–early Paleogene), respectively (Al-Ahwani, 1982; Haggag, 

2010) (Fig. 1). These formations are unconformably overlain by a thick 

Eocene succession that is in turn disconformably overlain by Oligocene rocks 

(Fig. 1). The Eocene succession has been subdivided into three 

lithostratigraphic units (Sallam et al. 2015) that are from base to top: the 

Minia Formation (late Ypresian), the Sannor Formation (Bartonian) and the 

Maadi Formation (Priabonian) (Fig. 1). At Gebel El-Goza El-Hamra, the 

Bartonian Sannor Formation was lithologically subdivided into three informal 

units: lower (Sn-1), middle (Sn-2), and upper (Sn-3) (Sallam et al., 2015, Fig. 

2).  

In the study area, the Mid-Eocene (Bartonian) rocks represent the 

middle unit (Sn-2) of the Sannor Formation of Sallam et al. (2015). They form 
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a succession consists mainly of siliciclastic rocks topped by carbonate beds 

that overall reach up a maximum thickness of 60 m (Figs. 2, 3).  They crop 

out in gently sloped small hills separated by small incised water gullies (Fig. 

4a). These rocks are barren in marine fossils and are clearly distinguishable 

from the underlying and overlying foraminiferal limestones (Fig. 4b). The 

strata display wedge-shaped geometry in cross section, and pinching out 

laterally to the south and southwest. Lithologically, the studied succession can 

be subdivided into lower, middle, and upper parts (Fig. 4b, c). The lower part 

(20 m thick) consists mainly of yellow mudrock and clayey siltstone 

intercalated with some beds (0.5–1.0 m thick) of pebbly sandstone and 

conglomerate (Fig. 4d).   The middle part (25 m thick) is made up of white 

silty mudrock showing purple, violet to bloody red colour mottling (Fig. 4e). 

The upper part (15 m thick) is composed of alternating beds of yellow 

dolostone, grayish yellow marlstone and reddish grey mudrock (Figs. 2, 3).  

3.  Methods and analytical techniques 

High-resolution sedimentary logs were described and measured in 

outcrops to define the main facies and facies associations. Facies were 

classified following Miall’s (1978) code system. The facies were grouped in 

facies associations which, according to Miall (2010) correspond to 

genetically-related sub-environments within a depositional system. The 

sequence stratigraphic elements (stratigraphic key surfaces and systems tracts) 

were mapped through facies architecture and stacking pattern of the studied 

strata. Twenty eight thin-sections from collected samples were prepared and 
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investigated using standard polarizing microscopy to define micro-textural 

features. Five samples (EGH-6, 7, 8, 9, 11) were selected from the mudrocks 

intervals for pollen analysis. For this analysis, the samples were prepared 

following the conventional palynological maceration techniques as described 

in Zobaa et al. (2013). The prepared kerogen slides were scanned and counted 

using transmitted light microscopy under variable magnifications to 

qualitatively and quantitatively document their total particulate organic matter 

(POM) content. Pollen grains were photographed using an Olympus BX51 

light microscope equipped with an integrated Olympus LC20 digital camera. 

Small fresh chips of some samples were prepared by gold-coating and 

investigated under Scanning Electron Microscope (SEM) equipped with an 

energy-dispersive analyzer (EDX). The SEM was performed to illustrate the 

grain, matrix and cement morphologies in the samples. The EDX was used to 

semi-quantitative estimates of rock-forming minerals. The mineralogical 

analysis was carried out on non-oriented (bulk mineralogy) samples by using 

X-ray diffraction (XRD) technique. XRD analyses were performed using a 

Philips PW1752 diffractometer with Ni filter and Cu-Kα radiation (λ= 

1.54060 Å) operating at 40kv and 30 mA, a step size of 2θ is 0.02º and time 

per step of 2 s. The XRD was used to just confirm the petrographic 

mineralogical observations. Carbon and oxygen isotopic values were 

determined for 11 carbonate samples.  For oxygen and carbon isotopic 

analyses, small amounts of carbonate powder were micro-drilled from each 

sample and homogenized. Powders of 0.5–1.0 mg were then dried and placed 
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in an oven at 70 °C for 10 hours before being moved to the instrument. 

Carbon dioxide was released using orthophosphoric acid at 70 °C and 

analyzed on-line in a DELTA plus XP + Gas Bench mass spectrometer. The 

precision of measurements was regularly checked with the Chinese national 

carbonate standard (GBW04405) and the international standard (NBS19). The 

standard deviation of δ
13

C was ±0.1‰ over the period of analysis. Calibration 

to the international Pee Dee Belemnite (PDB) scale was performed using 

NBS19 and NBS18 standards. XRD was analyzed at the Center of Modern 

Analysis, Nanjing University, P.R. China. Measurements of SEM-EDX and 

carbon isotope were made at State Key Laboratory of Mineral Deposit 

Research, Nanjing University, P.R. China. Mottle colours were identified 

based on Munsell
,
s rock color charts (2001). 

 

4. Depositional facies and related environments 

Two distinct facies associations (FA) that are characteristic for two 

main depositional environments were recognized (Figs. 2, 3, Table 1): 

floodplain-dominated alluvial facies association (FA-1), and shallow 

lacustrine/palustrine facies association (FA-2).  

4.1. Floodplain-dominated alluvial facies association: FA-1 

FA-1 is characterized by clayey siltstone and silty claystone with 

subordinate sandstone and conglomerate bodies. The strata of FA-1 attain 45 

m thick, and occupy the basal two-thirds of the studied succession (Figs. 2, 3). 

