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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).

383

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.
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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 spinifera (Montagu, 1803) M D
Carditidae Férussac, 1822 20. Lazariella hippopea (Basterot, 1825) M S
Cardiidae Lamarck, 1809 21. Cerastoderma edule (Linnaeus, 1758) M S

. 22. Callista sp. M S

Veneridae Rafinesque, 1815 23. Paphia vetula Basterot, 1825 M S
Gastropods
24. Turritella triplicata (Brocchi, 1814) SIM S
Turritellidae Lovén, 1847 25. Turritella vermicularis (Brocchi, 1814) SIM S
26. Turritella sp. SIM S
Ampullinidae Cossmann, 1918 27. Globularia sp. E G
Strombidae Rafinesque, 1815 28. Strombus sp. E Om/G
Naticidae Guilding, 1834 29. Natica sp. SI C
Xenophoridae Troschel, 1852 30. Xenophora sp. E G
Conidae Fleming, 1822 31. Conus sp. E C
Echinoids
. . 32. Echinolampas amplus Fichs in Zittel, 1883 E G/D
Echinolampadidae Gray, 1851 33. Echinolampas sp. E G/D
. . 34. Clypeaster marginatus Lamarck, 1816 SI D
Clypeasteridae Agassiz, 1836 35. Clypeaster sp. S D
Corals
Acroporidae Verrill, 1902 36. Acropora sp. EC S
. 37. Ceratotrochus sp. EC MC
Caryophylliidac Dana, 1846 38. Desmophyllum sp. EC MC
Diploastracidae Chevalier & Beauvais, 1987 |39. Thegioastraea roasendai (Michelotti, 1871) EC MC
40. Tarbellastraea reussiana (Milne-Edwards and Haime,
. EC MC
Faviidae Gregory, 1900 1850) EC MC
41. Tarbellastraea sp.

- . 42. Dipsastraea sp. EC S
Merulinidae Verrill, 1866 43. Favites sp. EC S
Montastraeidae Yabe & Sugiyama, 1941 44. Montastraea sp. EC MC
Siderastreidae Vaughan & Wells, 1943 45. Siderastrea miocenica Osasco, 1896 EC S

Palaecoautecology based on the Getaway to the Paleobiology Database (http://www.fossilworks.org). Life habits: E = epifaunal; EC = epifaunal cement-
ed; EM = epifaunal mobile; I = infaunal; IM = infaunal mobile; SI = semi-infaunal; SIM= semi-infaunal mobile. Feeding modes: S = suspension-feeder;
D = deposit-feeder; C = carnivore; MC = microcarnivore, G = grazer; Om = omnivore.


http://www.fossilworks.org
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Tarbellastraea reussiana (Milne-Edwards and Haime,
1850) and Tarbellastraea sp. occur as small colonial
patches in the Gharra (bed 9) and Geniefa (beds 15, 16,
and 23) formations, respectively. The reef-building spe-
cies Siderastrea miocenica Osasco, 1896 appeared as an
isolated in situ massive colonial corals in bed 18 in the
Geniefa Formation, associated with Dipsastraea sp. and
Montastraea sp. In addition, Dipsastraea sp. was also re-
corded in the middle Miocene Geniefa Formation in bed 15
associated with Favites sp. and Tarbellastraea reussiana.
Furthermore, Thegioastraea roasendai (Michelotti, 1871)

Fig. 6.

393

was recorded sporadically in the upper part of the Geniefa
Formation (beds 17 and 23; Fig. 2).

On the basis of the occurrences and temporal distribu-
tions of these macrobenthic taxa, 13 samples were selected
from the Gebel Gharra section. Q-mode cluster analysis pro-
duced five macrofossil clusters (assemblages A—E) that are
interpreted to represent the remnants of former communities
(Fig. 6). The dominant macrobenthic group, epifaunal/in-
faunal abundances and substrate lithofacies represent major
features characterising each assemblage. Furthermore, the
Euclidean distances indicate the level of similarity among

Q-mode cluster analysis using Ward’s method. A—E represent five clusters of sample groups, based on species

abundance data. The vertical dashed line is the cut-off for defining the five assemblages. Assemblages were named after two
abundant species to avoid name duplication. Numbers of fossil samples in each cluster are prefixed by Gh for the Gebel

Gharra section.
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these assemblages (Fig. 7). For instance, assemblage C is
quite similar to assemblages D and E, characterised by mod-
erate evenness values (0.49-0.53). Assemblage B ranges in
evenness values from 0.35 to 0.50 (mean: 0.43; Fig. 7). In
assemblage A, evenness is low, varying between 0.22 and
0.34 (mean: 0.28; Fig. 7).

Two of the five assemblages identified are dominated
by pectinids (> 69.0%; A, B), and one by other bivalves
(62.6%; E; Fig. 8). The remainders (assemblages C and D)
are dominated by two fossil groups, including corals (49.7
and 59.8%) and oysters (35.4 and 31.5%), respectively. With
respect to life habits, four of the five assemblages (A—-D)
are remarkably dominated by epifaunal elements (94.5-
98.4%). Assemblage E is dominated by both infaunal and
epifaunal elements (62.6 and 31.3%, respectively; Fig. 8).
In contrast, semi-infaunal elements play only a minor role
in assemblages A, B, C, and E, reaching 6.1% in assemblage
E (Fig. 8). In all assemblages, epifaunal elements are rep-
resented by solitary and colonial corals, cementing oysters,
pectinid, spondylid and anomid bivalves, and some gas-
tropods and echinoids. The infauna is represented mainly
by infaunal bivalves. Semi-infaunal organisms are repre-
sented by some gastropods and echinoids (Tab. 2; Fig. 8).
Concerning feeding modes, all benthic assemblages are
strongly dominated by suspension-feeders, ranging between
64.8% in assemblage D and 98.9% in assemblage C (Fig. 8).
The second important group is carnivores, which likewise
occur in all assemblages and range from 0.5% in assem-
blage C to 34.0% in assemblage D. Similarly, deposit-feed-
ers were recorded in all assemblages and range from 0.5%
in assemblage C to 7.4% in assemblage E. Grazers, in con-
trast, rarely occurred in assemblage B (1.0%) and E (1.1%).
Furthermore, omnivores occur only in assemblage B (0.3%).
The distribution of feeding modes is closely related to the
distribution of benthic groups (Fig. 8). Out of the 23 spe-
cies of bivalves, 21 were suspension-feeders and only two
deposit-feeders (Tab. 2). Corals are thought to have been
microcarnivorous and suspension-feeders. Gastropods were
suspension-feeders, carnivores, grazers and omnivores. The
irregular echinoids were deposit-feeders.

