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Abstract

A rich Lower Miocene echinoid fauna has been investigated from Gebel Gharra, NW of Suez, Egypt. The ca
140 m long section consists of a siliciclastic lower part and a carbonate-dominated upper part. This corresponds to a
general transgression/regression cycle. In all, 27 different echinoid taxa were recognised. The level of taxonomic
identification varies depending on test completeness and preservation of specific morphological characters. The
palaeoecology of the echinoids was inferred using a functional morphological approach and actualistic comparisons.
A wide variety of ecological habitats are represented with the presence of regular as well as irregular sea urchins;
epibenthic as well as endobenthic forms, as well as a wide range of interpreted burrowing depths for different irregular
echinoids. Seven different echinoid assemblages were distinguished, which differ with respect to the species diversity,
skeletal taphonomy and sedimentary environment: (1) the Parascutella Assemblage displays spectacular mass
accumulations of sand dollars accumulated by proximal storm deposits and winnowing; (2) the Cidaroid^Echinacea
Assemblage represents a slightly deeper, moderate-energy environment with a highly structured habitat and
corresponding variety of regular and irregular sea urchins; (3) a Spatangoid Assemblage with a diverse fauna of
burrowing echinoids; (4) the Transported Assemblage represents an allochthonous collection of echinoids from
shallow-water, coarse sandy substrates; (5) the Mixed Assemblage representing a slightly shallower, low- to moderate-
energy environment with reduced sedimentation rates; (6) a Clypeaster martini Assemblage characterising a shallow,
higher-energy environment; (7) finally, the poorly diverse Phyllacanthus Assemblage from shallow-water carbonates.
Diversity variations within the assemblages are correlated primarily to substrate variation, burrowing depths as well
as taphonomic factors. The transgression/regression cycle is well reflected by the echinoid assemblages, which show a
general deepening of depositional environment followed by shallowing upward tendencies.
; 2003 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Functional morphology of echinoid skeletons

Echinoids cover a wide range of environments
in and on the sediment. They include generalist as
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well as specialist, both epi- and endofaunal forms,
and employ di¡erent feeding mechanisms which
exploit di¡erent food resources. Echinoids are
common members of the benthic fauna in a
wide range of habitats, in some cases even domi-
nating the benthic community. Although some are
inherently unstable and fall apart after death and
may not be present as complete tests (e.g. most
regular echinoids, Kier, 1977), careful collection
of spines and larger fragments allow many ‘miss-
ing’ faunal elements to be considered (Nebelsick,
1992a).
There is an immense potential in the use of

functional morphology of echinoids for palaeoen-
vironmental analysis (Smith, 1978, 1980a,b,c,
1984; Kanazawa, 1992; Ne¤raudeau, 1995; Carter,
1997). The detailed study of skeletal characters
can provide information concerning the general
life habits, substrate relationships, feeding mecha-
nisms, burrowing depth of infauna, respiration
and so on. These include among others: (1) gen-
eral shell morphology; (2) position of mouth and
anus; (3) spine movement and function derived
from tubercle morphology; (4) tube feet morphol-
ogy from ambulacral pores. Since the morphology
of echinoids is very closely tied to the environ-
ment, they are excellent tools for reconstructing
palaeoenvironments and it is surprising that they
have not been used more widely in this respect.
An additional aid to palaeoenvironmental re-

construction is actualistic comparison to closely
related extant taxa or taxa with similar test mor-
phologies (e.g. Kier, 1964; Bell and Frey, 1969;
Birkeland and Chia, 1971; Timko, 1976; Smith,
1981; Bentley and Cockcroft, 1995). This allows
the direct correlation of test morphology to am-
bient environmental parameters. Furthermore, in-
formation as to behaviour, population densities,
synecology and animal/sediment relationships can
be gained. Broader-based studies have also shown
changes of echinoid faunas with respect to facies
relationships (e.g. Kier and Grant, 1965; Kier,
1975; Nebelsick, 1992a,b).
Applications of the functional morphological

approach as well as actualistic comparisons out-
lined above have allowed for a number of detailed
palaeoecological interpretations of fossil echinoid
assemblages, pioneered by the works of Kier

(1972) and Boggild and Rose (1984) (e.g. McNa-
mara and Philip, 1980; Dodd et al., 1985; Carter
et al., 1989; Ne¤raudeau, 1991, 1992; Ne¤raudeau
and Floquet, 1991; Smith et al., 1995; Rose and
Watson, 1998; Kroh and Harzhauser, 1999; Ne¤-
raudeau et al., 2001). Ne¤raudeau et al. (2001), for
example, suggested the presence of ecomorpho-
logical gradients within Miocene echinoid assem-
blages based on echinoid morphologies and the
bathymetric distribution of extant echinoids.

1.2. Geological setting

The studied section lies on the £anks of the
Gebel Gharra hill in the Eastern Desert, NW of
Suez, Egypt (Fig. 1). The ca 140-m thick section
consists of shallow marine siliciclastics overlain by
shallow marine limestones (Fig. 2). Planktonic fo-
raminifera, calcareous nannoplankton, and mio-
gypsinids indicate a Late Burdigalian age (plank-
tonic foraminifera zone M2^M4, nannoplankton
zone NN4, and shallow benthic zone SB25; Ab-
delghany and Piller, 1999; Mandic and Piller,
2001). The section is probably identical to the
famous fossiliferous locality of Gebel Gineifa
( =Gebel Gene¡e) visited by Fuchs (1878, 1883)
and Blanckenhorn (1901).
The section represents a general transgression/

