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Abstract: The palacoecology and palacoenvironments of the lower—middle Miocene succession in Gebel Gharra,
NW of Suez, Egypt, are interpreted, on the basis of a detailed study of microfacies, trace fossils, and macro-
faunal benthic assemblages. This succession consists of a lower siliciclastic part (the Gharra Formation) and
a carbonate-dominated upper part (the Geniefa Formation), corresponding to a general transgression-regression
cycle. Facies characteristics indicate depositional palacoenvironments, ranging from supratidal, lagoonal, to shoal
settings on an inner ramp that was influenced proximally by clastic input. At least seven ichnotaxa were recorded
in the lower Miocene Gharra Formation, representing suites of the Skolithos ichnofacies. Among them, the ichno-
genus Polykladichnus is recorded for the first time in Egypt. The macrobenthic taxa identified in 13 statistical
samples are grouped into five assemblages (A—E) that are described and interpreted as the remains of communities.
The faunal distribution and trophic structure of most of these assemblages confirm the existence of relatively stable
and low-stress conditions. However, the trophic structure of the assemblages reflects the influence of particular
environmental parameters, the dissolution of aragonitic shells and/or sample-size effects. Environmental param-
eters, controlling the distribution of trace and/or body fossils, include substrate consistency, bathymetry, water
energy, productivity level, rate of sedimentation, salinity, and oxygen availability. The results of integrated litho-
and biofacies analysis confirm that the succession studied was deposited in different environmental settings,
providing perfect conditions for the occurrence and preservation of trace-fossil and macrobenthos assemblages.
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INTRODUCTION

Mixed siliciclastic-carbonate Miocene successions are
common stratigraphic phenomena on shelves and slopes,
and/or in ocean basins (e.g., Goldhammer, 1978; E1 Haddad
et al., 1984; Bashri et al., 2017; Du et al., 2022). They may
appear as reciprocal mixed carbonate-siliciclasitic deposits,
in which carbonate and siliciclastic sediments alternate in
a vertical sequence or are juxtaposed laterally (e.g., Van
Siclen, 1958; Wilson, 1967; Handford and Loucks, 1993).

They also may occur as coeval mixed siliciclastic-carbonate
deposits, in which both types of sediments coexist and are
mixed in the strata (e.g., Mount, 1984; Spalletti et al., 2000;
Caracciolo et al., 2013).

In Egypt, the lower-middle Miocene siliciclastic-car-
bonate deposits crop out in the Cairo-Suez District, in the
northern part of the Eastern Desert (Fig. 1A). They repre-
sent characteristic marine sediments that were deposited in
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response to the early Miocene transgression at the south-
ern margin of the Mediterranean Sea (e.g., Scotese, 2013).
Stratigraphical and sedimentological studies of these
Miocene deposits have been carried out for over a hundred
years (Depéret and Fourtau, 1900; Sadek, 1959; Said, 1962,
1990; Abou Khadrah et al., 1993; Issawi et al., 1999; Tawfik
et al., 2015; El-Sorogy et al., 2017). In general, siliciclastics

Fig. 1.
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predominate in the lower part of these successions, where-
as carbonates mark the upper part (Said, 1962, 1990; Abou
Khadrah et al., 1993; Tawfik et al., 2015; El-Sorogy et al.,
2017). Eustatic sea-level fluctuations, combined with tecton-
ics and high terrigenous influx, are considered to have been
the main factors that controlled sedimentation (e.g., Said,
1990; Issawi et al., 1999; Tawfik et al., 2015).

Geographical and geological framework of the study area. A. Geographical overview. B. Simplified geological map

of the study area (modified after Mandic and Piller, 2001) with the location of the measured section at Gebel Gharra. C. Field
photo of the outcrop showing the Gharra and Geniefa formations.
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The lower—middle Miocene deposits of the Cairo-Suez
District contain diversified and abundant macro-inver-
tebrate assemblages, including molluscs, echinoids, and
corals. Since the second half of the nineteenth century,
these varied macrofauna have been studied mostly from
a taxonomic point of view (e.g., Fraas, 1867; Fuchs, 1883;
Blanckenhorn, 1901, 1903; Fourtau, 1920; Said and Yallouze,
1955). Subsequently, rare studies for the biostratigraphic use
of this rich macrofauna were made by Hamza (1992) and
El-Sorogy et al. (2017). From a taphonomical and palae-
oecological perspective, more studies were carried out by
Piller et al. (1998), Mandic and Piller (2001), Nebelsick and
Kroh (2002), Kroh and Nebelsick (2003) and Mandor et al.
(2022). Furthermore, the Miocene sediments of the Cairo-
Suez District are sporadically and moderately burrowed
(e.g., Piller ef al., 1998), representing an ichno-assemblage
with low diversity.