This floodplain-dominated alluvial facies association (FA-1) includes three 
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lithofacies types: clast- and matrix-supported conglomerate (Gcm; Gmm and 

Gh), massive, laminated to planar cross-bedded sandstone (Sm, Sh and Sp), 

and mottled massive claystone–clayey siltstone-mudrock (Fsm and Fm) 

(Table 1). These three lithofacies types were interpreted to be deposited in 

three alluvial sub-environments: ephemeral braided channel, sheet flood and 

distal floodplain, respectively (Table 1).  

4.1.1.Clast- and matrix-supported conglomerate lithofacies: Gcm, Gmm and 

Gh 

Description: This lithofacies is mainly represented by conglomerate beds. It 

occurs in the lower part of the studied rock unit (Figs. 2, 3). The conglomerate 

deposits form few interbeds within the mudrock (claystone and clayey 

siltstone) (Fig. 4d). The conglomerate beds display large-scale lensoidal bed 

geometry (Fig. 5a), although several laterally persistent sheet-like bodies are 

locally present (Fig. 5b). The conglomerate beds display basal erosional 

(scoured) surfaces with the underlying desiccated mudrock (Fig. 5c). 

Thickness of the individual conglomerate bodies varies between 0.3 and 1.5 

m. The conglomerate is brownish grey in colour, showing both matrix- and 

clast-supported fabrics. The clast-supported conglomerate (Gcm) is 

characterized by pebble- to cobble-grade, poorly-sorted, rounded to well-

rounded, elongated and discoidal clasts, that are formed mainly of dolomite, 

limestone, flint, quartz and other dark-colored rock fragments (Fig. 5c). These 

conglomerate deposits display massive disorganized clast fabric, with 

occasionally clast imbrication (Gh) (Fig. 5d). The matrix-supported 
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conglomerate (Gmm) is characterized by poorly-sorted, sub-rounded pebbles 

and cobbles. The pebbles and cobbles are composed of dolomite, limestone, 

quartz and flint embedded in argillaceous groundmass. They also show 

inverse grading and non-erosional bases (Fig. 5d).   

Interpretation: Matrix- and clast-supported conglomerate deposits are mostly 

attributed to alluvial coarse deposits flowing from adjacent uplifted ional 

hinterland areas (e.g., Miall, 1996, 2010). The clast-supported, lenticular, 

poorly-sorted, polymictic conglomerate can be interpreted as in-channel 

elongated-shaped gravel bars deposited from ephemeral braided stream 

reaches of an alluvial plain, with erratic flow and high discharge rate (Miall, 

1978). The local occurrence of clast imbrication suggests lag deposits formed 

by traction deposition via rolling and dragging along (Miall, 1978, 2010). 

Clast imbrication displays a unidirectional paleocurrent pattern towards the 

south and southwest, reflecting deposition under the influence of a powerful 

current (Selley, 1996; Miall, 2010). The presence of erosional bases indicates 

turbulent flow (Selley, 1996). The poorly-sorted matrix-supported 

conglomerate (Gmm) in between mudrocks can be interpreted as gravity 

driven plastic debris-flow deposits with concurrent transport of a mixture 

sediment load of mud, sand and gravel (Nemec and Steel, 1984). They also 

suggest intermittent flash floods or hyper-concentrated flows with high 

discharge rates (Miall, 2010, and references therein). 

4.1.2. Massive, laminated and planar cross-bedded sandstone lithofacies: Sm, 

Sh and Sp 
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 -Description: This lithofacies occurs in the basal part of the studied rock unit. 

It comprises few sandstone beds within the dominant yellow-colored mudrock 

(claystone and clayey siltstone) (Figs. 2, 3). The sandstone is fine- to medium-

grained, pebbly and moderately-sorted. Most of the sandstone beds show 

sheet-like geometry and massive internal structure (Sm) (Fig. 5c), while some 

of them exhibit horizontal lamination (Sh) and occasional small-scale planar 

cross-bedding (Sp) (Fig. 5e). The observed planar cross-bedding pointed to 

unidirectional paleocurrent, generally towards the west and northwest. The 

sandstone deposits are faint yellow in colour and contain randomly distributed 

pebbles with matrix of silty- and clayey-sized particles. Thickness of 

individual sandstone bodies varies from 0.5 m to 1.5 m. The sandstone beds 

show sharp erosional bases and are truncated by a sandy conglomerate unit at 

top.  

Interpretation:  The occasional occurrence of unidirectional planar cross-

bedded sandstone beds within the mudrock is attributed to downstream 

migration of transverse bars and sand waves in shallow water stream channels 

under upper flow regime conditions (Miall, 1996, 2010). The intercalated 

sheet-like geometry thin beds of pebbly fine-to medium-grained sandstone 

within mudrock probably represent episodic sheet-floods discharged into the 

distal alluvial-floodplain (Kraus and Gwinn, 1997; Abdul Aziz et al., 2003; 

Alçiçek and Jiménez-Moreno, 2013). Similar sheet-flood deposits have been 

interpreted as a sandy accumulation in wide alluvial-plains during unconfined 

overbank flooding of major fluvial systems under upper flow regime (Kraus 
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and Gwinn, 1997; Fisher et al., 2007), in many cases corresponding to short-

lived braided rivers (Selley, 1996; Miall, 2010). 

4.1.3. Massive claystone–clayey siltstone and mudrock lithofacies: Fsm and 

Fm 

Description: This lithofacies is the most abundant in the lower and middle 

parts of the studied rock unit (Figs. 2, 3). The lower and upper boundaries of 

Fsm and Fm are erosional and sharp (Fig. 5b, c). In the lower part (2-2.5 m 

thick) of the studied succession, the mudrock deposits are faint yellow 

including reddish white mottles in the form of downward stripes (Fig. 5e, f). 