Fig.7. Range and mean values of evenness of macroben-
thic assemblages identified (A-E).
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Taphonomic aspects

Taphonomic analysis of the macrofossil assemblages
studied mainly referred to the state of preservation of spec-
imens, including disarticulation, sorting, fragmentation,
encrustation and bioerosion (Fig. 9). Noteworthy is the ab-
sence of evidence of any significant distortion in all fos-
sil groups. The faunal elements with well-preserved shell
structures are calcitic, including oysters, pectinids, corals,
and echinoids (Fig. 9A—F); corals are partially recrystallised
(Fig. 9E). In contrast, owing to diagenetic processes, arag-
onitic taxa, including infaunal bivalves, semi-infaunal and
epifaunal gastropods are preserved exclusively as internal
moulds (Fig. 9G, H). However, a single specimen of the
gastropod Turritella triplicata (Brocchi, 1814) also is pre-
served as a composite mould (Fig. 91, J). All infaunal bi-
valve moulds are articulated, unsorted, and rarely fragment-
ed (7.9%), encrusted (1.3%), and bioeroded (2.0%); they
are not in the life position. Gastropod moulds are unsorted,
randomly oriented, mostly complete (96.3%), and rarely en-
crusted (Fig. 91, J) and bioeroded (11.1% each).

A key feature of the Gharra section is the presence of
three pectinid-shells (beds 2, 13 and 14b) and two oyster
(beds 9 and 22) accumulations in the early-middle Miocene
(Figs 2, 3F, G, 9K, M-O0). Throughout the studied succes-
sion, oyster and pectinid shells are largely disarticulated
(95.1 and 96.9% of total studied specimens, respectively),
moderately to poorly sorted, and re-oriented (Fig. 9K, M—0O).
They mostly display a preferred convex-upward orientation
(about 85%). Among the disarticulated oyster specimens,
left and right valves are roughly equally abundant (48.6 and
46.5%, respectively). In the disarticulated pectinid spec-
imens, in contrast, the average occurrence of left and right
valves is distinctly unequal (30.9 and 66.0%, respectively).
In general, oyster fossils are characterised by a relatively low
percentage of breakage (13.7%). Commonly encrusted and
bored (44.1 and 60.8%, respectively) oyster specimens also
were recorded (Fig. 9P—S). On the other hand, pectinid spec-
imens are highly fragmented (47.7%), moderately encrusted
(27.9%) and rarely bored (9.0%; Fig. 9K, T, U).

Echinoid specimens are moderately sorted, mostly re-ori-
ented, commonly broken (69.2%), moderately encrust-
ed (19.2%), and rarely bored (7.7%). All specimens lack
spines. Tests are parallel to the bedding, occurring both oral
side down (35%; in life position) and oral side up (60%).
Oblique specimens (5%) also occur (Fig. 9F, V, W).

Corals display a variety of taphonomic features, includ-
ing fragmentation, abrasion, encrustations, and borings.
The occurrence and distribution of these features within
the corals studied differ greatly at each group (branched,
massive, and solitary forms). Fragmentation is well obvi-
ous in the branched forms Acropora sp. (Fig. 90, X). Their
remains appeared as stratified deposits of small, reworked
and resedimented specimens from reefs, ranging between
3 and 7 cm in diameter and between 8 and 10 cm in length.
In addition, these fragments are greatly affected by bioe-
rosion and abrasion. Furthermore, bioerosion is common-
ly observed in the massive forms, such as Dipsastraea,
Favites, Montastraea, and Tarbellastraea species.

The macrobenthic specimens studied are greatly affect-
ed by various types of episkeletobionts. These encrusters



INTEGRATED MICROFACIES, MACROBENTHOS 395

Fig. 8. Distribution of macrobenthic groups, life habits and feeding modes in assemblages A—E.
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Fig. 9. Taphonomic aspects of the faunal assemblages studied. A. Ostrea frondosa, external view of well-preserved dis-
articulated left valve, Gh9036. B. Lopha virleti, well-preserved articulated left and right valves, Gh9033. C. Pecten cris-
tatocostatus, external view of well-preserved disarticulated right valve, bed 14b, the Gharra Formation. D. Well-preserved
Montastraea sp. specimen, bed 18, the Geniefa Formation. E. Well-preserved recrystallised Tarbellastraea sp. specimen,
Gh9C82. F. Clypeaster sp. test in life position (oral side down) and some fragmented pectinid shells (arrows), bed 14b,
the Gharra Formation. G. Calista sp., left valve view of well-preserved articulated internal mould, Gh20B57. H. Myrtea
spinifera, right valve view of well-preserved articulated internal mould, Gh20B36. 1, J. Turritella triplicata, moderate-
ly preserved composite mould with bryozoans and polychaete worm (yellow and red arrows, respectively), Ghl4bGl3.
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were found abundantly attached to the shells of oysters
and pectinids, but there are few other bivalves, gastropods,
echinoids, and corals having rare episkeletobionts. Among
oyster specimens, the sites of episkeletobiont assemblag-
es vary a great deal, including oysters (52.4%), bryozoans
(46.2%), polychaetes (31.5%), balanoid barnacles (15.4%),
and pectinids (4.2%; Fig. 9P, Q, S). In contrast, the episkele-
tobiont assemblages on pectinid specimens include polychae-
tes (72.6%), bryozoans (66.1%), and oysters (22.6%). Rare
occurrences of benthic foraminifera (Planostegina sp.) also
were observed (Fig. 9T, U). The distribution and frequency
of these encrusters vary considerably between species and
commonly within the same species. The attached oysters are
represented by different ontogenetic stages of the left valves.
Bryozoans are represented mostly by sheet-like cheilostome
types (Fig. 9T). Among polychaetes, adult and juvenile stages
of serpulid, sabellid, and spirorbid worms were recorded (Fig.
9P, T; for details, see Mandor et al., 2022). In many cases,
different episkeletobionts show signs of bioerosion and they
can be found growing over or within borings, as well.