Undoubtedly, the abundance and environmental distri-
bution of the Miocene macrobenthos and/or trace fossils
were controlled by several factors that greatly affected the
diversity and dominance of species. However, no study has
yet focused on the analysis of the lower—-middle Miocene
palacoenvironment of the Cairo-Suez District within the
framework of sedimentological and palacoecological rela-
tionships. Therefore, the present study aims to (1) interpret
the environmental conditions that predominated during dep-
osition of the lower—-middle Miocene succession, exposed
along the Cairo-Suez District on the basis of the description
of its microfacies, trace fossils, and macrofaunal benthic as-
semblages, and (2) discuss different factors, controlling the
occurrence and distribution of the identified macrobenthic
palacocommunities.

The present work is based on the Miocene succession,
exposed at Gebel Gharra, which lies about 30 km NW of
Suez City. It extends from longitude 32.1635 to 32.1809, and
from latitude 30.1024 to 30.1113 (Fig. IB).

GEOLOGICAL SETTING

The Miocene rocks, exposed in the Cairo-Suez District
at the northern part of the Eastern Desert of Egypt, form
remarkable hills. Sedimentation in this region was great-
ly controlled by tectonics (Said, 1962, 1990; Patton et al.,
1994). Two main shallow tectonic basins occurred (Fig. 1B),
including the Geniefa (= Geneffe/Gineifa)-Gharra Basin to
the north of Suez City and the Hagul-Sukhna Basin to the
south (Hermina et al., 1989; Said, 1990). These basins are
filled with shallow-marine, mixed siliciclastic-carbonate
sediments. In general, the Miocene succession of this area
increases in thickness from west (i.e., east of Cairo) to east
(i.e., the Suez Canal; Said, 1962, 1990), overlying shal-
low-marine Eocene carbonates and non-marine Oligocene
siliciclastics (Said, 1962, 1990; Hermina et al., 1989).

The Miocene succession studied (about 140 m thick) lies
on the eastern flanks of the Gebel Gharra Hill, spanning
from the lower to the middle Miocene. It is subdivided into
lower, siliciclastic-dominated and upper, carbonate-dom-
inated intervals, representing the Gharra (Said, 1962) and
Geniefa (Said, 1990) formations, respectively (Figs 1C, 2).
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Noteworthy is the occurrence of Oligocene red sands and
gravels in the foothill of Gebel Gharra. However, direct
contact between the Oligocene and the Miocene sediments
studied was not recorded.

MATERIALS AND METHODS

In the measured lower-middle Miocene succession,
stratigraphical, sedimentological and palaeontological data
were gathered through detailed field description of each bed.
Sedimentary textures and structures, the nature of bedding
and bedding contacts, macro- and/or trace fossil content,
and the lateral variability for each bed were documented.
Ichnological observations were focussed on the identifica-
tion of ichnogenera and the documentation of their distribu-
tion in the exposed succession. The size of the trace fossils
and their physical interrelationships (e.g., interpenetrating,
intercalated, and isolated occurrences) were also noted.
A total of 20 rock samples were collected from each char-
acteristic facies. Furthermore, macrofossils were recovered
at specific horizons. Quantitative samples of macrofossils
were collected at intervals of 0.5 and 20 m. From each ho-
rizon, 20 or more specimens were taken from the surface
to obtain a statistically useable sample. Shells were marked
with arrows to indicate an in sifu orientation within the rock.
In the case of dense occurrences in hard beds, specimens
were counted and photographed and only representative
specimens were collected for further study. Some intervals
lack a fauna (< 10 specimens per sample) and thus could not
be used for statistical purposes.

In the laboratory, standard petrographic thin-section tech-
niques were used for petrographic studies. Dunham’s (1962)
nomenclature for the textural classification of carbonates
was used, with modifications by Embry and Klovan (1971).
The macrofossil specimens collected were treated with a di-
luted hydrogen peroxide solution and scrubbed with a soft
toothbrush in order to remove adhering matrix. After iden-
tification, specimens in each sample were counted for
quantitative analysis. The number of bivalve individuals
was obtained by adding the number of right or left valves
to the number of articulated valves (Minimum Number
of Individuals, ‘MNI’ method; Gilinsky and Bennington,
1994).