In this part, the claystone and clayey siltstone beds include some 

conglomerate and fine-grained sandstone interbeds (Fig. 4d). Some mudrock 

beds enclose scattered, sub-rounded carbonate nodules (4-7 cm in diameter; 

Fig. 5g) and dispersed black carbonaceous? (organic) matter (Fig. 5h). The 

mudrock deposits in the middle part (9–12 m thick) of the studied succession 

are white and show red to purple mottles occurring as vertically-oriented, 

downward stripes (Figs. 4e, 6a).  They also display colour mottles in the form 

of dispersed patches and irregular forms (Fig. 6b). Low-angle cracks filled by 

reddish white clays are also noted in mudrock (Fig. 6c).  

Interpretation: The claystone, clayey siltstone and mudrock are barren of 

marine fossils, and are interpreted as characteristic of overbank sedimentation 

in a distal floodplain environment (Selley, 1996; Miall, 2010). The presence 

of black carbonaceous matter in the massive mudrock deposits probably 

reflects moderate growth of vegetation on the floodplain where paleosols 
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developed (Kraus, 1997). The randomly dispersed carbonate nodules in the 

reddish white claystone and clayey siltstone beds probably characterize a 

floodplain environment (Kraus, 1997), and represent an initial stage of 

calcrete formation under seasonally arid to semi-arid climatic conditions 

(Huerta and Armenteros, 2005; Li et al., 2009; Tanner and Lacus, 2006). The 

vertically-oriented downward stripes and patches of reddish white, red and 

purple mottles in the claystone, clayey siltstone and mudrock are 

characteristic features of overbank (floodplain) deposits formed under low-

energy conditions, low sedimentation rates and well-oxygenated environment 

in a drier climate and a highly variable water table (Kraus, 1997; Kraus and 

Gwinn, 1997; Retallack, 1997; Keighley, 2008; Li et al., 2009; Zhou et al., 

2015).  Low-angle cracks filled by reddish white clays in the mudrock seem to 

be vertic features (Tanner and Lacus, 2006), which indicate a seasonally 

aridity and less humidity (Tanner and Lacus 2006). Reddish coloration of 

mudstone suggests well-drained, oxidizing conditions of the floodplain, 

whereas grayish white and yellow coloration are produced in poorly drained, 

commonly waterlogged, distal floodplain conditions (Kraus and Gwinn, 1997; 

Retallack, 1997). The fining upward beds suggest that the alluvial system was 

fed by an ephemeral braided river (Miall, 1978, 2010; Selley, 1996). 

 

4.2. Shallow lacustrine/palustrine facies association: FA-2 

Description: FA-2 forms the upper part of the studied succession (Sn-2), and 

reaches up to 15 m in thickness (Figs. 2, 3). The rocks of this facies 
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association crop out as a cliff-forming unit (Fig. 4f). They show desiccation 

cracks and are pierced by root casts (Fig. 6d). They consist of an alternation of 

marlstone, mudrock, dolostone and dolomitic limestone. They are barren of 

marine fossils. Some Charophytes (Shamah and Helal, 1993) and small 

gastropod moulds were recognized (Fig. 6e). In addition, intercalation of 

gypsum layers (Fig. 6d) and stromatolitic dolostone beds (Fig. 6f) are found in 

this facies association. The marlstones and limestones are massive and 

yellowish white in color. The mudrock is dark to brownish grey and massive 

as well. Both dolostone and dolomitic limestone are grayish white to white, 

thin-bedded, pitted, concretionary in parts, and they form protruding ledges. 

Colour mottling is noticed in some dolostone beds. Microscopically, the 

dolostone displays two textural types: fine-crystalline, subhedral to euhedral 

dolomite rhombs (Fig. 7a, b) and micro-spherical (sub-rounded to rounded) 

dolomite crystals (Fig. 7c, d). All these dolomite crystals show similar size 

(less than 20 µm) and lack replacement textures. The limestone is mainly 

composed of micrite. 

Interpretation: The carbonate rocks of FA-2 (micritic limestone, dolomicrite 

and marlstone) that are barren of marine fossils closely resemble deposits of  

short-lived shallow lakes or ponds with low-gradient margins (e.g., Platt and 

Wright, 1991; Abdul Aziz et al., 2003; Huerta and Armenteros, 2005; Alçiçek 

and Jiménez-Moreno, 2013). The small gastropod fossils and Charophytes 

indicate brackish shallow lake environments with water depth of lesser than 

10 m (Sim et al., 2006). Occurrence of micritic limestones that lack any 
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sedimentary structures and without marine fossils are not unusual features of 

lake carbonates (Abdul Aziz et al., 2003; Huerta and Armenteros, 2005). The 

massive mudrock and marlstone separating carbonate beds can be attributed to 

lake flooding episodes, where the lake water becomes slightly brackish (Saez 

and Cabrera, 2002). In addition, gypsum layers and stromatolitic carbonate 

interbeds points to an evaporative environment under semi-arid climate during 

the final stage of lake development (Platt and Wright, 1991). The desiccation 

cracks, root traces and colour mottling in the carbonate rocks of the FA-2 

provide evidence of subaerial exposure and paleopedogenic modifications in 

arid and semi-arid regions to form so-called palustrine carbonates (Platt and 

Wright, 1992; Alonso-Zarza, 2003; Huerta and Armenteros, 2005; Wanas and 

Soliman, 2014).  