regression cycle (Piller et al., 1998; Abdelghany
and Piller, 1999; Mandic and Piller, 2001). The
transgression sequence is represented by siliciclas-
tics (beds 1^15), the regression is dominated by
carbonates (beds 16^42). The base of the section
consists of ca 11 m of £uvial/£uvio-marine cross-
bedded sands and silts (beds 1 and 2). These are
partly bioturbated with rare plant remains and
are considered Oligocene in age (Said, 1990).
The lowermost marine sediments are coarse sand-
stones (beds 3 and 4) including mass accumula-
tions of sand dollars (see detailed investigation in
Nebelsick and Kroh, 2002). The base of bed 3 is
erosive and contains sandstone cobbles. The fol-
lowing beds are poorly exposed but contain two
distinct beds consisting of echinoderm-rich sands
(bed 5) and marls (bed 6). Overlying the poorly
exposed part bioturbated sands (bed 7a) and a
Planostegina rudstone (bed 7b) which contain
mud pebbles as well as a rich invertebrate assem-
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blage including echinoids are outcropping. This
bed is followed by coarse to ¢ne fossiliferous cal-
careous sandstones (beds 8a^f) punctuated by dis-
tinct pectinid coquinas (Mandic and Piller, 2001).
The ¢ner sediments in these beds contain a rich
irregular echinoid fauna. These sediments grade
into thick non-fossiliferous marls (beds 9a and
b). These are terminated by glauconitic sand-
stones and limestones (beds 10^12) representing
a slightly shallower, low- to moderate-energy en-
vironment, probably with reduced sedimentation.
Above these beds, another succession of marls,
silts and ¢ne sands, which is terminated by coarse
sand intercalations, is developed (beds 13^14). Di-
rectly on top of this succession are coarse sand-
stones, grading into calcareous sandstones (beds
15^16). These again contain abundant sea-urchin
skeletons.
The top of the section consists of ca 40 m of

carbonates (beds 16.1^30) with coralline algae,
green algae, corals, pectinids, oysters, larger fora-
minifera, but few echinoid remains; 8 m of silici-
clastics (beds 31^36) and ca 14 m thick carbonates
(beds 37^42). This calcareous development is gen-
erally poorer in echinoids. Details of sedimento-
logical developments can be found in Mandic and
Piller (2001).

2. Material and methods

All echinoids have been subject to a detailed

taxonomic study (Kroh, 2000, submitted). This
revision also encompassed the material collected
in the mid-19th century by Fuchs (1878, 1883).
Identi¢cation to species level was attempted
whenever possible. An open nomenclature was
used when specimens could not be assigned to
previously described species and were not su⁄-
ciently preserved to create new ones. Disarticu-
lated or fragmented material could in many cases
only be determined to family level or even higher
systematic units. Quantitative analysis was possi-
ble for two beds: bed 3 was analysed using echi-
noid fragments within bulk samples (see Nebel-
sick and Kroh, 2002); in bed 8, all discovered
echinoid remains, both fragmentary and com-
plete, were identi¢ed and counted using a mini-
mum-individual-number approach. Palaeoecolog-
ical interpretations of echinoid faunas are based
on the functional morphological analyses of nu-
merous characters of the skeleton following Smith
(1978, 1980a,b,c, 1984) and Kanazawa (1992), as
well as actualistic comparisons to related extant
taxa. A list of taxa is given in Table 1, the inter-
preted life habits and ecological requirements in
Table 2.

3. Results

A total of 27 echinoid taxa were identi¢ed,
mostly present as denuded coronas, in some cases
only by test fragments or spines. Seven echinoid

Fig. 1. Location of the Gebel Gharra section.
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assemblages were recognised. These can dominate
the benthic community. In other cases, they co-
dominate or are even subordinate, but distinct
enough to characterise a distinct assemblage.
These echinoid assemblages are described in detail
below, along with co-occurring organisms and
sedimentological characteristics of the bed in
which they occur.

3.1. Parascutella Assemblage

3.1.1. Bed 3 ^ Description
The ca 3.5-m thick bed consists of coarse-

grained, moderately sorted calcareous sandstone.
It has an erosive base, which cuts deeply into the
underlying ¢ne sands and silts. Above the base,
reworked sandstone cobbles, clay clasts and trans-
ported shell fragments are found. As a whole, this
bed is very fossiliferous, with numerous individu-
als and fragments of the sand dollar Parascutella
de£ersi (Fig. 3a). These echinoids are conspicu-
ously concentrated in three distinct layers, the ¢rst
two of which can be traced over the whole length
of the outcrop (ca 300 m). These layers vary
somewhat in thickness and exact position within
the bed but are always present. Complete and
fragmented Parascutella specimens are present in
such high numbers that they build component-
supported echinoid breccias. The bases of the ¢rst
two layers are undulating. The echinoids often
show jamming features and imbrications. A de-
tailed description and interpretation of the tapho-
nomic and sedimentologic characteristics of these
beds are found in Nebelsick and Kroh (2002).
Subordinate echinoids include: Amphiope bio-

culata, Clypeaster acclivis and Echinolampas am-
pla (Fig. 3b^d). Additionally, the oysters Lopha
virleti, Ostrea digitalina and Anomia phippium,
the pectinid Aequipecten submalvinae and moulds
of venerid bivalves are occasionally present (taxo-
nomic determination by O. Mandic). The result of
the bulk sample analysis (Fig. 4) con¢rms the
dominance of Parascutella de£ersi, as all other
echinoids are relatively rare.

3.1.2. Functional morphology and actualistic
comparisons
Parascutella de£ersi has a very £at test pro¢le, a

Fig. 2. Gebel Gharra section: The positions of the echinoid
assemblages are marked by arrows.
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Table 1
Species composition in echinoid assemblages of the Gebel Gharra Section, Eastern Desert, Egypt

Parascutella
Assemblage

Cidaroid^
Echinacea
Assemblage

Transported
Assemblage

Spatangoid
Assemblage

Mixed
Assemblage

Clypeaster
martini
Assemblage

Phyllacanthus
Assemblage

Cidaroida
Phyllacanthus sp. X
Prionocidaris avenionensis (Des Moulins,
1837)

X X

Echinacea
Arbacina monilis (Desmarest, 1822) X
Brochopleurus fourtaui (Lambert, 1907) X
Brochopleurus cf. gajensis (Duncan and
Sladen, 1886)

(X) X

Temnopleuridae indet. X
Schizechinus sp. X
Psammechinus dubius var. coronalis (Lam-
bert, 1910)