A total of 1,579 (out of 1,600) macrobenthic specimens
in 13 samples from the study area were selected for a quan-
titative palacoecological analysis. A list of relative abun-
dances was constructed for each quantitative sample. The
Q-mode cluster analysis of the species’ relative abundance
data set was chosen to categorise the benthic assemblages.
A dendrogram was constructed on the basis of Ward’s meth-
od (Euclidean distance) and applied using the PAST soft-
ware package, v. 3 (Hammer et al., 2001). To normalise the
sample size, evenness values for each macrobenthic assem-
blage (E = €'/S), where H is the Shannon index and S is the
species richness, were calculated, using the same software
package. Species evenness values range from zero to one,
with zero signifying the strong predominance of a particular
species and one, complete evenness. In general, diversity
values, based on evenness, allow reliable interpretations,
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Fig. 2. Stratigraphic log of the Gebel Gharra section with occurrences of macrofossils and facies distribution.
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because it is not affected by sample size, in contrast to val-
ues of species richness (Whittaker, 1972; Tuomisto, 2010).

For taphonomic analysis, the acceptable terminologies
applied by Fernandez-Lopez (1991, 2011) and Fernandez-
Lopez et al. (2002) have been used. The term “accumulated
assemblage” represents shells remaining at the place of their
biological production. “Resedimented assemblage” refers to
shells that were displaced across the sea floor after accu-
mulation and prior to their final burial. For synecological
analysis, the trophic nucleus of an assemblage is defined as
the most abundant faunal elements, accounting for approxi-
mately 80% (Neyman, 1967).

All macrofossil specimens were collected during field
work for a PhD study by one of us (Mona Mandor) at the
Gebel Gharra section, Cairo-Suez District, Egypt, and are
housed in the collections of the Department of Geology,
Faculty of Science, Alexandria University. Numbers of
fossil specimens are prefixed by (Gh) for the Gebel Gharra
section, followed by bed number and (o) for oysters, (p) for
pectinids, (b) for other bivalves, (g) for gastropods, (e) for
echinoids and (c) for corals.

RESULTS
Lithostratigraphy
The Gharra Formation

This unit attains a thickness of about 65 m. It is composed
of shale, sandstone, siltstone and sandy marl interbeds,
moderately bioturbated and yielding a rich and diversified
macrofaunal assemblage (Fig. 2). The basal 20 m consists
of a non-fossiliferous bioturbated shale layer with gypsum
veins and veinlets (Fig. 3A). Above it, there is a thin marl
bed (1.0 m thick) with mud clasts at its base (Fig. 3A) and
it is fossiliferous with abundant pectinids, oysters, other bi-
valves, gastropods, echinoids, solitary corals, and balanoid
barnacles (Fig. 3B, C). The interval between 21-27.5 m con-
sists of a lower bioturbated siltstone layer (3 m thick), a thin
fossiliferous marl bed at 24 m, and a 3-m-thick ferruginous,
gypsiferous and bioturbated shale layer at the top. The marl
bed is highly fossiliferous with pectinids, rare oysters, oth-
er bivalves, gastropods and echinoids (Fig. 3D). A clastic
interval between 27.5 and 40.5 m consists of sandstones
with a thin siltstone bed at 34.5 m that is topped by an ero-
sional unconformity (Fig. 2). This interval is characterised
by a unique 4-m-thick calcareous laminated egg-yellow
sandstone bed at the base. This layer is highly bioturbated
with vertical burrows and horizontal to three-dimensional
burrowing networks (Fig. 3E). In addition, this clastic in-
terval is commonly fossiliferous with oysters, pectinids,
other bivalves, gastropods, echinoids, and coral colonies
(Fig. 3F). The top part of the Gharra Formation consists of
thick, greenish grey, ferruginous, gypsiferous, and fissile
shales (40.5-65 m) with marl beds, 3.5 and 1.5 m thick, in
the lower and upper parts, respectively. Both marl beds are
commonly glauconitic and fossiliferous with pectinids, oys-
ters, other bivalves, gastropods, echinoid tests and spines,
solitary corals and bryozoans (Fig. 3G). In addition, the
marls (beds 13 and 14b) are characterised by the occurrence
of simple and branched burrows into the underlying shales
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(Fig. 3H, I). Moreover, the marl of bed 14b contains mud
clasts at its base (Fig. 31).

Diverse assemblages of bivalves, gastropods, echinoids,
corals, as well as planktic and benthic foraminifera support
a late Burdigalian age for the Gharra Formation (Souaya,
1963; Abdelghany and Piller, 1999; Mandic and Piller, 2001,
Abdelghany, 2002; Kroh and Nebelsick, 2003; El-Sorogy
et al., 2017; Mandor et al., 2022; present study). In general,
no Aquitanian sediments are recognised in the Cairo-Suez
District (e.g., Said, 1990).