Bioerosion traces are represented by chambers and/or
tunnels, which are the product of varied endolithic com-
munities, including sponges (ichnogenus Enfobia), bi-
valves (Gastrochaenolites), polychaetes (Caulostrepsis,
Maeandropolydora, and Trypanites), phoronid worms
(Talpina), and acrothoracican cirripeds (Rogerella).
Moreover, traces of gastropod activities, including Oichnus
and Renichnus, were recorded. Collectively, all these traces
belong to three ethological categories, including domichnia,
fixichnia, and praedichnia (Fig. 9R, S, U).

Macrofossil assemblages and interpretations

On the basis of species richness, the clustered assemblag-
es are considered as paucispecific. They were named after
the most dominant two species to avoid name duplication
(Fig. 6). As mentioned above, the macrobenthic fauna is
dominated by moderately to well-preserved, moderately to
densely packed, commonly disarticulated, poorly sorted,
moderately fragmented, and re-oriented or re-sedimented
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specimens. Consequently, these results confirm that the
authors were dealing with slightly transported skeletons,
deposited in the original life habitat; i.e., parautochthonous
community relicts (e.g., Boucot et al., 1958; Fiirsich, 1977,
1984; Kidwell et al., 1986). Thus, several aspects of the pal-
aeo-ecosystem can be generated and inferred.

Flabellipecten schweinfurthi—Oppenheimopecten
josslingi assemblage (A)

Description: This assemblage has been defined on the basis
of two samples (Gh2, Ghl13), 156 individuals and 17 species.
It occurs in sandy highly porous packstone (FT7) and tight-
ly-packed grainstone (FT11) of the lower Miocene Gharra
Formation (Figs 2, 6). Pectinids are the most common faunal
element (92.3%), followed by echinoids (3.2%), gastropods
and corals (1.9% each), and other bivalves (0.6%; Fig. 8).
Epifaunal species dominate (96.2%), while semi-infauna
and infauna are rare (3.2 and 0.6%, respectively; Fig. 8).
With respect to feeding habits, suspension-feeders are dom-
inant in the assemblage at 93.6%, followed by deposit-feed-
ers and carnivores (3.2% each; Fig. 8). The trophic nucleus
consists of the pectinids F. schweinfurthi (Blanckenhorn,
1901; 37.8%), O. josslingi (Sowerby in Smith, 1847;
14.7%), Macrochlamis ziziniae (Blanckenhorn, 1901,
14.1%), Aequipecten submalvinae (Blanckenhorn, 1901;
5.1%), Pecten fraasi Fuchs, 1883 and 4. radians (Nyst and
Westendorp, 1839; 4.5% each; Fig. 10). Specimens mostly
are disarticulated, densely packed, re-oriented, highly frag-
mented, moderately encrusted and rarely bored (Tab. 3).
In the upper part of sample (Ghl3), in particular, some ar-
ticulated pectinid specimens preserved in the life position
also were recorded (Fig. 9L). The evenness value is obviously
low and varies from 0.23 to 0.34 (mean: 0.28; Fig. 7).

Interpretation: Pectinids are widely distributed in shal-
low-marine environments (Cox, 1952; Fleming, 1957
Waller, 1969). The presence of corals and echinoids indi-
cates euhaline conditions and a position probably within the
photic zone (Smith et al., 1988, 1995; Ayoub-Hannaa and
Fiirsich, 2012). The high percentage of suspension-feeders

K. Reworked accumulation of large specimens of Flabellipecten schweinfurthi, bed 13, the Gharra Formation. L. Articulated
and well-preserved F. schweinfurthi specimen preserved in life position, bed 13, the Gharra Formation. M, N. Accumulations
of disarticulated and re-oriented specimens of L. virleti; note the occurrence of rare articulated specimens preserved in life
position (arrows), bed 9 (the Gharra Formation) and bed 22 (the Geniefa Formation), respectively. O. Abundant redeposited
Acropora sp. fragments associated with disarticulated, partially fragmented and re-oriented Lopha virleti (yellow arrows)
and pectinid (black arrow) shells, bed 22, the Geniefa Formation. P. Polychaete worms (yellow arrows) overgrowing bryozo-
ans (red arrows) on the exterior surface of right valve of L. virleti, Gh14bO44. Q. Pectinid left valve on the interior surface
of right valve of Lopha virleti, Gh16085. R. Ventral margin of left valve of L. virleti with abundant Enfobia borings, bed 22,
the Geniefa Formation. S. External surface of left valve of Ostrea frondosa with small balanoid barnacles (black arrows),
and borings of Meandropolydora (yellow arrow) and Gastrochaenolites (red arrows), Gh220253. T. External surface of
right valve of P. fraasi with bryozoans (black arrows) and polychaete worms (yellow arrows), Gh14bP195. U. Internal sur-
face of left valve of P. kochi with bryozoans, foraminerefa, and Trypanites borings (black, yellow and red arrows, respec-
tively), Gh14bP152. V. Marl of bed 14b (the Gharra Formation) with disarticulated and fragmented pectinid valves (black
arrows), Desmophyllum sp. (red arrow), Clypeaster marginatus (yellow arrow), and echinoid spine (blue arrow). Note that
the echinoid test occurs with oral side up. W. Incomplete Clypeaster sp. test with well-developed calcified scar of balanoid
barnacle and polychaete traces (black and yellow arrows, respectively), Gh14bEl6. X. Stratified accumulation of redeposited
fragmented branches of Acropora sp., bed 22, the Geniefa Formation. Y. Large balanoid barnacle (arrow) in life position,
bed 20, the Geniefa Formation. Scale bars equal 2 cm, except for F, L, and V, which are 5 cm, I, J, and U, which are 1.0 cm,
K and O, which are 50 cm, and for M and N, which are 20 cm.
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Table 3

Taphonomic attributes of the lower—-middle Miocene macrofaunal assemblages A—E.