X

Echinacea indet. X
Cassiduloida
Echinolampas ampla Fuchs, 1883 X X
Echinolampas sp. X
Clypeasteroida
Clypeaster acclivis Pomel, 1887 X
Clypeaster martini Des Moulins, 1837 X (X) X
Clypeaster sp. A X
Clypeaster sp. B (X)
Echinocyamus stellatus Capeder, 1907 X
Echinocyamus sp. X
Parascutella de£ersi (Gauthier, 1901) X
Amphiope bioculata (Des Moulins, 1837) X
Scutellidae indet. X X
Spatangoida
Pericosmus latus (Desor, 1847) X X
Schizaster eurynotus Agassiz, 1841 X
Trachyaster? cotteaui (Wright, 1855) X
Brissopsis crescentica Wright, 1855 X
Spatangus (Platyspatus) sp. X
Spatangus (Phymapatagus) sp. X
Spatangoida indet. X X
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relatively thick wall and is reinforced by internal
supports. Individual coronal plates are not only
held tightly together by suture-spanning collagen
¢bres, but are also strengthened by interlocking
rigid stereom projections that penetrate deeply
into adjacent plates (Seilacher, 1979). This very
robust coronal construction of sand dollars has
been interpreted as an adaptation to higher-en-
ergy, sandy environments (Seilacher, 1979; Nebel-
sick, 1999). The relatively stable skeletons of these
echinoids have a higher preservation potential
than most other echinoids, as re£ected by their
extensive fossil record (Wagner, 1974; Smith,
1984; Dodd et al., 1985; McKinney, 1985; Nebel-
sick, 1999). Living sand dollars show a wide geo-
graphic distribution, occurring from tropical to
polar latitudes (Ghiold and Ho¡mann, 1984,
1986). They are generally restricted to shallow-
water, high-energy, sandy environments. Both en-
dobenthic deposit feeders (Bell and Frey, 1969;
Ebert and Dexter, 1975; Bentley and Cockcroft,
1995) as well as suspension feeders (Birkeland and
Chia, 1971; Timko, 1976; Smith, 1981; Beadle,
1989) occur. The deposit-feeding forms (including
Mellita, Encope, Leodia or Echinodiscus) are very
shallow burrowers, whereas suspension-feeding
forms maintain a partially exposed vertical posi-
tion in the sediment (e.g. Dendraster ^ Timko,
1976).
Parascutella de£ersi is a deposit feeder, since it

lacks the strong anteroposterior asymmetry asso-
ciated with suspension feeding (Beadle, 1989). The
less common Amphiope bioculata is also inter-
preted as a deposit-feeding sand dollar, as it
shows the same general construction features as
P. de£ersi with the exception of the ambulacral
lunules. The function of lunules in Recent and
fossil sand dollars is debated. Various interpreta-
tions have been made, including: (1) increasing
food gathering capacity, and (2) increasing hydro-
dynamic stability (see Smith and Ghiold, 1982 for
a detailed review of lunule function). The di¡er-
ences in the ecological requirements of Parascu-
tella and Amphiope are not known, but an inter-
esting fact is that these two genera commonly
occur together, with either one or the other totally
dominating the echinoid fauna.
Living representatives of the genus ClypeasterT
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include shallow-burrowing and epibenthic deposit
feeders. Burrowing forms such as Clypeaster sub-
depressus have a £at test pro¢le and a rather thin
margin, whereas epibenthic forms such as Cly-

peaster rosaceus have a high test pro¢le and a
thick, tumid margin (Kier and Grant, 1965; Hen-
dler et al., 1995). Clypeaster acclivis seems to rep-
resent an intermediate form between these two

Fig. 3. Species composition of echinoid assemblages. Parascutella Assemblage: (a) Parascutella de£ersi (Gauthier, 1901); (b) Am-
phiope bioculata (Des Moulins, 1837); (c) Echinolampas ampla Fuchs, 1883; (d) Clypeaster acclivis Pomel, 1887; Cidaroid^Echina-
cea Assemblage: (e^h) Prionocidaris avenionensis (Des Moulins, 1837) (e, ambital test fragment; f, spine shaft; g, spine tip;
h, spine base); (i) Arbacina monilis (Desmarest, 1822); (j) Brochopleurus fourtaui (Lambert, 1907).
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extremes, having a moderately thick, tumid ambi-
tus and only a moderately high test pro¢le. This
form is therefore interpreted to have been a par-
tially burrowed deposit feeder. Its ventral surface
also is not £at, as characteristic for burrowing
species of Clypeaster (Kier and Grant, 1965),
but includes an infundibulum.
Echinolampas ampla is also an inhabitant of

shallow sandy environments. The biology of ex-
tant representatives of the cassiduloid genus Echi-
nolampas is poorly documented; the few reports
available (Mortensen, 1948; Thum and Allen,
1975) indicate that they prefer coarse sandy sub-
strates in shallow water depth. Palaeoecological
investigations in fossil Echinolampas species by
Roman (1965), Roman and Philippe (1978),
McNamara and Philip (1980) and Philippe
(1998) suggest that Echinolampas was a shallow-
water organism, most commonly between 10 and
500 m water depth, where it inhabited ¢rm, sandy
bottoms and lived partially burrowed (up to the
tips of its petals).

3.1.3. Palaeoenvironmental interpretation
The palaeoenvironment of bed 3 is interpreted

as a shallow-water, shoreface, coarse sandy hab-
itat with fully marine condition and high water
energy. The shallow or partially burrowing echi-
noids, which were all well adapted to higher water
energies, found optimal living conditions and little
competition for food and living space from other
organisms.

The mass accumulations of scutellids in three
layers within this bed are discussed by Nebelsick
and Kroh (2002). Four di¡erent possible mecha-
nisms for producing the observed mass accumu-
lations are discussed: (1) storm-induced suprati-
dal accumulation, (2) obrution, (3) proximal
tempestites, and (4) in situ winnowing. Extant
sand dollars are known to reach density values
of over 1300 individuals/m2 for the suspension-
feeding echinoid Dendraster excentricus, as well
as over 500 individuals/m2 for the deposit-feeding
Mellita quinquiesperforata (Bell and Frey, 1969;
Merril and Hobson, 1970; Penchaszadeh and
Molinet, 1994; Tavares and Borzone, 1998). The
detailed analysis of the deposit enabled inter-
preting the lower two layers as proximal storm
deposits, whereas the uppermost layer was pro-
duced by in situ winnowing (Nebelsick and
Kroh, 2002).