The Geniefa Formation

At the Gebel Gharra section, shale deposition ends at
65 m, which may represent the Gharra/Geniefa boundary.
The Geniefa Formation unconformably rests on the Gharra
Formation (Fig. 3J), attaining a thickness of about 75 m. In
comparison to the Gharra Formation, the Geniefa Formation
consists mainly of highly fossiliferous chalky and reefal
limestones with few siltstone and marl intercalations (Fig.
2). The basal 8 m of the Geniefa Formation consists of fos-
siliferous limestone, with oysters, pectinids, echinoid tests
and spines, and coral colonies (Fig. 3K). Between 73 and
101 m, the sediments consist of thick laminated yellowish
white chalky limestones fossiliferous with small and large
oyster shells, bivalve moulds, and coral colonies (Fig. 2).
An oyster-rich limestone layer (101-110.5 m) overlies this
interval and, in addition, contains bivalve moulds, echinoid
spines and coral colonies. Above is an interval of alternating
poorly fossiliferous partly bioturbated siltstone and fossil-
iferous marl layers (110.5-119.5 m). These marls are fossil-
iferous with oysters, pectinids, other bivalves, gastropods,
echinoids, and coral colonies, bryozoans and large balanoid
barnacles (Fig. 3L). The top of the section (119.5-140 m)
consists of a thick yellowish-white chalky limestone with
pectinids and oyster shells, other bivalve and rare nautiloid
cephalopod moulds, echinoid spines, and corals. The termi-
nation of the succession is erosional (Fig. 2).

In the Geniefa Formation, the recorded molluscs, echi-
noids, corals, bryozoans, large balanoid barnacles, and
benthic foraminifera indicate a Langhian—Serravallian age
(Souaya, 1963; Hassan and Hany, 2012; El-Sorogy et al.,
2017; Mandor et al., 2022; present study).

Microfacies analysis

The microfacies analysis of the lower—middle Miocene
Gharra and Geniefa formations is based on an investigation
of rock thin-sections, supplemented by field observations
of some features, such as lithology, bedding, sedimenta-
ry structures, and trace- and body-fossil content. Detailed
petrographic analysis of the lower-middle Miocene suc-
cession studied has revealed the occurrence of mixed si-
liciclastic and carbonate facies (Tab. 1). In the siliciclastic
facies, bioclasts are rare or nearly absent. In the carbonate
facies, in contrast, skeletal grains are represented by ben-
thic and planktic foraminifera (mainly textulariids and
globigerinids, respectively), bivalves, rare echinoids, and
algae. In addition, the carbonate facies show a high-poros-
ity texture within and between the skeletal grains (Tab. 1;
Fig. 4).
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Fig.3. Some field aspects of the section studied. A. Gypsiferous shale (bed 1) underlies a thin marl layer (bed 2). Note the occurrence
of mud clasts (arrows) in the basal part of bed 2. B, C. Marl of bed 2 with (B) pectinid valves and (C) solitary coral Desmophyllum sp.
(arrows). D. Bed 4 fossiliferous with pectinid (yellow arrow), oyster (green arrow), gastropod (white arrow), and echinoid (black arrow)
specimens. E. Thick, calcareous, egg-yellow and highly bioturbated sandstone (bed 6). F. Thick dolomitic sandstone (bed 9) containing
abundant re-oriented valves of Lopha virleti (arrows) and fragmented Acropora sp. branches. G. Marl of bed 13 with abundant pectinid
valves. H, 1. Shale of bed 14 underlies a thin marl layer (bed 14b) that is characterised by the occurrence of burrows (black arrows in
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Table 1

Facies association (FA) and characteristic features of facies types (FT) in the lower—middle Miocene succession
and their depositional setting.