Taphonomic characters
3 3 1
Assemblage Formation Biofacies .NO.' (.)f No. N f | Disart. . Fragm.? | Encrust.’ | Bioeros.?
& samples individ. | species % Sorting
%
Fleel'hlf)'ectl:z Gharra Densely packed Moderate
A |Smveryurtin (Gh2, ¢y packed, 156 17 91.1 T | 446 | 215 7.7
Oppenheimopecten re-oriented fossils non
e Gh13)
Jjosslingi
Pecten fraasi- Gharra Moderately
B Aeropora s (Gh4, 11, |to densely packed, 289 22 100.0 |Non 434 34.7 11.8
P p- 14b) re-oriented fossils
Gharra,
C zl”ohpo”.lrlsﬂi_ Geniefa gfgfieelztfgﬁigﬁs 370 16 | 940 Ir:’([)‘r’ldemte' 156 | 426 | 596
opha virleti (Gh9, 22)
Lopha virleti— Geniefa
D | Tarbellastraca | (Ghis, | Moderately packed, | goq 14 957 |Moderate- | 0o | 364 514
. re-oriented fossils non
reussiana 16,18, 23)
. . Moderately
g | Callista sp—Pecten | Geniefa 1 1 o1 hacked, 179 15 93.1 |Non 91 | 45 32
cristatocostatus (Gh17, 20) . .
re-oriented fossils

Disarticulation percentages are calculated based on the total oyster and pectinid specimens in an assemblage.
2 Fragmentation percentages are calculated based on the total oyster, pectinid, other bivalve, gastropod, and echinoid specimens in an assemblage.
3 Encrustation and bioerosion percentages are calculated based on the total oyster, pectinid, other bivalve, gastropod, and echinoid specimens in

an assemblage.

points to elevated water energy. In particular, Macrochlamis
species typically occur in high-energy, shallow-marine en-
vironments (e.g., Ctyroky, 1969). In addition, the abundant
highly sculptured inequivalve pectinid shells can resist
these higher energy levels (e.g., Kauffman, 1969; Waller,
1969, 1991). This type of ornamentation also may represent
an adaptation to ward off predators (e.g., Waller, 1969). In
addition, the occurrence of highly disarticulated, re-ori-
ented, and fragmented pectinid valves likewise confirms
high-energy conditions (e.g., Mandic and Piller, 2001).
Furthermore, sand dollars characterise shallow-water, high-
er-energy environments (e.g., Ebert and Dexter, 1975; Mooi
and Telford, 1982). This increased water energy keeps or-
ganic nutrients in suspension, along with a low to moder-
ate rate of sedimentation (e.g., Ayoub-Hannaa and Fiirsich,
2012; El-Sabbagh et al., 2021). The latter is also confirmed
by the moderate sings of encrustation by polychaetes and
bryozoans (Wilson and Taylor, 2001). In addition, this low
to moderate rate of sedimentation permits the accumula-
tion of food particles for deposit feeders. The dominance
of epifauna suggests a firm substrate (packstone); corals
also need a hard substrate for fixation. The occurrence of
semi-infauna and infauna particularly may point to the pres-
ence of a slightly softer substrate. This assemblage lived in
lagoon (FT7) and shoal (FT11) environments of the inner
ramp setting. Apparently, the abundant epifauna may in-
dicate a relatively stable low-stress environment (Fiirsich,
1981; Fiirsich et al., 2012). However, the predominance of a
single taxon (Fig. 10), along with low value of evenness, are
most probably the result of a sample size effect (see Koch,

1987). Furthermore, the dissolution of aragonitic shells (e.g.,
Morse et al., 1985) also may have affected the trophic struc-
ture of this assemblage.

Pecten fraasi—-Acropora sp. assemblage (B)

Description: This assemblage consists of three samples
(Gh4, Ghll, Ghl4b) with 22 species and 289 individuals from
the Gharra Formation. It occurs in sandy bioturbated wacke-
to rudstone (FT3), and sandy highly porous packstone (FT7;
Figs 2, 6). The following fossil groups were recorded: pecti-
nids (69.9% of the assemblage), corals (19.0%), gastropods
(4.5%), echinoids (4.2%), oysters (2.1%), and other bivalves
(0.3%; Fig. 8). Epifauna accounts for 95.5%, semi-infauna
for 4.2%, and infauna for 0.3% (Fig. 8). Five trophic groups
were recorded, including suspension-feeders (92.4%), de-
posit-feeders (4.2%), carnivores (2.1%), grazers (1.0%), and
omnivores (0.3%; Fig. 8). The trophic nucleus consists of
P fraasi (28.4%), the branched coral Acropora sp. (18.0%),
O. josslingi (17.0%), P. kochi Locard, 1877 (15.6%), and
A. submalvinae (4.5%; Fig. 10). In sample Ghl4b, highly
fragmented Acropora sp. branches occur, associated with
rare solitary corals Ceratotrochus and Desmophyllum spe-
cies (Fig. 9V). In general, specimens are disarticulated.
They are moderately to densely packed, re-oriented, un-
sorted, highly fragmented, commonly encrusted and rare-
ly bored (Tab. 3). The evenness value varies from 0.35 to
0.50 (mean: 0.43; Fig. 7).

Interpretation: This assemblage lived in a shallow la-
goon (FT3 and FT7) environment of the inner ramp setting.
The occurrence of echinoids and corals indicate euhaline



INTEGRATED MICROFACIES, MACROBENTHOS

conditions in the photic zone. Highly convex and sculp-
tured pectinid shells (P. fraasi, P. kochi, and O. josslingi)
are better adapted to a semi-sessile habit, resisting higher
energy levels in a shallow-marine environment. The func-
tion of this type of pectinid ornamentation also may protect
shells against predators. The presence of reworked and re-
sedimented branches of Acropora sp. likewise confirms ep-
isodic elevated water-energy events (e.g., Schuster, 2000).
The dominance of epifauna indicates a firm substrate
(wacke- to packstone). The occurrence of semi-infauna
and infauna points to a slightly soft and well oxygenated
substrate. During these conditions, the dead shell materials
acted as a secondary hard substrate for the settlement of
the rare coral patches and oysters (e.g., Taylor and Wilson,
2003; Zuschin and Stachowitsch, 2009). The common oc-
currence of encrusting organisms, including bryozoans,
polychaetes, and oysters, reflects reduced sedimentation
rates. The abundant epifauna, along with the occurrence
of semi-infaunal and infaunal taxa and the moderate val-
ue of evenness, may indicate a relatively stable low-stress
environment. However, diagenetic sorting may also have
affected the trophic structure of this assemblage.