3.2. Cidaroid^Echinacea Assemblage

3.2.1. Bed 5c ^ Description
This bed is ca 50 cm thick and consists of a

coarse-grained, poorly sorted, well-rounded sand-
stone. It is heavily bioturbated by large branched
Thalassinoides-type burrows up to 5 cm in diam-
eter which can extend more than 1 m horizontally.
Well-rounded quartz grains dominate the sedi-
ment; well-rounded bioclasts (echinoderm frag-
ments, mollusc shells and bryozoans) are com-
mon; occasional reworked clay clasts are also
present. The bed is very fossiliferous. The most
common fossils are spines and less commonly
plates of the cidaroid Prionocidaris avenionensis
(Fig. 3e^h) and fragments of pectinids and oys-
ters. Celleporid bryozoans and fragments of un-
determined scutellids and Echinolampas com-
monly occur. Furthermore, the coronas of small
regular echinoids Arbacina monilis (Fig. 3i), Bro-
chopleurus fourtaui (Fig. 3j) and Temnopleuridae
indet. are present. Less common are Echinocya-
mus stellatus, Echinocyamus sp. A, fragments of
undetermined spatangoids, balanid plates and
the teeth of sharks and bony ¢sh. Centrodorsals
of comatulid crinoids are also present, but rare.
Additionally, a high number of marginal ossicles
of Astropecten were found.

Fig. 4. Weight percentages of echinoid fragments derived
from a bulk sample from bed 3.
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3.2.2. Functional morphology and actualistic
comparisons
Prionocidaris avenionensis is a cidaroid with rel-

atively long, slender primary spines with a trum-
pet-shaped whorl of thorns at the distal end. This
feature can be interpreted as an adaptation to
living on soft substrates. Fell (1966) reported
that short-spined cidaroids live on hard bottoms
or secondary hardgrounds, whereas forms with
long slender spines tolerate soft bottoms. The liv-
ing species Prionocidaris baculosa lives on coarse
sand and gravel with coral patches or in coral
carpets as well as on soft substrates (Nebelsick,
1992b). The small temnopleurid Arbacina monilis
has no living congeneric relatives, but its mor-
phology is generally similar to the Recent Psam-
mechinus microtuberculatus. This species lives in
shallow habitats on secondary hardgrounds or
hides under stones and in seagrass or macroalgal
patches (Go«thel, 1992). Challis (1980) interpreted
the related species Arbacina piae as a vagile epi-
biont on coarse sandy substrates of the shallow
sublittoral.
The genus Brochopleurus is also extinct. It is,

however, similar to Arbacina monilis in many fea-
tures and may have occupied a similar habitat.
Echinocyamus stellatus is rather similar to the Re-
cent species Echinocyamus pusillus, which lives in
the interstitial space of shell gravel and coarse
sand (Mortensen, 1927; Kier, 1964; Smith,
1980a). This mode of life would ¢t well for the
two fossil species of Echinocyamus found in this
bed. However, not all extant species of Echinocya-
mus live in coarse sands. Nebelsick (1992a,b) and
Nebelsick and Kowalewski (1999), for example,
describe Echinocyamus crispus from poorly sorted
¢ne sands with seagrass and from other habitats.
The occurrence of comatulid crinoids suggests the
presence of a structured habitat, since many of
these animals are nocturnal and hide in small
crevices during daytime (Messing, 1997). Recent
species of astropectinid sea stars are typical inhab-
itants of sandy bottoms and are sometimes asso-
ciated with seagrass patches. They are carnivo-
rous and prey on molluscs, other echinoderms
and arthropods (Riedl, 1983; Zavodnik, 1988).
The presence of relatively well-preserved, non-
abraded spatangoid fragments, which show a⁄n-

ities to schizasterids, indicates that ¢ner sediments
than those observed in the ¢eld were present near-
by.

3.2.3. Palaeoenvironmental interpretation
The palaeoenvironment is interpreted as the

shallow sublittoral with fully marine conditions
and moderate water energy. It represents a diverse
habitat with coarse sandy bottoms as well as ¢ner
sediments. Additionally, sheltered habitats in the
form of seagrass or macroalgal patches may have
been present. Celleporid bryozoans probably pro-
vided secondary hardgrounds. This bed represents
a slightly deeper habitat than that of bed 3. A
similar habitat is reported by Kroh and Harz-
hauser (1999) from the Burdigalian of Austria.
This di¡ers only slightly from the assemblage de-
scribed here by the absence of cidaroids and the
presence of diadematid remains. This was also
interpreted to represent a highly structured habi-
tat; however, slightly shallower than the one de-
scribed here.

3.3. Transported Assemblage

3.3.1. Bed 7b ^ Description
This bed consists of a ca 40-cm thick bivalve

Planostegina shell bed, which lies directly above
a Planostegina rudstone. The base of this layer
is often not very sharp and is de¢ned only by
the higher number of bioclasts, since the matrix
of the shell bed has the same lithology as the bed
below. The bivalves in this bed consist of densely
packed shells of pectinids and oysters, without
preferred orientation (see Mandic and Piller,
2001). Both complete specimens as well as frag-
ments are present. Further taphonomic features
include bioerosion by clionid sponges, encrusta-
tion by balanid barnacles and bryozoan over-
growth.
Tellinid and venerid bivalves were also origi-

nally present, but are only preserved as moulds
due to aragonite dissolution. Celleporid bry-
ozoans, barnacles, Clypeaster martini (Fig. 5a),
Clypeaster sp. A are less common. A few frag-
ments of Echinolampas ampla and a single speci-
men of Schizechinus sp. (Fig. 5b) were also recov-
ered.
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3.3.2. Functional morphology and actualistic
comparisons
Clypeaster martini is interpreted as a shallow

burrower due to its low test pro¢le, thin margin
and £at ventral surface. These features are typical
for burrowing species of the genus Clypeaster
(Kier and Grant, 1965; Poddubiuk and Rose,
1985). C. martini is rather similar to the extant
species C. subdepressus, which lives in shallow
water depths (most commonly between 5 and
50 m) burrowing in coarse biogenic sand ¢elds
or shelly sediment with little or no seagrass
(Kier and Grant, 1965; Hendler et al., 1995).
Clypeaster sp. A, however, shows a tumid margin
and a concave ventral surface with its peristome
in an infundibulum, features which are character-
istic of species with an epibenthic mode of life
(Kier and Grant, 1965). Only a few fragments
of the cassiduloid Echinolampas ampla were
found in this bed. As discussed above, this
genus prefers shallow-water, coarse sandy sub-
strates.
The extinct regular echinoid genus Schizechinus