assoc]i::tcil)ens (FA) Facies type (FT) O(%cel:iriles;e Description Depositional setting
FT1: Bioturba- Gharra Medium- to fine-grained, angular- to subrounded
ted calcareous Formation quartz grains in a calcareous matrix (both micrite and
sandstone (Gh6) sparite). Bioturbation is a common character with .
FAL: (Fig. 4A) dolomitisation Supratidal
Sandstone - (Kleesmenta et al.,
FT2: Dolomite- Gharra Poorly sorted sand grains cemented by intense dolo- 2012; Ali et al., 2021)
cemented . . )
sandstone Formation mite grains. Cement represents about 25%
(Fig. 4B, C) (Gh7, Gh9) of fine-crystalline euhedral dolomite
FT3: Sandy Gharra Large-sized bivalves with intensive boring in
bioturbated wac- Formation sparite matrix. Dolomitisation is a well-observed as
) ke- to rudstone (Gh4) a bioturbation feature. Medium-sized quartz grains are
FAZ' . (Fig. 4D) also noted. Some open pores within the bivalves occur Shgllow lagoon
Bioclastic (Wilson, 1975; Wray,
rudstone FT4: Corallina- . . ' T 1977; Fligel, 2010)
Geniefa Large-sized corallinacean red algae showing internal
cean red algae . . . .
Formation structures are floated in sparite matrix. It shows
rudstone (Gh15) a high-porosity within its grains
(Fig. 4E, F) gh-porostty &
FT5: § . . Gharra Benthic foraminifera are a common component, with
Sandy bioclastic . . . .
Formation few large bivalves. Sand and glauconite grains are
packstone e
(Fig. 4G, H) (Gh12) noted. Dolomitisation is also observed
FA3 : . FTé: Genicfa Recrystallised medium-sized bivalve fragments are La%OO“ _—
ngh—pqrosﬁy, Sparry calcite Formation common in sparry calcite matrix. Many of these (Fligel, 2010; Wllm'.
bioclastic wackestone (Gh16, Gh23) bioclasts were dissolved represents a high-porosity sen and Nagm, 2012;
wacke- (Fig. 4D) ’ texture. Rare echinoids are noted Roozpeykar et al.,
to packstone 2019)
FT7: Gharra Abundant benthic (Textularia sp.) and planktic
Sandy high-po- Formation (Globigerinoides spp.) foraminifera, dolomitic matrix
rosity packstone (Gh13) and sand grains are the main constituents. Open pores
(Fig. 4], K) between and within grains is a dominated feature
Gharra and
FT8: Geniefa for- Some medium-sized sand grains embedded in
Sandy siltstone  mations (Gh8  siltstone. Few benthic foraminifera (7extularia sp.)
(Fig. 4L) and Gh21, occur
respectively)
FA4: FTO: Gharra and Open lagoon
L L Geniefa for- Bioturbated, inhomogeneous fine-grained siltstone. (Burchette and Wri-
Fine-grained Bioturbated fine- . . . -
. . mations (Gh3 Dolomitisation is a common feature, with rare ght, 1992; Wilmsen
mudrocks grained siltstone . .
(Fig. 4M) and Gh19, fine-grained bioclast fragments and Nagm, 2012)
& respectively)
FT10: Gharra
Bioturbated Formation Bioturbated, thick, fissile shales. Dolomitisation is
shale (Gh1, Gh5, a well-noted character
Fig. 4N Gh10, Gh14
g
. FT11: Ti- Rounded to subangular lime clasts and aggregate
FAS' ghtly-packed Gharra_ grains are the main components. Large, recrystallised Sh?al )
Tightly packed . Formation . . .o (Fligel, 2010; Nagm
. grainstone bivalve fragments occur. Bioturbation is common and
grainstone (Fig. 40) (Gh2) indicated by selective dolomitisation et al., 2018)

H and I) into the underlying shales. The basal part of bed 14b, characterised by the occurrence of mud clasts (yellow arrows in I) and pecti-
nid valves (circle in I). J. The middle Miocene Geniefa Formation is unconformably underlain by the lower Miocene Gharra Formation.
K. Limestone of bed 15, containing middle Miocene coral Favites sp. L. Marl of bed 20 fossiliferous with bivalve moulds (black arrows),
and pectinid and oyster valves (yellow and red arrows, respectively). Scale bars equal 20 cm for A and F, 50 cm for E, 10 cm for H and
I, and equal 5 cm for K and L.
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Fig. 4. Facies types (FT1-11) of the studied lower—-middle Miocene succession. A. FTI1, bioturbated calcareous sandstone, Ghoé.
B, C. FT2, dolomite-cemented sandstone, Gh7 and Gh9, respectively. D. FT3, sandy bioturbated wacke- to rudstone, Gh4.
E, F. FT4, corallinacean red algae rudstone, Ghl5. G, H. FT5, sandy bioclastic packstone, Ghl2. I. FT6, sparry calcite wackestone, Gh16.
J, K. FT7, sandy high-porosity packstone, Ghl3. L. FT8, sandy siltstone, Gh8. M. FT9, bioturbated fine-grained siltstone, Gh3. N. FTI10,
bioturbated shale, Ghl. O. FT11, tightly-packed grainstone, Gh2. All photographs were taken under cross-polarised light, except for A and
O, which were under plane polarised light. Scale bars equal 0.4 mm.
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Facies analysis allows differentiation of the succession
studied into 11 microfacies types (FT1-FT11). All these faci-
es types (five siliciclastics and six carbonates) are described
and interpreted (Tab. 1). On the basis of similar attributes,
the recorded facies types are grouped into five different
facies associations (FA1-FAS5), representing deposition of
the studied facies on an inner ramp setting, with dominance
of a lagoonal environment (Tab. 1; Fig. 4).