Acropora sp.—Lopha virleti assemblage (C)

Description: Assemblage C includes 370 individuals and
16 species in two samples from the Gharra Formation (Gh9)
and the Geniefa Formation (Gh22). It occurs in dolomite-ce-
mented sandstone (FT2) and sandy highly porous packstone
(FT7; Figs 2, 6). Corals are the dominant group, account-
ing for 49.7% of the assemblage (Fig. 8). The remainders
are represented by oysters (35.4%), pectinids (12.7%), oth-
er bivalves (1.1%), gastropods and echinoids (0.5% each).
Epifaunal species are predominant (98.4%), while infauna
and semi-infauna are remarkably rare (0.8% each; Fig. 8).
Suspension-feeders are dominant (98.9%). Other trophic
groups are represented by rare deposit-feeders and carni-
vores (0.5% each; Fig. 8). The trophic nucleus consists of
Acropora sp. (43.5%), L. virleti (29.5%), Tarbellastraea sp.
(6.2%), and Ostrea frondosa (5.9%; Fig. 10). Corals are pre-
served as highly fragmented and recrystallised Acropora sp.
Branches, associated with isolated massive Tarbellastraea
sp. colonies. Specimens are mostly disarticulated, densely
packed, re-oriented, moderately fragmented, and highly en-
crusted and bored (Tab. 3). The evenness value varies from
0.44 to 0.55 (mean: 0.49; Fig. 7).

Interpretation: The common corals indicate euhaline
conditions in the photic zone. Oysters lived in very shal-
low-water environments (Stenzel, 1971; Bottjer, 1981). The
dominance of epifauna and the nearly complete lack of in-
faunal and semi-infaunal elements and gastropods indicate
a firm substrate and a relatively low sedimentation rate. The
assemblage is characterised by the abundance of radially
ribbed cemented oysters, i.e., ornamentation helped in the
adhesion of organisms to the substrate (e.g., Seilacher, 1984)
and to protect them against predators, such as some gastro-
pods (e.g., Ayoub-Hannaa and Fiirsich, 2012; El-Sabbagh
et al., 2021). A low rate of sedimentation also is con-
firmed by the abundant signs of encrusters (bryozoans,
serpulids, oysters, and balanoid barnacles) and bioeroders
(e.g., sponges, bivalves, polychaetes, and acrothoracican
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cirripeds). The high percentage of suspension-feeders
certifies that the turbulence level must have been suffi-
ciently high to keep food particles suspended in the water
column. Moreover, the densely packed, highly disarticu-
lated and re-oriented oyster and pectinid valves confirm
brief periods of high-energy conditions. These short-lived
reworking events also are documented in the occurrence
of abundant fragmented corals. In general, oysters thrived
in high-energy, nutrient-rich and low-salinity waters, i.e.,
as opportunistic species that occur in very shallow and
faunally restricted environments (e.g., Pufahl and James,
2006). However, sample size and/or diagenetic sorting
also may have affected the trophic structure of this assem-
blage. Sediments were deposited in supratidal (FT2) and
lagoonal (FT7) environments in an inner ramp setting.

Lopha virleti—Tarbellastraea reussiana assemblage (D)

Description: This assemblage includes 585 individuals and
14 species in four samples (Ghl5, Ghl6, Gh18, Gh23) from the
Geniefa Formation. It occurs in corallinacean red algae rud-
stone (FT4) and sparry calcite wackestone (FT6; Figs 2, 6).
Corals dominate this assemblage (59.8%), followed by oys-
ters (31.5%), other bivalves (5.5%), pectinids (2.7%) and
rare echinoids (0.5%; Fig. 8). Epifaunal species predomi-
nate (94.5%), while infauna is rare (5.5%; Fig. 8). Three
trophic groups were recorded, including suspension-feeders
(64.8%), carnivores (34.0%), and deposit-feeders (1.2%;
Fig. 8). The trophic nucleus consists of L. virleti (20.5%),
Tarbellastraea reussiana (18.8%), Dipsastraea sp. (16.2%),
Montastraea sp. (12.3%), Ostrea frondosa (10.9%), and
Siderastrea miocenica (5.3%; Fig. 10). Specimens are most-
ly disarticulated, moderately packed, re-oriented, moder-
ately fragmented, and highly encrusted and bored (Tab. 3).
In addition, corals occur as moderately to well-preserved
isolated massive colonies. The evenness value is moderate
and varies from 0.45 to 0.59 (mean: 0.52; Fig. 7)

Interpretation: Oysters lived in very shallow seas. The
abundant corals document euhaline conditions. The oc-
currence of algae confirms a position probably within the
shallow photic zone (Wray, 1977; Bucur and Sésaran, 2005).
The predominance of epifauna indicates a firm substrate
(rudstone and wackestone). In addition, the occurrence of
infauna may point to a slightly softer substrate. In that con-
dition, shells of infauna may provide a secondary hard sub-
strate for the settlement of the cemented oysters and massive
corals. The high percentage of suspension-feeders indicates
high-energy conditions that kept organic nutrients in sus-
pension, i.e., reduced sedimentation rates. These conditions
also can be confirmed by the occurrence of moderately
packed, highly disarticulated, and re-oriented oyster and
pectinid shells with abundant signs of encrustation and bi-
oerosion (Tab. 3). In addition, the abundant cidaroid spines
(as in sample Ghl18) and the complete absence of other skel-
etal elements may support these high-energy conditions.
Robust cidaroid spines have a higher stability in compari-
son with the much thinner tests (Greenstein, 1992; Moffat
and Bottjer, 1999; Nebelsick and Kroh, 2002). Furthermore,
the rarity of deposit-feeders may be explained by the ele-
vated water energy, and consequently, the by-passing of
particulate organic matter (e.g., Abdelhady and Fiirsich,
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Fig.10. Trophic nuclei (in %) of assemblages A-E.

2014). The environment deduced for this assemblage is
awell oxygenated, shallow lagoon (FT4 and FT6) in an inner
ramp setting. It is characterised by high water energy, a low
rate of sedimentation, and high surface water productivity.
The species diversity is relatively low, but evenness is mod-
erate, certifying the effect of sample size and/or diagenetic
sorting on the trophic structure of this assemblage.