 The fine-crystalline (< 20 µm), subhedral to euhedral rhombohedral 

dolomite crystals can be interpreted as early diagenetic in origin (Tucker, 2001), 

whereas micro-spherical (rounded to sub-rounded) dolomite crystals (micritic-

size, < 20 µm) barren of marine fossils are similar to those formed as 

microbially-induced primary dolomite precipitates in shallow alkaline lakes 

(e.g., Vasconcelos and McKenzie, 1997; García del Cura et al., 2001; Calvo et 

al., 2003; Bréhéret et al., 2008; Huerto et al., 2010; Preto et al., 2015). The 

primary origin of the recognized micro-spherical dolomite can be indicated by 

petrographic features such as homogeneous size, finely-crystalline texture 

(micritic-size, < 20µm; Fig. 7c, d), and absence of replacive calcite (Last, 1990; 

García del Cura et al., 2001; Sáez and Cabrera, 2002; Wanas, 2002; Abdul Aziz 
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et al. 2003; Bréhéret et al., 2008). The occurrence of this micro-spheroidal 

dolomite provides evidence for semi-arid to arid climate (García del Cura et al., 

2001, Wanas and Abu El-Hassan, 2006). In the light of the foregoing, it may be 

suggested that the rocks of FA-2 were deposited in a slightly brackish water 

shallow lacustrine environment under arid to semiarid climatic conditions. 

These shallow lacustrine deposits were also subjected to episodically subaerial 

exposure resulting palustrine carbonates.  

 

5. Sequence stratigraphy 

Sequence stratigraphy has been widely used for marine strata 

(Catuneanu, 2006), and has evolved towards the analysis of continental strata 

in different geological settings (e.g., Wright and Marriott, 1993; Shanley and 

McCabe, 1994; Van Wagoner, 1995; Aitken and Flint, 1995; Olsen et al., 

1995; Carroll and Bohacs, 1999; Martinsen et al., 1999; Bohacs et al., 2000;  

Plint et al., 2001; Cleveland et al., 2007; Fanti and Catuneanu, 2010; Scherer 

et al., 2015). Martinsen et al. (1999) and Scherer et al. (2015) argued that 

alluvial-lacustrine depositional sequences are composed only of two systems 

tracts, formed as a result of changes in the balance between accommodation 

space (A) and sediment supply (S). The two systems tracts were named: Low- 

and High-accommodation Systems Tracts. The Low-accommodation Systems 

Tract (LAST) is characterized mainly by amalgamated alluvial channel 

deposits, in contrast to the High-accommodation Systems Tract (HAST) that 

is formed by single-storey, ribbon or sheet alluvial channel sand bodies 
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encased within fine-grained overbank deposits or lacustrine-dominated 

successions (Martinsen et al., 1999; Scherer et al., 2015). The HAST takes 

place where the A/S ratio close to or above 1 (i.e., sediment supply can not fill 

the available accommodation space and flooding occurs). On the other hand, 

the LAST occurs where the A/S ratio is between 0 and 1, but close to 0 (i.e., 

sediment supply fills the available accommodation space and some bypass 

may occur). Also, the sequence boundary occurs where the A/S ratio is 

negative (i.e., no accommodation space exists, which results in sediment 

bypass and erosion) (Martinsen et al., 1999; Scherer et al., 2015). 

In this study, we highlight the sequence stratigraphic terminology of 

alluvial-lacustrine strata of Martinsen et al. (1999) and Scherer et al. (2015). 

Accordingly, a single depositional sequence, showing an overall fining-

upward trend, from alluvial deposits passing upward to shallow lacustrine 

deposits, is determined (Figs. 2, 3). This sequence is bounded by two 

sequence boundaries (SB-1 and SB-2), and consists of two systems tracts 

(LAST and HAST) (Figs. 2, 3). The sequence boundaries are marked by 

disconformity surfaces at the base and top of the studied distal-alluvial and 

lacustrine successions. The basal Sequence Boundary (SB-1) is marked by 

subaerial deposits overlying erosively the Transgressive Systems Tract (TST) 

that represents the marine foraminiferal limestones of the lower unit of the 

Sannor Formation. The upper Sequence Boundary (SB-2) marks the abrupt 

facies change from shallow lacustrine deposits to marine foraminiferal 

limestones of the upper unit of the Sannor Formation (Figs. 2, 3). These 
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sequence boundaries were formed where no accommodation space exists, and 

there is subaerial exposure (i.e., A/S ratio was negative). Conglomerate (Gcm, 

Gmm and Gh) and pebbly sandstone deposits (Sp, Sh, Sm) in the lower part of 

the succession reflect a LAST, where there is an increase of ephemeral 

braided stream and sheet flood sediment supply relative to accommodation 

space (i.e., A/S ratio was between 0 and 1, but close to 0). On the other hand, 

the mudrock, silty claystone of distal floodplain facies (Fsm; Fm) and its 

overlying lacustrine facies (FA-2) correspond to a HAST (Fig. 3), where there 

is a decrease in fluvial discharge relative to accommodation space (i.e., A/S 

ratio close to or above 1).  

6. Paleoclimatic conditions 

In continental stratigraphic successions, paleoclimatic conditions can 

be inferred from the study of paleopedogenic features (e.g., Kraus, 1999; 

Wanas and Abu-El-Hassan, 2006; Srivastava et al., 2010; Meier et al., 2014), 

pollen assemblages (e.g., Zobaa et al., 2011; Alçiçek and Jiménez-Moreno, 

2013; Watson and Dallwitz, 2015) and stable δ
18

O and δ
13

C isotopes (e.g., 

Alçiçek and Jiménez-Moreno, 2013; Li et al., 2013; Meier et al., 2014; 

Heilbronn et al., 2015). These properties are described from the middle unit of 

the Sannor Formation (Sn-2) as discussed below. 