Trace fossils

Trace fossils exclusively occur in the siliciclastic sedi-
ments of three horizons (beds 6, 13 and 14b) in the lower
Miocene succession of the Gharra Formation. The record-
ed ichnofossil assemblages are composed of horizontal,
branched, and/or vertical traces, attributable to the activity
of a variety of organisms (see below). At least seven ichn-
otaxa, belonging to six ichnogenera, have been identified
(Fig. 5). Layer 6 (calcareous laminated egg-yellow sand-
stone) is moderately bioturbated with Arenicolites carbonar-
ius (Binney, 1852), Ophiomorpha isp., Skolithos linearis
Haldeman, 1840, Thalassinoides paradoxicus? Kennedy,
1967, and T. suevicus? (Rieth, 1932). The basal part of bed
13 (fossiliferous marl) is characterised by the occurrence
of a monospecific population of Ophiomorpha isp. extend-
ing into the underlying shales. Similarly, the basal part of
the fossiliferous marl of layer 14b is moderately bioturbat-
ed with A. carbonarius, Planolites isp., and Polykladichnus
isp. extending into the underlying shales. Among this trace
fossil assemblage, the ichnogenus Polykladichnus is record-
ed for the first time in Egypt.

Arenicolites carbonarius (Binney, 1852)
Fig. 5A, B

Description: Endichnial, U- and J-shaped burrows, pre-
served as a full relief. Opening is with funnel shape. Burrow
wall smooth with mud lining; fill identical to the surrounding
matrix; diameter is constant throughout the burrow length.
Producers and ethology: Most Arenicolites resulted from
the dwelling (domichnial) activity of suspension-feeding
organisms, including polychaete worms, holothurians and
amphipod crustaceans (Pearse, 1908; Howard, 1968; Hakes,
1976; Fillion and Pickerill, 1990; Gingras ef al., 2008).
Depositional environment: Arenicolites is known from a
wide range of continental to deep-marine environments (e.g.,
Pemberton et al., 2001). However, it is usually indicative of
shallow-marine high-energy depositional settings (Fillion
and Pickerill, 1990; Knaust, 2017, Hammersburg et al., 2018).
Occurrence: Gharra Formation, beds 6 and 14b.

Ophiomorpha isp.
Fig. 5C, D

Description: Vertical and horizontal, cylindrical or subcy-
lindrical burrows (commonly weathered). Tunnels branch
and locally swell close to or at points of branching, unlined,
unbranched cylindrical or subcylindrical infilled burrows
straight to slightly curved, smooth trace fossil, with striae or
annulations, horizontal to oblique to bedding planes.
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Producers and ethology: It is interpreted as a feeding
trace of deposit-feeder organisms, probably polychaetes
(Pemberton and Frey, 1982) and/or shrimp or shrimp-like
animals (Howard and Frey, 1984).

Depositional environment: Ophiomorpha is documented
as a eurybathic trace fossil (e.g., Leaman et al., 2015). It
is regarded as a significant component of shallow-marine
facies (Frey et al., 1978; Pollard et al., 1993), related to high-
energy environments (Knaust, 2017).

Occurrence: Gharra Formation, beds 6 and 13.

Planolites isp.
Fig. SE

Description: Relatively large, cylindrical or subcylindri-
cal burrow, straight to slightly sinuous unlined, smooth-
walled, horizontal to undulant. Individual segments may
be parallel, oblique, or normal to the bedding. Sediment
fills typically differ in colour from the surrounding
sediments.

Producers and ethology: Planolites is interpreted as
feeding burrows (fodinichnia) of deposit-feeders, includ-
ing wormlike animals, arthropods, and bivalves (e.g.,
Pemberton and Frey, 1982; Knaust, 2017).

Depositional environment: It is found in marine and
non-marine environments (Pemberton and Frey, 1982).
Occurrence: Gharra Formation, bed 14b.

Polykladichnus isp.
Fig. 5F

Description: Vertical to steeply oblique tubes with single or
multiple Y- or U-shaped, upward branched bifurcation and
slight enlargement at junctions; tubes usually connect to the
bedding surface.

Producers and ethology: Possible tracemaker for marine
Polykladichnus are polychaetes and cerianthid anemones
(Schlirf and Uchman, 2005). Burrows are interpreted as
dwelling or feeding structures of selective detritus-feeding
crustaceans.

Depositional environment:  Polykladichnus  occurs
in marine and non-marine environments (Schlirf and
Uchman, 2005).

Occurrence: Gharra Formation, bed 14b.