Callista sp.—Pecten cristatocostatus assemblage (E)

Description: This assemblage was defined on the basis of
two samples (Gh17, Gh20), 179 individuals and 15 species in
the Geniefa Formation. It occurs in sparry calcite wackestone
(FT6) and sandy highly porous packstone (FT7; Figs 2, 6).
Other bivalves predominate (62.6% of the assemblage), fol-
lowed by pectinids (19.6%), massive corals (6.1%), gastro-
pods (5.0%), oysters (4.5%), and echinoids (2.2%; Fig. 8).
Infaunal species predominate (62.6%), but epifaunal (31.3%)
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and semi-infaunal (6.1%) taxa are also present (Fig. 8).
Four trophic groups occur, including suspension-feed-
ers (84.9%), deposit-feeders (7.3%), carnivores (6.7%),
and grazers (1.1%; Fig. 8). The trophic nucleus consists of
Callista sp. (36.9%), P. cristatocostatus Sacco, 1897 (12.3%),
Paphia vetula Basterot, 1825 (10.1%), Thegioastraea roa-
sendai (6.1%), Cerastoderma edule (Linnaeus, 1758; 5.6%),
Lithophaga lithophaga (Linnaeus, 1758; 5.0%), and L. vir-
leti, Amussiopecten expansus (Sowerby in Smith, 1847),
and Myrtea spinifera (Montagu, 1803; 4.5% each; Fig. 10).
Specimens are mostly disarticulated, moderately to loosely
packed, re-oriented, and unsorted. In addition, fragmented,
encrusted and bored specimens are remarkably rare (Tab. 2).
The evenness is moderate, varying between 0.43 and 0.63
(mean 0.53; Fig. 7).

Interpretation: The presence of corals and echinoids indi-
cates euhaline conditions in the photic zone. The fine-grained
sediment (chalky limestone and marl) and the dominance of
infauna indicate a well-oxygenated soft substrate. However,
the occurrence of epifaunal taxa (mainly pectinids, oysters
and corals) confirm a certain stability of the substrate. In ad-
dition, the complete and articulated internal moulds, and the
low level of shell breakage (Tab. 3) indicate intermediate to
low water energy (i.e., a relatively low degree of reworking;
e.g., Fiirsich, 1977, 1984). The occurrence of moderately to
loosely packed, unsorted, and re-oriented fossils, along with
the abundant suspension feeders, confirm at least moderate
water energy that kept organic nutrients in suspension, and
at the same time, permitted the accumulation of food parti-
cles for deposit feeders. The highly disarticulated pectinid
and oyster valves (Tab. 3) confirms these brief periods of
moderate-energy conditions. Re-oriented infaunal speci-
mens, in addition, also may evidence the effect of bioturba-
tion (e.g., Abdelhady and Fiirsich, 2014; El-Sabbagh ef al.,
2021). The moderate percentage of epifauna and the rare
occurrence of encrusters and bioeroders also may support
a possibly moderate to high sedimentation rate. The sedi-
ments were deposited in a lagoonal environment (FT6 and
FT7) in an inner ramp setting. The abundant infaunal along
with the occurrence of epifaunal and semi-infaunal taxa and
the moderate value of evenness may indicate a relatively
stable low-stress environment. However, dissolution of
aragonitic shells and/or the sample size also may have af-
fected the trophic structure of this assemblage.

DISCUSSION

Palaeoenvironments

In Egypt, the Oligocene—-Miocene boundary is marked
by dramatic tectonic events, including the Red Sea-Gulf
of Suez rifting and the associated intense volcanic activi-
ty (Said, 1962, 1990). Consequently, the Miocene succes-
sions of Egypt are characterised by great facies variations,
containing a large number of unconformities (e.g., Gindy
and El Askary, 1969; Said, 1990; Abdel-Fattah et al., 2013,
Hewaidy et al., 2018). During the Miocene Epoch, the
Cairo-Suez District, including the study area, represents
part of a characteristic neritic marginal zone, which was
covered intermittently by the sea (Said, 1962, 1990; Issawi
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et al., 1999). The lower Miocene marine transgression is
confirmed by the change from fluviatile sediments of the
Oligocene Gebel Ahmar Formation to fine-grained, fos-
siliferous, shelf siliciclastics of the lower Miocene Gharra
Formation (Said, 1990). The early Middle Miocene was a
time of an extensive marine transgression, following a ma-
jor drop of the sea level at the Burdigalian/Langhian tran-
sition (e.g., Haq ef al., 1987). In the study area, the middle
Miocene Geniefa Formation is made up of detrital, richly
fossiliferous carbonate beds. It is worth mentioning that this
Miocene transgressive phase advanced toward the south and
west of the study area and was recorded in several outcrops
in the northern part of the Western Desert, Gulf of Suez and
the Red Sea (e.g., Said, 1962, 1990; Gindy and El Askary,
1969; Abdel-Fattah and Assal, 2016).

Litho- and biofacies analyses revealed that the Gharra
and Geniefa formations were deposited on an inner ramp
setting, with dominance of a lagoonal environment that
was characterised by some sort of water restrictions and
proximally influenced by clastic input (Tab. 1; Figs 4, 11).
The scarcity of open-marine biota as well as open-marine
deposits confirms these depositional conditions. Several
previous studies concluded that the entire Miocene succes-
sion in the Cairo-Suez District formed under shallow-ma-
rine conditions on a mixed siliciclastic and carbonate inner
ramp setting (e.g., Abou Khadrah et al., 1993; Piller et al.,
1998; Mandic and Piller, 2001; Nebelsick and Kroh, 2002;
Kroh and Nebelsick, 2003; Tawfik et al., 2015; El-Sorogy
et al., 2017; Mandor et al., 2022). However, the present
study differs in integrating, for the first time, different strati-
graphical, sedimentological, and ichnological information
in order to arrive at an accurate insight into the palaeoen-
vironmental and palaeoecological characteristics of the
Gharra and Geniefa formations.

Facies associations of the Gebel Gharra section studied
reflect a transgressive-regressive sequence. In the Gharra
Formation, the facies types show a relatively wide spectrum
of shallow-marine environments, ranging from supratidal,
lagoonal to shoal settings (Tab. 1; Fig. 4), and confirming the
early Miocene transgression. The noticeable variations in
macrofaunal contents and trace fossils within this formation
document potential environmental fluctuations under slight-
ly elevated energy conditions (assemblages A—C; Figs 5, 8,
10, 11). The lagoonal interpretation of the sediments of the
Gharra Formation is supported by the occurrence of muddy
facies (packstone and wacke- to rudstone; Tab. 1; Figs 2, 4),
bioturbated siltstone and shale, and the abundance of oys-
ters, pectinids and corals (assemblages A—C). The supratidal
depositional setting is documented in the presence of highly
bioturbated calcareous sandstone with common trace fossils
and abundant oysters (assemblage C). In addition, a highly
agitated shoal depositional environment also is confirmed in
the Gharra Formation by the occurrence of moderately sort-
ed, reworked lime- and bioclasts, including pectinids, other
bivalves, corals, and echinoids (assemblage A; Figs 4, 11;
Fligel, 2010).