was interpreted to occupy similar environments as
Sphaerechinus granularis (see Roman, 1984; Bor-
ghi, 1993). This extant Mediterranean echinoid
prefers ¢rm bottoms, for example grass-stabilised
sand-£ats (Riedl, 1983) or shallow pebble bottoms
close to rocky coasts (Ernst, 1973). The presence
of P2 isopores in this form indicates that it lived
in an environment with low to moderate water
energy and was able to conceal itself with debris
(compare Smith, 1978). The regular echinoid Schi-
zechinus duciei from the Tortonian of the Maltese
Islands is found associated with a coralline algal
bioherm with an interpreted depth of 25 m or less
(Challis, 1980). Ne¤raudeau et al. (2001, p. 46, ¢g-
ure 4) found Schizechinus to be a component of
their CMSS echinoid assemblage in the Messinian
of the Sorbas Basin (Spain), which contains Cly-
peaster marginatus, Schizaster saheliensis and Spa-
tangus purpureus and represents sandy limestone
of the lower infralittoral. Additional information,
especially on accompanying other biota, can be
found in Lacour and Ne¤raudeau (2000) and Saint
Martin et al. (2000).

3.3.3. Palaeoenvironmental interpretation
As documented by Piller et al. (1998) and Man-

dic and Piller (2001), this shell bed represents a
tempestite. The echinoids, along with the other
organisms, were most probably transported from
a shallower habitat. This represented predomi-
nantly coarse, sandy substrates occupied by Cly-
peaster and Echinolampas ; ¢rm substrates were
also present, as documented by the presence of
Schizechinus.

3.4. Spatangoid Assemblage

3.4.1. Bed 8 ^ Description
This bed consists of three very fossiliferous, in-

tensively bioturbated layers (8a^c, together ca 2.6
m thick), each showing a ¢ning upwards sequence
from coarse to ¢ne calcareous sandstones, a non-
fossiliferous sandstone (8d) and another fossilifer-
ous bed (8e). The lowermost layer (bed 8a) bears
large foraminifers (Planostegina), pectinids, oys-
ters, irregular echinoids, celleporid bryozoans, ser-
pulids and moulds of turitellid gastropods. In the
upper part of this layer, an accumulation of very
well-preserved, articulated pectinids occurs. The
next layer (bed 8b) bears an accumulation of pec-
tinid shells, which lie subparallel to the bed-
ding plane in the lowermost 15 cm. Irregular
echinoids, pectinids and larger foraminifers
(Planostegina) occur occasionally throughout the
layer. The uppermost layer (bed 8c) begins with a
15-cm thick pectinid shell bed of densely packed,
whole, articulated as well as single, valves and
fragments. Only a few of the shells show signs
of bioerosion by clionid sponges and overgrowth
by oysters. Additionally, complete as well as
fragmented specimens of Clypeaster martini occur
in the shell bed. Pectinids and irregular echi-
noids occur only occasionally in the rest of the
layer.
The irregular echinoids found in these layers

consist solely of burrowing forms. The most com-
mon species is Schizaster eurynotus (Fig. 5d). Oth-
er echinoids, including Pericosmus latus (Fig. 5g),
Brissopsis crescenticus (Fig. 5e,f), Trachyaster?
cotteaui (Fig. 5c), Spatangus (Platyspatus) sp.
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and Spatangus (Phymapatagus) sp., are relatively
rare. The proportional representation of each spe-
cies is shown in Fig. 6.
Bed 8e consists of 35 cm of medium sandstones

containing small pectinids, branched and globular
bryozoans, larger foraminifers (Planostegina) and
the occasional irregular echinoid. The most com-
mon echinoid species are Schizaster eurynotus and

Fig. 5. Species composition of echinoid assemblages. Transported Assemblage: (a) Clypeaster martini Des Moulins, 1837;
(b) Schizechinus sp.; Spatangoid assemblage: (c) Trachyaster? cotteaui (Wright, 1855); (d) Schizaster eurynotus Agassiz, 1841;
(e,f) Brissopsis crescentica Wright, 1855; (g) Pericosmus latus (Desor, 1847).
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Pericosmus latus, less common are Brissopsis cres-
centicus and Trachyaster? cotteaui.

3.4.2. Functional morphology and actualistic
comparisons
Schizaster eurynotus, the most common echi-

noid, was interpreted by Rose and Watson
(1998) as a shallow-burrowing mud dweller simi-
lar to the Recent Mediterranean species Schizaster
canaliferus. Their material originates from mud-
stones of the Globigerina Limestone of the Mal-
tese Islands. In the Gebel Gharra section, how-
ever, Schizaster eurynotus occurs in ¢ne- to
medium-grained sandstones where it is commonly
found in life position. Contrary to Rose and Wat-
son (1998), this species is interpreted here as a
deep-burrowing deposit feeder due to its wedge-
shaped test, deep frontal ambulacrum with well-
developed partitioned isopores and a large num-
ber of respiratory elongated isopores in the petals,
which represent adaptations for deeper burrowing
(compare Smith, 1980b). Additionally, this echi-
noid has subanal partitioned isopores, which are
associated with funnel-building tube feet (com-
pare Smith, 1980b). Furthermore, a posterior-sit-
uated apical system, a high keel in interambula-
crum 5, long curved anterior-paired petals and
short posterior-paired petals were interpreted as
an adaptation to deeper burrowing by McNamara
and Philip (1980). It thus seems very likely that
Schizaster eurynotus was not restricted to sedi-
ments of a particular grain size. This encompasses
shallow burrowing in mud as documented by