Skolithos linearis Haldeman, 1840
Fig. 5G

Description: Burrows vertical to slightly inclined, cylin-
drical to sub-cylindrical, straight to slightly curved, un-
branched burrow, more or less distinctly lined. Burrow-fill
is structureless, commonly similar to the host rock.
Producers and ethology: It is interpreted as the domich-
nion of suspension- or deposit-feeding worms, most likely
phoronids or polychaetes (Alpert, 1974).

Depositional environment: Skolithos is commonly oc-
curs in relatively high-energy, shallow-water, nearshore to
marginal-marine environments (Fillion and Pickerill, 1990;
Knaust, 2017).

Occurrence: Gharra Formation, bed 6.
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Fig.5. The identified early Miocene ichnotaxa. A, B. Arenicolites carbonarius (arrows), Gh6, Ghl4b, respectively. C, D. Ophiomorpha
isp. (arrows), Gh6, Ghl3, respectively. E. Planolites isp. (arrows), Ghl4b. F. Polykladichnus isp., Ghl4b. G. Skolithos linearis (arrows),
Gh6. H. Thalassinoides paradoxicus? (arrows), Gh6. 1. Thalassinoides suevicus? (arrow), Gh6. Scale bars equal 5 cm for A and E,
10 cm for B, C and F, and equal 15 cm for G and H.



INTEGRATED MICROFACIES, MACROBENTHOS

Thalassinoides paradoxicus? Kennedy, 1967
Fig. 5SH

Description: Smooth, cylindrical to subcylindrical,
T-shaped burrows. Tunnels are straight to slightly curved;
almost constant in diameter; horizontal tunnels bifurcate at
angles ranged from 60° to 160°.

Producers and ethology: Burrows are interpreted as dwell-
ing or feeding structures of selective detritus-feeding crus-
taceans (Ekdale, 1992).

Depositional environment: Herein, Th. paradoxicus? is
a subordinate component in the less diversified assemblage,
hardly preserved in the calcareous, egg yellow sandstone
bed. Thalassinoides paradoxicus occurs preferably in
fine-grained sediments of marginal-marine to shallow-ma-
rine deposits (e.g., Howard and Frey 1984; Knaust, 2021).
It is a common component of the Zoophycos, Cruziana and
Glossifungites ichnofacies (e,g., Knaust, 2021; El-Refaiy
etal., 2023).

Occurrence: Gharra Formation, bed 6.

Thalassinoides suevicus? (Rieth, 1932)
Fig. 51

Description: Three-dimensional boxwork of branched,
cylindrical burrows, interconnected by vertical shafts.
Individual burrow shows Y- and T-shaped branches. Burrow
fill is passive, composed of sands.

Producers and ethology: For Permian to modern
Thalassinoides, the producers belong to thalassinidean
shrimp (e.g., callianassids). For Palaeozoic Thalassinoides,
in contrast, the tracemakers include other arthropods (e.g.,
trilobites), sea anemones and the acorn worms, i.e., enter-
opneusts (e.g., Ekdale and Bromley, 2003; Cherns et al.,
20006).

Depositional environment: Thalassinoides mostly reg-
istered in shallow-marine environment (e.g., Nickell and
Atkinson, 1995), and can be found in brackish environments,
e.g., in estuarine settings and fan deltas (e.g., Swinbanks
and Luternauer, 1987).

Occurrence: Gharra Formation, bed 6.

Macrobenthic palaeocommunities
Faunal composition and distribution

The Gebel Gharra succession contains, at specific hori-
zons, a well-preserved and diversified macrobenthic fau-
na. Macrobenthic assemblages are mainly composed of
molluscs (60.1%), corals (38.2%), and echinoids (1.6%).
Molluscs include pectinids (28.1%), oysters (20.8%), oth-
er bivalves (9.5%), and gastropods (1.7%). Forty-five mac-
robenthic species have been identified, including pectinids
(13), oysters (2), other bivalves (8), gastropods (8), echi-
noids (4), and corals (10). In general, epifaunal and suspen-
sion-feeding taxa predominate in the identified macroben-
thic assemblages (Tab. 2).

Pectinids are the most common mollusc faunal element
in the Gebel Gharra succession (Fig. 2). Sediments of the
Gharra and Geniefa formations contain abundant and a
relatively diverse assemblages of pectinids, including
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Aequipecten, Macrochlamis, Pecten, Amussiopecten,
Flabellipecten, Oppenheimopecten, and Spondylus species
(Tab. 2). In addition, the lower Miocene Gharra Formation
is characterised by the presence of three pectinid-rich marl
beds (i.e., pectinid-shell accumulations; Fig. 2).