 

6.1. Paleopedogenesis (Paleosols) 

A variety of macro- and microscopic paleopedogenic features are 

identified in both floodplain-dominated alluvial (FA-1) and shallow lacustrine 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

(FA-2) facies associations from the middle unit of the Sannor Formation. 

These features are described and interpreted below. 

6. 1.1.  Macroscopic features 

Description: The macro-paleopedogenic features were observed in the 

mudrock and carbonate beds of the floodplain-dominated alluvial (FA-1) and 

shallow lacustrine deposits (FA-2). Most remarkable pedogenic feature 

comprise colour mottling (Figs. 4e, 5e, f; 6a, b), root traces (Figs. 5h, 6d), 

carbonaceous matter (Fig. 5h), carbonate nodules (Fig. 5g) and vertic features 

(Figs. 6c). In conglomerate and pebbly sandstone deposits of FA-1, no 

pedogenic features were noted.  

Interpretation: Calcareous nodules in the mudrock of the FA-1 could 

represent initial stage of calcrete formation (calcisol) under arid to semi-arid 

climatic conditions (Mack et al., 1993; Tanner and Lacus, 2006; Li et al., 

2009). The reddish white, red and purple mottles in the mudrocks of FA-1 

mark development of oxisol (Mack et al., 1993; Kraus, 1999). They indicate 

well-drained floodplains in a drier climate (Bown and Kraus, 1987; Kraus, 

1997; Kraus 1999; Cleveland et al., 2007; Retallack, 2008). They also suggest 

a variable water table that causes alternation of oxidizing and reducing 

conditions (Tanner and Lacus, 2006). The development of vertic features in 

the mudrock of FA-1 reflects pedogenesis (vertisol) (Mack et al., 2003), and 

indicates a seasonal aridity (Tanner and Lacus, 2006). The root traces, color 

mottling and desiccation cracks in the carbonate and mudrock deposits of the 
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FA-2 provide evidence of terrestrial conditions, soil development and episodic 

dry periods (Platt and Wright, 1991; Retallack, 1997; Alonso-Zarza, 2003).  

6.1.2. Microscopic features 

Description: The micro-pedogenic features in the floodplain deposits (FA-1) 

include illuviated and Fe and Mn oxides patches/micro-nodules.  Clay 

illuviation is recognized by the high concentration of well-oriented clays that 

fill irregular fractures within the groundmass (Fig. 8a), and/or coat detrital 

grains (Fig. 8b). The illuviated clays are Mg-rich smectite showing curved 

plate's morphology (Fig. 8c). Fe and Mn oxides (and/or oxyhydroxides) occur 

as patches and micro-nodules (Fig. 8d). In the lacustrine carbonate deposits 

(FA-2), the microscopic pedogenic features include rootlets showing iron 

oxide mineralization (Fig. 8e), dense micritic mass with gradational 

boundaries with the surrounding groundmass (Fig. 8f), micro-spherical, 

micritic-sized, homogeneous dolomite crystals (Fig. 8g) and Fe-Mn oxides-

micronodules (Fig. 8h). 

Interpretation: Illuviated clays of Mg-smectite composition reflect 

pedogenesis under arid to semi-arid climatic condition (Buck et al., 2004; 

Srivastava et al., 2010; Gurel and Kadir, 2010). The formation of micritic-

sized, homogeneous spheroidal dolomites can be related to pedogenic (soil) 

processes at the sediment–atmosphere interface in highly alkaline-Mg-rich-

mediated lacustrine/alluvial fan lime-mudstones under relatively arid climates 

(García del Cura et al., 2001; Buck et al., 2004; Kearsey et al., 2012; Casado 

et al., 2014). The presence of root traces provides evidence for terrestrial 
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conditions and pedogenesis (Szrek et al., 2015). Patches and micro-nodules of 

Fe and Mn oxides (and/or oxyhydroxides) reflect fluctuations in redox 

potential associated with variable periodic water table (McCarthy et al., 1998; 

Tanner and Locus, 2006). 

 

6.2. Pollen analysis 

Description: Among the 5 samples analyzed for pollen analysis (EGH-6, 7, 8, 

9, 11), sample number EGH-6 contained negligible organic matter content and 

only two pollen grains thought to be Momipites were found. This was anyway 

hard to confirm due to their orientation, faint colour, and inadequate 

preservation. The other 4 investigated samples (EGH-7, 8, 9, 11) contain 

fossil pollen grains that were classified as Momipites coryloides, 

Triatriopollenites triangulus, Pinuspollenites (Figs. 2, 9). These pollen grains 

are similar to those of the modern subfamily Chenopodioideae of the family 

Amaranthaceae. Momipites coryloides (Fig. 9). The total particulate organic 

matters (POM) components occur with different percentage (Fig. 10). Among 

the different POM components (see Tyson, 1993, 1995, for details) that can be 

found in sedimentary rocks, only opaque phytoclasts, degraded phytoclasts, 

and palynomorphs were recorded from the studied samples. 