Rose and Watson (1998) as well as deeper bur-
rowing in silty to sandy sediments as documented
here. The burrowing depth seems to be in£uenced
by the depth of the redox-potential-discontinuity
layer (RDP layer), which itself is related to the
particle size of the sediment. Schizaster canaliferus
was found to be con¢ned to the upper, oxygen-
ated layers of the sediment, above the RDP layer
(Schinner, 1993). Extant species of the genus
Schizaster are known to live in ¢ne-grained sedi-
ments, burrowing up to 25 cm deep (e.g. Schizas-
ter (Paraster) £oridiensis Kier and Grant, 1965;
Smith, 1980a).
Pericosmus latus is a species that does not seem

to be well adapted to deep burrowing. This echi-
noid has small partitioned isopores in the shallow
frontal ambulacrum and a rather high pro¢le,
with the apical system lying centrally. It is inter-
preted here as a shallow-burrowing form. Un-
fortunately, little is known about the extant spe-
cies of the genus Pericosmus, but they seem to be
most common in deeper habitats. Mortensen
(1951) reported them from 18 to 486 m depth in
mud and sand, with their highest abundance at
200^300 m.
Brissopsis crescenticus is similar to the extant

species Brissopsis elongata, which is reported
from muddy substrates, burrowing in depths be-
tween 4 and 10 cm (Kier, 1975). Brissopsis lyri-
fera, on the contrary, lives in mud, sandy mud or
silty substrates, with its dorsal surface not deeper
than 1 cm below the sediment surface (Smith,
1980a). This variation makes an interpretation
of burrowing depth for Brissopsis crescenticus dif-
¢cult. Furthermore, only few, poorly preserved
specimens of the fossil species were available for
study, thus impairing possible inferences from test
and pore morphology.
The morphology of Trachyaster? cotteaui indi-

cates that it lived burrowing in ¢ne sediments.
The deep frontal ambulacrum, the large, curved
anterior petals and the small posterior petals can
be interpreted as adaptations to deeper burrowing
if these features have the same functional mor-
phology as in Schizaster. According to Ne¤raudeau
(1994), Trachyaster populated deep outer-plat-
form environments in the Mediterranean during
the Lower and Middle Miocene.

Fig. 6. Relative abundances of the di¡erent echinoid species
in bed 8a^c.
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The two subgenera of Spatangus (Platyspatus
and Phymapatagus) reported here are both re-
stricted to the fossil record. The presence of
non-conjugate anisopores in the frontal ambula-
crum of Platyspatus, respectively small partitioned
isopores in the frontal ambulacrum of Phymapa-
tagus, and the only slightly depressed frontal am-
bulacrum in both forms indicates that both spe-
cies ploughed the sediment surface or were
shallow burrowers (compare Smith, 1980a). In
fact, extant species of the genus Spatangus (Spa-
tangus) which live in ¢ne sand are not completely
buried, but plough the sediment surface (e.g. Spa-
tangus raschi, Smith, 1980a).

3.4.3. Palaeoenvironmental interpretation
The palaeoenvironment of this bed is inter-

preted as deeper sublittoral, with low water en-
ergy and muddy to silty substrate. The presence
of six di¡erent species of deposit-feeding echi-
noids in the same habitat can be explained by
their di¡erent burrowing depths. Spatangus (Phy-
mapatagus) sp. and Spatangus (Platyspatus) sp.
most probably ploughed the sediment surface,
whereas Brissopsis crescenticus and Pericosmus la-
tus were shallow to moderately deep burrowing
forms. Trachyaster? cotteaui burrowed even deep-
er and Schizaster eurynotus probably was a very
deep burrower. The occasional occurrences of
Clypeaster martini are restricted to the pectinid
shell beds and are thus interpreted as representing
transported, allochthonous elements.

3.5. Mixed Assemblage

3.5.1. Beds 11 and 12a ^ Description
Bed 11 is a 30-cm thick conglomerate, which

has a glauconitic silty limestone matrix and re-
worked claystone components, which are often
incrusted by bryozoans. Pectinids, oysters (Ano-
mia sp.) and moulds of gastropods are relatively
common. Less prevalent are the small regular
echinoid Psammechinus dubius var. coronalis
(Fig. 7f^h), spines of Prionocidaris avenionensis
(Fig. 7c^e), fragments of Clypeaster and undeter-
mined spatangoids as well as bryozoans and por-
itid corals.
Bed 12a is about 40 cm thick and consists of

glauconitic limestones with reworked clay clasts.
It is highly fossiliferous, but the biogenic content
decreases upwards. Pectinids, spines and less com-
monly plates of the cidaroid Prionocidaris avenio-
nensis (Fig. 7b^e) are the most common fossils.
Less common are solitary corals, branched and
crustose bryozoans, serpulid macroids, fragments
of undetermined spatangoids and Clypeaster, as
well as shark teeth. The spatangoid Pericosmus
latus (Fig. 7a) is rare.

3.5.2. Functional morphology and actualistic
comparisons
These two beds are considered together in the

palaeoenvironmental analysis because of their
lithological similarity and faunal a⁄nities. As dis-
cussed above, Prionocidaris avenionensis is inter-
preted to be an epifaunal inhabitant of sandy sub-
strates. Psammechinus dubius var. coronalis most
probably lived similarly to the extant species
Psammechinus microtuberculatus, which lives in
shallow habitats on secondary hardgrounds or
which hides under stones and in seagrass or mac-
roalgal patches (Go«thel, 1992). The presence of
Pericosmus latus and fragments of other undeter-
mined spatangoids indicate a soft bottom with
moderate to low water energy. Clypeaster also
suggests shallower water depths.

3.5.3. Palaeoenvironmental interpretation
The palaeoenvironment of these two beds is

interpreted as the shallow sublittoral with low to
moderate water energy. Sandy soft bottom habi-
tats, possibly with seagrass or algal patches, with
larger clay clasts were occupied by shallow-bur-
rowing spatangoids, epifaunal pectinids, gastro-
pods and regular echinoids. Furthermore, sessile
organisms such as corals and bryozoans occurred.
The glauconite within the sediment may suggest
reduced sedimentation, an interpretation also sup-
ported by the high fossil content.

3.6. Clypeaster martini Assemblage

3.6.1. Bed 15^16.1 ^ Description
These two beds together are nearly 8 m thick

and consist of a coarse sandstone in the lower
part that gradually changes into a calcareous
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sandstone in the upper part of each bed. The base
of the lower bed is erosive and bears rounded and
angular clay clasts. Two layers of oysters, which
are partly fragmented and heavily bored, can be

found in the upper part of the lower bed. Pecti-
nids, moulds of Veneridae and Cardiidae, and
coralline algae are relatively common. Addition-
ally, fragments of Clypeaster martini (Fig. 7i,j)

Fig. 7. Species composition of echinoid assemblages. Mixed Assemblage: (a) Pericosmus latus (Desor, 1847); (b^e) Prionocidaris
avenionensis (Des Moulins, 1837) (b, interambulacral plate; c, spine base; d, spine tip; e, spine shaft); (f^h) Psammechinus dubius
var. coronalis (Lambert, 1910); Clypeaster martini assemblage: (i,j) Clypeaster martini Des Moulins, 1837; Phyllacanthus assem-
blage: (k^m) Phyllacanthus sp. (k, spine base; l, spine shaft; m, spine tip).
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and Scutellidae indet., as well as balanids and
bryozoans, occasionally occur.