The sedimentary facies of the Geniefa Formation are
likewise dominated by muddy and silty facies types (Tab. 1).
However, their features mostly support deeper marine dep-
osition on an inner ramp setting (Fig. 4). The occurrence
of skeletal wackestone with bivalves, gastropods, corals,
echinoid spines and tests (assemblages C-E; Figs 2, 8,
10, 11) indicate normal marine and moderate- to low-en-
ergy shallow-water environments (Wilson, 1975; Fliigel,
2010). In addition, the presence of calcareous algae (assem-
blage D) evidences deposition under fully marine condi-
tions within the shallow-water photic zone (e.g., Granier,
2012). Furthermore, common encrustation and bioerosion

Fig.11. Depositional ramp model of the lower—middle Miocene succession studied, showing the distribution of facies types
(FT), facies associations (FA), and occurrences of assemblages A-E.
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(assemblages C, D; Tab. 3) confirm continuous intervals of
moderate- to low-rate sedimentation for a number of years
(e.g., Edinger, 2001) in an inner ramp setting (e.g., Wilson
and Taylor, 2001; Fliigel, 2010).

Biotic response to environmental parameters

In general, environmental parameters played an important
role in the distribution of the trace fossils and/or macroben-
thic fauna, affecting the trophic structure of the assemblag-
es recorded (Fiirsich, 1977, 1984; Oschmann, 1988; Fiirsich
et al., 1995, 2001; Pemberton et al., 2001; MacEachern
et al., 2007; Wilmsen et al., 2007; Ayoub-Hannaa and
Fiirsich, 2012; El-Sabbagh et al., 2021; Rashwan et al., 2022).

Trace fossils

Although less diversified, trace fossils are well pre-
served in the siliciclastic sediments of the studied Gharra
Formation (Figs 2, 5), being dominated by vertical dwell-
ing traces, like Skolithos and Ophiomorpha, co-occurring
with Thalassinoides, Arenicolites, and Polykladichnus,
and representing trace-fossil suites, attributable to the
Skolithos ichnofacies (Seilacher, 1953a, b; Bromley, 1996;
Pemberton et al., 2001; MacEachern et al., 2007). In the
present work, the amount of bioturbation is lower than ex-
pected in comparison with modern shallow-marine silici-
clastic environments (e.g., Zonneveld et al., 2001; Joseph
et al., 2012). The trace fossils assemblages of the present
account apparently represent an environmentally stressed,
benthic community in a restricted marginal-marine setting,
with low-marine salinity, nutrient-rich and high-energy
waters and relatively oxygen-deficient bottom sediments
(see below).

The Skolithos ichnofacies characterises intertidal to
shallow subtidal, high-energy, sandy marine environ-
ments (Pemberton et al., 2001; MacEachern et al., 2007).
Arenicolites, Ophiomorpha, and Skolithos are usually indic-
ative of shallow-marine, high-energy depositional settings
(Frey et al., 1978; Fillion and Pickerill, 1990; Uchman et al.,
2004; Knaust, 2017; Hammersburg et al., 2018). Arenicolites
in low diversity, as in the present assemblage, is indicative
of stressed environments, such as reduced and fluctuating
salinity or increased organic productivity, and reflects op-
portunistic colonization (e.g., Price and McCann, 1990;
Bradshaw, 2010). Thalassinoides, likewise, had a broader
range of salinity tolerance, i.e., a brackish water ichno-
genus (e.g., Swinbanks and Luternauer, 1987). The occur-
rence of large-diameter Thalassinoides, in addition, indi-
cates a nutrient-rich and well-oxygenated water column,
along with moderate-energy conditions (e.g., Abdel-Fattah
et al., 2016). All these observations are in accordance with
results in the present account. Furthermore, the sediment
supply seems to be high to enable the establishment of
larger burrowing communities. Low oxygen concentra-
tions in bottom and interstitial waters influence trace fossil
size and diversity. The lower oxygen content may result in
a noticeable reduction in the size of the burrows present
and the diversity of organisms also decreases (see Rhoads
and Morse, 1971; Savrda and Bottjer, 1989; Wignall, 1991,
Savrda, 2007).
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Pectinids

The results reveal that palacoenvironmental parameters,
controlling the distribution of pectinids, include bathymetry,
water-energy, and rate of sedimentation (see assemblages
A, B, and E). The studied lower-middle Miocene pectinid
accumulations, similar to modern pectinids, were best de-
veloped in high-energy, shallow-marine water environment
(20-50 m depth; e.g., Fuchs, 1900; Dakin, 1909; Brand,
1991). These are in accordance with the associated faunal
elements (e.g., oysters, gastropods, corals, echinoids) and
with facies characteristics, including packstones, rudstone,
and grainstones. Consequently, the relative decrease in di-
versity in the middle Miocene Geniefa Formation supports
relatively deeper marine deposition.

The pectinid-shell accumulation of bed 2 (assemblage A)
is mainly composed of F. schweinfurthi, O. josslingi, and
Macrochlamis ziziniae shells. In bed 14b (assemblage B),
the pectinid-shell accumulation consists mostly of P. fraasi,
O. josslingi, P. kochi, and Aequipecten submalvinae. It is
worth mentioning that both shell accumulations occur above
a sharp, intensively bioturbated boundary (Fig. 3A, B, H, ).
They are characterised by the presence of mud clasts at the
base (Fig. 3I), supporting the reworking of the underlying
bed due to turbulent water. The two pectinid-shell accumu-
lations are formed in shallow-marine environments that are
characterised by high water energy and a low rate of sed-
imentation (see assemblages A and B above). Thus, these
two beds can be categorised as a composite concentration
(sensu Kidwell, 1991), representing accretion or amalgama-
tion of multiple events.