Opysters represent the second important mollusc group in
sediments of the Gharra and Geniefa formations (Fig. 2).
Several beds contain abundant Lopha virleti (Deshayes,
1833) and/or Ostrea frondosa (de Serres, 1829) associated
with other macrobenthos. The presence of oyster accumu-
lations was recorded in both the Gharra and Geniefa forma-
tions (Fig. 2).

Other bivalves are the third important mollusc group in the
lower—middle Miocene succession studied (Tab. 2; Fig. 2).
It shows relatively low species diversity. Anomia and
Lazariella species were recorded only in the lower Miocene
Gharra Formation. Lucina, Myrtea, and Paphia species ex-
clusively occur in the middle Miocene Geniefa Formation.
Furthermore, Callista, Cerastoderma, and Lithophaga species
were recognised in both lower—-middle Miocene formations.

Gastropods are sporadically recorded in the lower-middle
Miocene succession studied, representing an assemblage
with low species diversity, including Conus, Globularia,
Natica, Strombus, Turritella, and Xenophora species
(Tab. 2). They occur mainly in the lower Miocene Gharra
Formation (Fig. 2). In contrast, Natica, Turritella, and
Xenophora species also were observed in bed 20 in the up-
per part of the middle Miocene Geniefa Formation.

Echinoid tests and/or spines occur throughout the low-
er-middle Miocene succession studied (Fig. 2). Irregular
echinoids are mainly represented by four species, including
Echinolampas amplus Fichs in Zittel, 1883, Echinolampas
sp., Clypeaster marginatus Lamarck, 1816, and Clypeaster
sp. (Tab. 2). In addition, moderate occurrences of cidaroid
spines were recorded in the Gharra and Geniefa formations.
In the middle part of the Geniefa Formation (bed 18), in con-
trast, spines occur, forming a relatively dense cluster.

Scleractinian corals are quite common in the lower-mid-
dle Miocene sediments of the Gebel Gharra section, occur-
ring in low species diversity in different habits throughout
the succession studied. They are mostly colonial (branched
and massive forms), with only few solitary species.
Solitary corals are represented mainly by the two species,
Ceratotrochus sp. and Desmophyllum sp. (Tab. 2). Both
species occur sporadically in the lower Miocene Gharra
Formation (beds 2 and 14b), whereas Ceratotrochus sp. also
was recorded in bed 23 of the topmost part of the middle
Miocene Geniefa Formation (Fig. 2).

The branched Acropora sp. represents the most common
scleractinian coral in the study area. Stratified deposits with
accumulations of mainly redeposited branches of this spe-
cies were recorded in the Gharra Formation in two levels
(beds 9 and 14b), associated with other solitary coral taxa
(Fig. 2). A similar feature also was observed in the Geniefa
Formation in bed 22 that exclusively is dominated by
Acropora sp. without any other coral species. In situ growth
of colonies of Acropora sp. is scarce throughout the studied
succession.

The genus Tarbellastraea represents the second
common scleractinian coral in the studied succession.
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Table 2

List of macrobenthic fauna in the lower-middle Miocene succession with data on life habits and feeding modes.

Family Species | Life habit | Feeding mode
Bivalves

Mytilidae Rafinesque, 1815 1. Lithophaga lithophaga (Linnacus, 1758) I S
. 2. Lopha virleti (Deshayes, 1833) EC S
Ostreidac Rafinesque, 1815 3. Ostrea frondosa (de Serres, 1829) EC S
4. Aequipecten radians (Nyst and Westendorp, 1839) EM S
5. Aequipecten submalvinae (Blanckenhorn, 1901) EM S
6. Macrochlamis ziziniae (Blanckenhorn, 1901) EM S
7. Pecten benedictus Lamarck, 1819 EM S
8. Pecten cristatocostatus Sacco, 1897 EM S
.. . 9. Pecten fraasi Fuchs, 1883 EM S
Pectinidae Wilkes, 1810 10. Pecten kochi Locard, 1877 EM S
11. Pecten subarcuatus Tournouér, 1873 EM S
12. Pecten sp. EM S
13. Amussiopecten expansus (Sowerby in Smith, 1847) EM S
14. Flabellipecten schweinfurthi (Blanckenhorn, 1901) E S
15. Oppenheimopecten josslingi (Sowerby in Smith, 1847) E S
Spondylidae Gray, 1826 16. Spondylus sp. EC S
Anomiidae Rafinesque, 1815 17. Anomia ephippium Linnaeus, 1758 EC S
.. . 18. Lucina multilamellata Deshayes, 1832 IM D
Lucinidac Fleming, 1828 19. Myrtea spi