3.6.2. Functional morphology and actualistic
comparisons
As discussed above, Clypeaster martini is inter-

preted as a shallow-burrowing endobenthic echi-
noid living in shallow-water, sandy substrates.
Although the remains of Scutellidae indet. are
fragmentary, it is clear from their morphology
that these sand dollars di¡er from the other scu-
tellid (Parascutella de£ersi) found in this section.
As in P. de£ersi, the presence of a rather thick
shell, £at pro¢le, thin margin and internal support
structures indicate an adaptation to shallow high-
energy habitats (see above).

3.6.3. Palaeoenvironmental interpretation
This bed represents a sandy, shallow-water,

higher-energy habitat similar to that of beds 3^4.
The low abundance of echinoids, however, sug-
gests that living conditions were not as optimal,
resulting in a lower density of living echinoids.

3.7. Phyllacanthus Assemblage

3.7.1. Bed 27 ^ Description
This bed is ca 4.5 m thick and consists of £oat-

stones with a packstone matrix. It bears oysters,
thin coralline algal crusts and spines of the cida-
roid Phyllacanthus sp. (Fig. 7k^m). This bed con-
stitutes an exception, as echinoids are generally
rare in the carbonate-dominated upper part of
the Gebel Gharra section. Only a few Clypeaster,
undetermined scutellids and Echinolampas were
present. The very hard lithology, however, pre-
cluded collection in most cases. The few speci-
mens that were collected from weathered material
were mostly fragmented and highly abraded.

3.7.2. Functional morphology and actualistic
comparisons
Extant species of the genus Phyllacanthus are

con¢ned to marine environments in which the
sea surface temperature does not fall below ca
15‡C in winter (Fell, 1954). These are epibenthic
organisms feeding on a wide variety of available
food sources, including macroalgae and inverte-

brates (Fell, 1966). Phyllacanthus imperialis from
the Red Sea and the Indian Ocean lives on reef
substrates and on coral patches within moderately
sorted coarse sands (Nebelsick, 1992b).

3.7.3. Palaeoenvironmental interpretation
This bed represents a shallow-marine, coarse

sandy carbonate environment. Only the robust
primary spines of the cidaroids are preserved.
The other skeletal elements of these echinoids,
including the comparatively large and robust in-
terambulacral plates, seem to have been destroyed
by taphonomic processes.

4. Discussion

The interpretations of environmental gradients
within the section are made following sedimento-
logical trends as well as the detailed investigation
of echinoids described above. These include mode
of life derived from functional morphology, taph-
onomic patterns based on preservation, inter-
pretation of autochthonous and allochthonous
occurrences, changes in diversity patterns and in
ecological resources. In general, there is a broad
variation of life habits represented by the echi-
noids (Table 2). These include epifaunal dwellers,
surface ploughers, as well as shallow and deep
infaunal burrowers. Reconstructed substrates in-
clude secondary hardgrounds, seagrass as well as
sand and muddy soft substrates. Water energy
conditions ranged from high to low.
The general transgression/regression cycle as re-

ported by Abdelghany and Piller (1999) and Man-
dic and Piller (2001) is substantiated by the
changing echinoid assemblages. The ¢rst four as-
semblages show a tendency towards deeper-water
conditions, in keeping with the ongoing transgres-
sion (Fig. 8). This is accompanied by the transi-
tion from highly mobile to more stable substrates,
from extensive coarse sands to a highly structured
environment including both hard and soft sub-
strates, then ¢nally towards monotonous ¢ner
sediments. The transported assemblage is more
di⁄cult to interpret, as it represents an alloch-
thonous assemblage, highly subject to taphonomic
bias. The last three assemblages, although poor in
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echinoids, clearly represent a shallowing upward
tendency culminating in shallow-water carbon-
ates.
The Parascutella Assemblage shows the most

spectacular sedimentary structures and by far
the highest density of echinoid skeletons due to
concentrating e¡ects of proximal tempestites and
winnowing. It shows, however, a relatively low
diversity, which may re£ect the extreme environ-
mental conditions and/or taphonomic e¡ects. The
Parascutella Assemblage at the base of the Lower
Miocene marine sediments represents a shallow-
water, high-energy, shoreface environment. This
environment was very conducive to a very large
population of the sand dollar Parascutella de£ersi.
Storm events led to mass accumulations of these
echinoids within proximal tempestites. Winnow-
ing also led to high-density echinoid shell concen-
trations. The other recovered echinoids are also

typical for shallow-water, higher-energy, mobile
sediments. The high stability of clypeasteroids
with interlocking plates and internal supports
and cassiduloids with their thick skeletons was
conducive to their preservation as complete tests
or larger test fragments in this environment. The
echinoids represent a time-averaged collection, as
both well-preserved as well as heavily abraded,
fragmented, bioeroded and encrusted skeletons
occur together.
The Cidaroid^Echinacea Assemblage represents

a slightly deeper, moderate-energy environment
within a highly structured habitat. The high diver-
sity of this assemblage is due to varied substrate
conditions, including coarser- and ¢ner-grained
soft sediments, secondary hardgrounds and possi-
bly seagrass, which enabled both epifaunal regular
as well as shallow infaunal irregular sea urchins to
£ourish in this habitat. The higher diversity may