Interpretation: Low POM diversity can be attributed to provide oxidation in 

the depositional environment, which can be supported by the dominance of 

opaque phytoclasts. These are commonly derived from: a) the oxidation of 

woody fragments as a result of sediment reworking and/or long transport, b) 
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post depositional diagenesis and alteration, or c) natural wildfires (as 

charcoal) (Tyson, 1993; Zobaa et al., 2011). In the present study, the high 

percentage of opaque phytoclasts can be due to: 1) high energy oxic 

conditions during prolonged sediment transport, and 2) in-situ post 

depositional oxidation as a result of dry-out or low lake level, exposing 

bottom sediments to highly oxygenated conditions (Zobaa et al., 2011). The 

low POM diversity may also be alternatively interpreted as a part of organic 

poor facies accumulated in areas covered by sporadic vegetation, similar to 

present day arid/desert conditions. 

Despite their scarcity and in absence of marine fossils, the recovered 

palynomorphs provide valuable information with regard to age dating and the 

prevailing floral cover. Momipites coryloides is thought to belong to the wind-

pollinated trees of the Engelhardia-Oromunnea-Alfaroa complex of the 

angiosperm family Juglandaceae (Raymond et al., 1995; Jarzen et al., 2010). 

Pollen grains of Pinuspollenites are produced by the well-known conifer trees 

of the gymnosperm family Pinaceae. Such pine trees are evergreen, commonly 

high, with characteristic needle leaves. In contrast, pollen grains of the genus 

Triatriopollenites triangulus of the family Myricaceae and those of the family 

Amaranthaceae are usually produced by angiospermous small trees, herbs, 

and shrubs. 

The aforementioned pollen association is neither diverse, nor abundant 

enough to make sound conclusions. However, the recovered flora represents a 

combined woodland–savanna ecosystem which had seasonally dry subtropical 
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to temperate climatic conditions (Watson and Dallwitz, 2015). The prevailing 

low moisture habitat may have prevented the woodland from completely 

developing and diversifying, providing a good opportunity for the herb/shrub 

community to spread. This scenario, combined with the previously suggested 

oxidizing conditions, explains well the complete absence of embryophytic 

spores in all of the analyzed samples. 

6.3. Stable δ
18

O and δ
13

C isotopes 

Stable δ
18

O and δ
13

C isotopes as a tool for interpreting 

paleohydrological and paleoclimatic conditions of lacustrine carbonates and 

alluvial carbonate nodules/concretions have been widely used (e.g., Talbot, 

1990; Alonso-Zarza, 2003; Leng and Marshall, 2004; Alçiçek and Jiménez-

Moreno, 2013; Li et al., 2013; Meier et al., 2014; Heilbronn et al. 2015). δ
18

O 

and δ
13

C values from selected samples of the Bartonian carbonate deposits are 

given in Table 2 and plotted in Figure 11. The data shows that the carbonate 

nodules in facies association-1 (FA-1) have negative δ
18

O (-2.5 to -5.1‰) and 

δ
13

C (-2.2 to -6.7 ‰) values. The carbonate deposits of facies association-2 

(FA-2) display positive δ
18

O values (1.5‰ to 2.9‰) and negative δ
13

C values 

(-2.2‰ to -7.6‰). Three dolomicrite samples of the FA-2 show slightly 

positive δ
18

O (-0.4 to 2.9‰) and δ
13

C (1.3‰ to 0.3‰) values. 

 δ
18

O and δ
13

C of the carbonate nodules in FA-1: The negative δ
13

C values (–

6.4‰ to –6.7‰) combined with negative δ
18

O values (–4.9‰ to –5.1‰) of 

the carbonate nodules in FA-1 suggest contribution of soil derived CO2 and an 

influx of more diluted meteoric water to the alluvial floodplain deposits under 
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relatively arid to semi-arid climate (Eren, 2011; Kearsey et al., 2012; Li et al., 

2013, 2014). Therefore, these carbonate nodules are very similar to the 

pedogenic carbonates.  

 δ
18

O and δ
13

C of the carbonate deposits in FA-2: The negative δ
13

C values 

(−7.6‰ to −2.2‰) of the carbonate rocks of FA-2 indicate soil-derived CO2 

from root respiration under semi-arid climatic conditions (Li et al., 2013). 

This suggests that pedogenic modification and organic decay might have 

taken place (Eren, 2011; Li et al., 2013). The positive δ
18

O (1.5‰ to 2.9‰) 

and δ
13

C values (1.3‰ to 0.3‰) of the carbonate rocks of FA-2 indicate 

evaporative conditions under arid climate (Abdul Aziz et al., 2003; Eren, 

2011; Alçiçek and Jiménez-Moreno, 2013). Therefore, the δ
18

O and δ
13

C 

values of carbonate deposits of FA-2 indicate that episodically arid-

evaporative climates have often interrupted lake development during some 

time intervals throughout the Bartonian. The covariance between δ
13

C and 

δ
18

O can be used as a criterion to distinguish between closed and open lakes 

(e.g., Talbot, 1990; Li and Ku, 1997). It is also an index for paleoclimate 

(Talbot, 1990; Li et al., 2013). Consequently, the weak correlation (r= 0.056) 

between δ
18

O and δ
13

C values of the lacustrine carbonate sediments (FA-2) 

(Fig. 11) suggests a typical of primary carbonates formed in hydrologically 

open lakes that have short residence times (Talbot, 1990; Li et al., 2013). It 

also indicates arid to semi-arid climatic conditions.  Such an overall semi-arid 

to arid climate is in accordance with that deduced by pollen assemblages and 

paleopedogenic features. 
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7. Controls on sedimentation 

The stratigraphic architecture of alluvial-lacustrine successions can be 

controlled by three allogenic processes (relative sea level, climate, and 

tectonics), which in turn control accommodation space (Shanley and McCabe, 

1994; Carroll and Bohacs, 1999; Bohacs et al., 2000;  Pla-Pueyo et al., 2009; 

Huerta et al., 2011; Alonso-Zarza et al., 2012; Allen et al., 2013). The 

stratigraphic architecture of alluvial-lacustrine successions is influenced by 

relative sea level only in regions close to the coast (e.g., Schumm, 1993; 

Shanley and McCabe, 1994; Blum and Tornqvist, 2000; Amorosi and 

Colalongo, 2005). The recorded sedimentological data indicates that similar 

climatic conditions prevailed during the deposition of the studied succession. 