On the other hand, the pectinid-shell accumulation in bed
13 (assemblage A) is mainly composed of large F. schwein-
furthi shells with some associated unidentified pectinid shell
fragments. It also occurs above a bioturbated base, repre-
senting a coquina of high and moderately convex, sub-hori-
zontally oriented, and rarely encrusted valves (Figs 3G, 9K).
It is proposed that this accumulation resulted from a sin-
gle storm event, causing the high-density occurrence
of these pectinid valves (i.e., reworked event-concentration
of Kidwell, 1991). Above this concentration, the occurrence
of some pectinid specimens preserved in the life position
(Fig. 9L) may confirm this interpretation (cf. Mandic and
Piller, 2001).

Oysters

The results in the present account confirm that oysters can
tolerate a wide range of environmental perturbations. They
are recorded in carbonate and siliciclastic substrates (assem-
blages C, D). To adapt the soft substrates, they changed their
shell morphology and/or ornamentation (e.g., Seilacher,
1984). In addition, oysters occur in high energy, shallow
(< 20 m; e.g., Pufahl and James, 2006) marine environ-
ments with low salinity, high nutrient levels and a turbid
water column (see assemblages C, D).

The occurrence of oyster-rich layers (beds 9 and 22;
assemblage C), forming oyster biostromes, also confirms
these biotic stressed conditions in the Gebel Gharra section
(e.g., Glenn and Arthur, 1990; Dhondt et al., 1999; Pufahl
and James, 2006). As a result of these high-energy condi-
tions, assemblage C is characterised by abundant signs of
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disarticulation (Tab. 3). However, the presence of some
articulated and well-preserved oyster shells (Fig. 9M, N),
the low level of shell breakage (Tab. 3), and the absence
of large-scale transported oyster valves may document
autochthonous to parautochthonous relicts of former
oysters communities (Boucot et al., 1958; Fiirsich, 1977;
Kidwell et al., 1986; Fiirsich et al., 2004, 2009), repre-
senting “within-habitat time-averaged” oyster assemblage
(Walker and Bambach, 1971; Fiirsich and Aberhan, 1990;
Kidwell and Bosence, 1991). On the other hand, owing to
the occurrence of these oyster shells together with high-
ly fragmented and redeposited branches of Acropora, this
accumulation may be interpreted as a “within-habitat” en-
vironmentally condensed assemblage (e.g., Fiirsich, 1975;
Kidwell and Bosence, 1991).

Corals

In the section studied, corals occur at specific horizons,
confirming a shallow, lagoonal environment that extends lat-
erally over a relatively large area. The highly abundant and
diversified corals in the middle Miocene Geniefa Formation
(mostly massive forms), in comparison with those occur-
ring in the lower Miocene Gharra Formation (mostly soli-
tary and small colonial patches), may confirm the effect of
terrigenous influx on the growth of corals. Corals presuma-
bly favoured the limited siliciclastic supply in an area (e.g.,
McCall et al., 1994). In addition, corals mostly occur on
a relatively firm substrate or on a soft substrate with second-
ary hard substrates, in the form of shells (see assemblages
C-E; e.g., Ayoub-Hannaa and Fiirsich, 2012).

In the Gebel Gharra section, Acropora sp. is recorded in
three intervals, forming characteristic thin and stratified de-
posits with accumulations of mainly redeposited branches,
co-occurring with other faunal elements (assemblages B and
C; Figs 2, 3F, 8, 90, X). These accumulations of Acropora
sp. probably occurred in patchy, dense thickets, which were
broken during high-energy (i.e., storm) events and redepos-
ited in their present stratigraphic positions (Schuster, 2000).
In general, the Miocene Acropora was rapidly emergent and
speciated, occurring in high-energy, shallow-marine envi-
ronments (e.g., McCall et al., 1994). Modern Acropora spe-
cies, likewise, are abundantly recorded in shallow, high-en-
ergy water in the northern Red Sea (Riegl and Piller, 1997)
and in the Indo-Pacific area (Rosen, 1975).

CONCLUSIONS

The lower—middle Miocene succession in Gebel Gharra,
NW of Suez, Egypt, was studied by integrating stratigraph-
ical, sedimentological and palacontological data. This
succession represents part of the southern margin of the
Mediterranean Sea. It comprises the Gharra and Geniefa
formations, representing a mixed siliciclastic-carbonate
succession, developed in response to a general early—mid-
dle Miocene transgression-regression cycle. Facies devel-
opment of the studied section confirms depositional palae-
oenvironments, ranging from supratidal, lagoonal, to shoal
settings on an inner ramp that was influenced proximally by
clastic input.
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Seven ichnotaxa were recorded only in the lower Miocene
siliciclastics of the Gharra Formation, representing suites
of the Skolithos ichnofacies. Forty-five macrobenthic taxa,
belonging to pectinids, oysters, other bivalves, gastropods,
echinoids, and corals, were identified throughout the Gebel
Gharra succession. The distribution of trace and/or macro-
fossils shows a strong relationship to the recognised facies
characteristics. The macrobenthic taxa, identified in 13 sta-
tistical samples, are grouped into five assemblages (A—E)
that are described to reconstruct the macrobenthic palae-
ocommunities and to interpret the different depositional
environments.

Two of the assemblages are dominated by pectinids, one
by other bivalves, and the remainders are dominated by cor-
als and oysters. Epifaunal elements strongly dominate these
assemblages, followed by infauna. Semi-infaunal elements,
in contrast, play only a minor role. With respect to the feed-
ing modes, all macrobenthic assemblages are strongly dom-
inated by suspension-feeders, followed by carnivores and
deposit-feeders. Other feeding groups, such as grazers and
omnivores, occur sporadically. In general, the macroben-
thic fauna is dominated by moderately to well-preserved,
moderately to densely packed, commonly disarticulated,
poorly sorted, moderately fragmented, and re-oriented or
re-sedimented specimens, documenting slightly transported
skeletons, deposited in the original life habitat, i.e., parau-
tochthonous community relicts.

The faunal distribution and trophic structure of most of
the assemblages recorded confirm relatively stable and low-
stress conditions. However, the trophic structure of these
assemblages reflects the influence of particular environmen-
tal parameters, dissolution of aragonitic shells and/or sam-
ple-size effects. Environmental parameters controlling the
distribution of trace and/or body fossils include substrate
consistency, bathymetry, water energy, productivity lev-
el, rate of sedimentation, salinity, and oxygen availability.
The integrated litho- and biofacies results confirm that the
succession studied was deposited in different environmen-
tal perturbations, providing perfect conditions for the oc-
currence and preservation of trace-fossil and macrobenthos
assemblages.
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