Fig. 8. Reconstruction of the ¢rst four echinoid assemblages within a transgression scenario. The assemblages re£ect increasingly
deep environments.
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also have pro¢ted from quieter water conditions,
allowing the preservation of smaller regular echi-
noids as well as larger fragments of cidaroid tests.
The Transported Assemblage represents an al-

lochthonous collection of echinoids from shallow-
water, coarse sandy substrates, which were in-
cluded in tempestites. Taphonomic e¡ects of
transport could obviously have a¡ected the taxo-
nomic make-up of the echinoid fauna, as these are
restricted to more resistant, thicker-shelled Cly-
peaster and Echinolampas. The presence of two
di¡erent Clypeaster morphologies (sediment/water
interface and shallow infaunal) suggests a sandy
environment where di¡erent food resources were
utilised. This represented a somewhat higher-en-
ergy environment, though not as high as the Para-
scutella Assemblage.
Further upwards, a deeper, low-energy environ-

ment with a rich fauna of deposit-feeding echi-
noids is represented by the Spatangoid Assem-
blage. This echinoid assemblage represents the
lowest energy conditions. Relatively high sea-ur-
chin diversity is a result of tiering of di¡erent
burrowing depths of echinoids exploiting di¡erent
food sources. Intense bioturbation of sediments
results. Taphonomic bias is low, with reduced en-
ergy conditions allowing thin-shelled spatangoids
to be preserved as complete tests.
Above this horizon thick, non-fossiliferous

marls occur, which represent the deepest water
facies of the section. From then on shallowing
upward development culminating in a shallow-
water carbonate environment with corals and cor-
alline red algae starts. These marls are terminated
by glauconitic sandstones and limestones contain-
ing the Mixed Assemblage, representing a slightly
shallower, low-to moderate-energy environment.
Reduced sedimentation may have resulted in a
time-averaged accumulation of echinoids from
di¡erent environments. A wide variety of sub-
strates is thus suggested by the echinoid fauna.
These include cidaroids tolerant of sandy sub-
strates; echinaceans, suggesting secondary hard-
grounds or seagrass presence; thin-shelled spatan-
goids, indicating soft bottoms with low to
moderate water energy and thicker-shelled cly-
peasteroids from coarser substrates.
The shallowing upward trend in the upper part

of the section is also supported by the next echi-
noid assemblage, dominated by the name-giving
Clypeaster martini. These represent a shallow,
higher-energy environment. These coarse sands
and calcareous sandstones, however, did not sup-
port high populations of clypeasteroids as in the
Parascutella Assemblage found towards the base
of the section.
The sediments towards the top of the section

represent a shallow-water carbonate development.
This is re£ected by the presence of the genera
Clypeaster, Echinolampas and Phyllacanthus, as
well as undetermined scutellids. The low diversity
and low abundance of recorded echinoids in this
environment is, however, surprising given the spe-
cies richness in recent reefal and other carbonate
environments (Nebelsick, 1996; Carter, 1997).
The preservation within the Phyllacanthus Assem-
blage, however, suggests that taphonomic bias
along with collection bias may be responsible.
The fact that only robust spines are present sug-
gests that high-energy environment has destroyed
other skeletal elements. In fact, although hard
substrates in reefal environments show a higher
diversity through a number of regular echinoids,
these show a much lower preservation potential
than irregular echinoids in neighbouring soft sub-
strates (Kier, 1977; Nebelsick, 1996). This is, in
part, due to the fact that not all regular echinoids
in reefal environments possess massive spines con-
ducive to preservation in higher-energy condi-
tions. A collection bias is probably also present,
as these sediments are present as hard limestone
in poorly accessible vertical cli¡s. This is in stark
contrast to the other echinoid-yielding sediments
within the section, which are easily accessible and
are readily weathered, providing for numerous
specimens in the ¢eld.
A similar, but slightly di¡erent approach to the

study presented here was applied by Ne¤raudeau et
al. (2001) to Messinian echinoid assemblages of
the Sorbas Basin (Spain). An ecomorphological
gradient was de¢ned for the stratigraphical suc-
cession of four irregular echinoid associations
based on the bathymetric distribution of extant
Mediterranean echinoids. The spatio-temporal
variations of this gradient were used to interpret
local palaeoenvironmental changes as well as re-
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gressive and transgressive pulses within the
studied sections (Ne¤raudeau et al., 2001).
The succession of the echinoid assemblages in

the Gebel Gharra section can also be seen to rep-
resent an ecomorphological gradient with the
shallow-water Parascutella Assemblage and the
deeper-water Spatangoid Assemblage as end
members during the transgression (Fig. 8). The
following regression eventually led to the Phylla-
canthus Assemblage, which again represents shal-
low-water conditions. Contrary to the example
from Ne¤raudeau et al. (2001), however, the strati-
graphical succession of the echinoid assemblages
described here is not a¡ected by short-term re-
gressive pulses. The use of the ecomorphological
gradient method, shown to work very well in plat-
form settings (e.g. Ne¤raudeau, 1991, 1992; Ne¤-
raudeau and Floquet, 1991; Ne¤raudeau et al.,
2001), is thus limited in the marginal setting of
the Suez area.

5. Conclusions

(1) The study of echinoid faunas recovered
from the Gebel Gharra section, Eastern Desert,
Egypt, illustrates how palaeoecological interpreta-
tions of successive echinoid assemblages can be
employed as a tool to investigate large-scale pat-
terns of environmental changes within a section.
(2) Seven di¡erent echinoid assemblages were

recovered, ranging from high-energy, shoreface
environments with mass clypeasteroid accumula-
tions, a diverse mixed assemblage representing
various substrates and life habits, a diverse spa-
tangoid-dominated assemblage with species show-
ing various burrowing depths to a poorly diverse
cidaroid spines assemblage within shallow-water
carbonates.
(3) The functional morphological approach

combined with actualistic comparisons allows
for the very detailed investigation of life habitats.
This enabled a comprehensive interpretation of
palaeoenvironments for the seven di¡erent echi-
noid assemblages.
(4) Di¡erences of diversity within the assem-

blages can be correlated to substrate variation,
burrowing depths as well as taphonomic factors.

Disarticulation and fragmentation along with col-
lection bias are probably responsible for the low
apparent diversity of the shallow-water carbonate
environment. The assemblages represent autoch-
thonous communities, within-facies transport
(proximal tempestites) as well as out-of-facies
transport of echinoid material.
(5) The general transgression/regression cycle

seen in sedimentary developments with siliciclas-
tics at the base and shallow-water carbonates at
the top of the section is very well re£ected by
changes of echinoid assemblages. These at ¢rst
show a deepening and then a shallowing upward
cycle of palaeoenvironments.
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