Thus, tectonic influence and sea-level change can be assumed to be the main 

controls of changes in sedimentation.  

Although, the studied rocks were deposited in a continental context, 

without sedimentological and paleontological evidence of marine influence 

(see section 6), their underlying and overlying marine foraminiferal 

limestones (Fig. 2) may mark an influence of sea-level change in response 

with base-level fluctuation during the alluvial-lacustrine sedimentation. 

During sea-level lowstand, limited accommodation space and high alluvial 

activity occur, whereas in sea-level highstand the accommodation space 

increases in response to low alluvial activity (Holbrook et al., 2006). 

Consequently, the conglomerate and pebbly sandstone beds of braided 
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channel and sheet flood deposits of FA-1 can be deposited in response to 

period of low sea level. On the other hand, the mudstone deposits of the distal 

floodplain of FA-1 and its overlying shallow lacustrine deposits (FA-2) were 

deposited in response to period of high sea level. 

Tectonic influence on deposition of the studied Bartonian deposits is 

evidenced by the abrupt contact between the alluvial and lacustrine sediments 

(Scherer et al., 2015) (Figs. 2, 3).  This abrupt transition suggests major 

changes in the basin sedimentation regime and sediment supply from the 

source area, which is consistent with tectonically-driven alluvial-lacustrine 

successions (Plinth and Browne, 1994; Martinsen et al., 1999; Fanti and 

Catuneanu, 2010; Allen et al., 2013). Accordingly, tectonic movements 

controlled the A/S ratio during the accumulation of the alluvial-lacustrine 

succession (FA-1, FA-2). Tectonic uplift led to negative A/S ratio that is 

responsible for the generation of unconformities/sequence boundaries (SB). 

Sedimentation of gravel and sand deposits of the sheet-like channel fill of the 

lower part of FA-1 (LAST) corresponded to high alluvial activity, high 

sediment supply and low accommodation space (Huerta et al., 2011; Alonso-

Zarza et al., 2012, Scherer et al., 2015). This could occur during episodic 

active tectonic movement that led to A/S ratio was between 0 and 1, sediment 

supply fills available accommodation space, allowing the accumulation of 

braided and sheet-like alluvial channel sands and gravels. As the low alluvial 

activity favors the formation of vertically stacked distal floodplain and 

lacustrine deposits (Alonso-Zarza et al., 2012). Accumulation of the upper 
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part of FA-1 (distal floodplain) and lacustrine deposits (HAST) took place 

during stages of low activity of the alluvial systems. This could develop 

during tectonic subsidence, where the rate of accommodation generation 

outpaces the rate of sediment supply (A/S ratio close to or above 1), thus 

favoring the development of both distal floodplain alluvial and lacustrine 

deposits (Alonso-Zarza et al., 2012; Scherer et al., 2015). Nevertheless, a syn-

depositional fault system was not identified in the region (Haggag, 2010), 

which suggests that tectonics acted primarily through epeirogenic regional 

movements, which are capable of producing vertical movements on the basin 

margins, enlarging or reducing the amplitude of the resulting flexural 

deformation (Cloetingh and Kooi, 1992). This type of tectonic movement 

could be linked to a sag basin developed by reactivation of the Syrian-Arc 

during the Mid-Eocene (Said, 1990; Sallam et al., 2015).  

 

8. Conclusions  

The Mid-Eocene (Bartonian) continental sedimentary succession at 

Gebel El-Goza El-Hamra (NE Eastern Desert, Egypt) constitutes the middle 

unit (Sn-2) of the Sannor Formation. It is composed of siliciclastic rocks 

followed upward by carbonate beds. Two main facies associations were 

recognized: (1) floodplain-dominated alluvial facies association (FA-1), and 

(2) shallow lacustrine/palustrine facies association (FA-2). The FA-1 (up to 45 

m thick) is composed mainly of carbonate nodules-bearing, mottled mudrock 

with subordinate sandstone and conglomerate deposits. This floodplain-
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dominated alluvial facies association (FA-1) includes three lithofacies types: 

clast- and matrix-supported conglomerate (Gcm; Gmm and Gh), massive to 

planar cross-bedded sandstone (Sm, Sh and Sp), and mottled massive 

claystone–clayey siltstone-mudrock (Fsm and Fm) that were deposited in 

three alluvial sub-environments: ephemeral braided channel, sheet flood and 

distal floodplain, respectively. The FA-2 (up to 15 m thick) is made up of 

marlstone, micritic limestone and dolostone beds beds with charophytes and 

small gastropods. Pollen assemblages, stable δ
18

O and δ
13

C isotope values, 

and paleopedogenic features of the FA-1 and FA-2 reflect prevalence of arid 

to semi-arid climatic conditions during the Bartonian in the studied area.   

In terms of sequence stratigraphy, the studied Mid-Eocene succession 

is made up of one depositional sequence bounded by two sequence boundaries 

(SB-1 and SB-2), and comprises low- and high- accommodation systems 

tracts (LAST and HAST).  Facies architecture and stacking pattern of the 

depositional sequence reflect that the variation in the accommodation-to-

sediment supply (A/S) ratio ratios was mainly controlled by sea-level change 

and local tectonic activity during reactivation of the Syrian Arc System. 
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Figure captions 

Fig. 1. Geological map of the Shabrawet area, NE Eastern Desert, Egypt 

(modified after Al-Ahwani, 1982). 
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Fig. 2. Lithostratigraphic succession of the studied rocks. Sn-1, Sn-2 and Sn-3 

refer to the lower, middle and upper units of the Sannor Formation, 

respectively. SB: sequence boundary, TST: transgressive systems tract, 

LAST: low accommodation systems tract, HAST: high accommodation 

systems tract.  

 

Fig. 3. Profile of the studied succession. For symbols and abbreviations see 

Fig. 2. 

 

Fig. 4. Field photographs showing: (a) isolated conical hills of the studied 

succession; (b) three informal units (Sn-1, Sn-2 and Sn-3) of the Sannor 

Formation; (c) three successive parts (1, 2 and 3) of the studied succession 

(Sn-2); (d) lower part of the of the studied succession consisting of pebbly 

sandstone and conglomerate interbeds (arrows) within mudrock; (e) middle 

part of the studied succession that is made up of white silty mudrock and 

siltstone with vertically-aligned purple, violet to red colour mottles (Fig. 2e).  

 

Fig. 5. Field photographs from lower part of the studied succession (FA-1) 

showing (a) conglomerate lens (arrow) within yellow mudrock; (b) sheet-like 

bodies of conglomerate and pebbly sandstone; (c) scoured surface between 

conglomerate and  desiccated mudrock; (d) clast imbrications in conglomerate 

Note, the inverse grading and non-erosional base of conglomerate; (e) small-

scale planar cross-bedding in the yellow-coloured silty sandstones; (f) reddish 
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white vertically-aligned stripes of reddish white illuviated claystone within 

grayish yellow mudrock; (g) dispersed carbonate nodules (arrows) within 

mudrock; (h) black patches of carbonaceous? (organic) matter (arrows) in 

mudrock. 

 

Fig. 6. Field photographs from middle part of the studied succession showing: 

(a) vertically-aligned violet mottles within white mudrock; (b) violet to red 

mottles in the form of patches within white mudrock; (c) low-angle cracks 

filled by reddish white illuviated clay (vertic features); (d) root traces (white 

arrow) and gypsum layers (black arrow) within carbonate rock; (e) small 

gastropod fossils (white arrow) in carbonate bed. Scale length is 10 cm; (f) 

stromatolitic-like structure of carbonate bed. Scale length is 15 cm.  

 

Fig. 7. Photomicrographs showing: (a) fine-crystalline dolomite rhombs. 

Sample No. EGH-12; (b) SEM image of fine-crystalline dolomite rhombs 

(arrow). Sample No. EGH-12; (c) micro-spherical dolomite crystals. Sample 

No. Calc-1, EGH-19; (d) SEM image and electron microprobe of micro-

spherical dolomite (arrow). Sample No. EGH-19.   

 

Fig. 8. Photomicrographs showing representative micro-pedogenic features in 

the studied rocks: (a) illuviated clays within irregular fractures in the 

groundmass. Sample No. EGH-6; (b) illuviated clays coating detrital grains; 

Sample No. EGH-10; (c) SEM image of Mg-rich smectitic clays; Sample No. 
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EGH-10; (d) Fe and Mn-oxide black patches within mudrocks. Sample No. 

EGH-8; (e) rhizoliths traces showing iron oxide mineralization. Sample No. 

EGH-19; (f) densely packed micrite (arrows) in dolomite groundmass. Sample 

No. EGH-12; (g) spheroidal dolomites with dispersed quartz grains. Sample 

No. EGH-19; (h) Fe-Mn oxide micronodules (arrows) within dolomite 

groundmass. Sample No. EGH-22.    

 

Fig. 9. Plane-polarized photomicrographs showing: (a) general view of 

opaque phytoclast in the studied samples. Sample No. EGH-7, 5X; (b) 

degraded phytoclast particle. Sample No. EGH-7, 10X; (c) well preserved 

phytoclast particle. Sample No EGH-9, 20X; (d) dendritic-shaped phytoclast?. 

Sample No. EGH-11, 40X; (e) dark brown phytoclast particle which has 

almost become opaque. Sample No. EGH-8, 20X; (f) Momipites coryloides 

Wodehouse, 1933. Sample No. EGH-7, 40X; (g) probable grain of Momipites 

coryloides. Sample No. EGH-8, 40X; (h) Triatriopollenites triangulus 

Frederiksen, 1979. Sample No. EGH-8, 40X; (i) Pinuspollenites sp. Sample 

EHG-8, 40X; (j) fungal spore. Sample No. EGH-7, 40X. 

Fig. 10. Percentage distribution of the major POM in the palynologically 

studied samples. 

Fig. 11. δ
18

O and δ
13

C plots for carbonate samples of the FA-1 and FA-2.  

Table 1. Summary of the identified lithofacies and their related environments. 
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 Table 2. δ
18

O and δ
13

C values (VPDB‰) for carbonate samples taken from 

FA-1 and FA-2 of the studied succession. Calc = Carbonate nodules samples 

of the FA-1; EGH = Carbonate samples of the FA-2. 
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Figure 1 
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AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 

Graphical abstract 
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Highlights 

The studied deposits were accumulated in floodplain-dominated alluvial and shallow 

lacustrine system. They show evidence of macro- and micro-pedogenicfeatures. They 

consist of low- and high-accommodation systems tracts. Arid to semiarid climate was 

prevailed in the studied area during Bartonian age. 
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