w

§

SEDIVENTOLOG v KRR

Sedimentology (2010) 57, 695-719 doi: 10.1111/§.1365-3091.2009.01115.x

Increased terrigenous influx but no drowning:
palaeoenvironmental evolution of the Tunisian carbonate
platform margin during the Late Aptian

M. HELDT*"', J. LEHMANN*, M. BACHMANN?*, H. NEGRA¥ and J. KUSS*

*FB 5-Geosciences, University of Bremen, P.O. Box 330 440, 28334 Bremen, Germany (E-mail:
matthias.heldt@bgr.de)

tDepartment of Geosciences, University of Tunis, 2092 Manar II, Tunis, Tunisia

Associate Editor — Daniel Ariztegui

ABSTRACT

During the Aptian, some carbonate platforms of the sub-tropical realm (for
example, on the northern Tethys margin or in the Gulf of Mexico) were affected
repeatedly by severe perturbations in the carbonate production factory and
drowning, preferentially during global warming events such as the Early Aptian
Oceanic Anoxic Event 1a and a prominent mid-Late Aptian warming interval.
These platform growth crises have been explained mainly by strongly increased
coastal runoff (for example, siliciclastics and nutrients) in combination with
pronounced eustatic sea-level rises. In the last few years, increasing evidence
suggests that carbonate platforms of lower latitudes were generally less or even
not affected by environmental perturbations during these events. This raises the
question as to the responsible factors that promoted platform growth or decline
in different latitudinal areas. In this study, Upper Aptian (Middle Gargasian to
Uppermost Clansayesian) inner-tropical carbonate ramp deposits of the Serdj
Formation at Djebel Serdj, north-central Tunisia are studied in detail with
regard to microfacies, lithology, biostratigraphy and chemostratigraphy. These
data allow reconstruction of the palaesoenvironmental evolution of the Tunisian
carbonate platform margin and investigation of its response to the prominent
mid-Late Aptian warming interval. The unusually expanded, 600 m thick Serdj
Formation consists of limestones, marlstones and siltstones, suggesting
deposition within mid-ramp to inner-ramp palaeoenvironments. Deposits of
the mid-Late Aptian are represented by quartz-rich platform carbonates and
siltstones, probably resulting from increased coastal runoff on the Tunisian
shelf as a response to global warming and accelerated water cycling. The
siliciclastic input was accompanied by elevated nutrient levels as indicated by
a partial decline in the abundance of oligotrophic biota and mass occurrences of
orbitolines and green algae. Carbonate platform drowning during the mid-Late
Aptian, as reported from the sub-tropical realm, has not been identified. A
comparison with other tropical river-influenced platforms suggests that none of
them drowned during the mid-Late Aptian. One important reason might be
widespread arid to semi-arid climatic conditions within lower latitudes during
that time, promoting platform growth due to comparably low nutrient runoff.

Keywords Aptian, biostratigraphy, carbonate platform, chemostratigraphy,
global climate change, microfacies.
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INTRODUCTION

Carbonate platforms are sensitive recorders of
changes in the ocean/climate system and have
attracted much attention as a means of evaluating
the Mid Cretaceous Greenhouse Earth (Aptian to
Turonian, 120 to 90 Ma). The carbonate platforms
latitudinally extended during this period, char-
acterized by globally averaged sea-surface tem-
peratures possibly 6° to 14°C warmer than at
present (Barron, 1983; Pucéat et al., 2003; Steuber
et al., 2005). Although their maximum expansion
was reached in the Late Albian and Santonian
(Johnson et al., 1996; Skelton, 2003), the latitudi-
nal limits during the Late Aptian possibly already
exceeded those of the preceding time intervals
(Takashima et al., 2007). During the Aptian, the
carbonate platforms were colonized extensively
by characteristic biota, including rudist bivalves,
scleractinian corals, stromatoporids, benthonic
foraminifera (including miliolids and orbitoli-
nids) and nerineacean gastropods, as well as
dasycladacean algae and calcareous red algae
(Masse, 1992; Kiessling et al., 2003).

The climate during the Aptian was far from
stable. Several brief global cooling and warming
episodes (1 to 5 Myr-scale) have been identified
(Weissert & Lini, 1991; Price, 2003; Weissert &
Erba, 2004; Takashima et al., 2007). The warming
episodes are associated with accelerated water
cycling, increased terrigenous influx (for example,
siliciclastics and nutrients) on the sub-tropical/
tropical shelves and widespread carbonate plat-
form drowning during eustatic sea-level rises
(Weissert, 1990; Weissert et al., 1998; Wortmann
et al., 2004; Follmi & Gainon, 2008). One of these
warming intervals, which has been linked to a
major platform demise (F6llmi et al., 1994; Weiss-
ert et al.,, 1998), as well as biotic changes in
boreal/tropical open marine environments
(Weissert & Lini, 1991; Mutterlose, 1992, 1998;
Herrle & Mutterlose, 2003; Takashima et al.,
2007) has been ascribed to the mid-Late Aptian
(Hedbergella  trocoidea/Ticinella  bejaouensis
planktonic foraminiferal zone) and was termed
‘Aptian Greenhouse Earth 2’ by Weissert & Lini
(1991). This 3 to 4 Myr lasting warming interval is
associated with a globally traceable positive
carbon isotope excursion (F6llmi et al., 1994;
Bralower et al., 1999; Jenkyns & Wilson, 1999;
Herrle et al., 2004) and is reflected in a negative
oxygen isotope excursion (Clarke & Jenkyns,
1999; Weissert & Erba, 2004). Hypotheses to
account for the global temperature elevation
concentrate on increased levels of CO, in the

atmosphere related to the Kerguelen Plateau
volcanism in the Indian Ocean (Bralower et al.,
1997; Coffin et al., 2002; Takashima et al., 2007).

Until now, the hypothesis of widespread car-
bonate platform drowning during the warming
intervals of the Aptian, such as the mid-Late
Aptian warming event, has been verified for some
areas of the northern Tethys margin and the Gulf
of Mexico only (Funk et al., 1993; Follmi et al.,
1994; Weissert et al., 1998; Lehmann et al., 2000;
Wilmsen, 2005; Castro et al., 2006). The most
detailed investigations were carried out on plat-
forms of the northern Tethys margin, where
drowning is indicated by widespread phosphorite
hardgrounds capping platform limestones, the
occurrence of siliciclastics and hiatuses (Follmi
et al.,, 1994; Weissert et al., 1998; Wortmann
et al., 2004). Elevated riverine nutrient loads are
regarded as the most important trigger for the
observed drowning (Follmi et al., 1994; Weissert
et al., 1998; Follmi & Gainon, 2008). The effects of
excess nutrients (such as those derived from
nitrogen and phosphorus) on carbonate platforms
include reduced water transparency, destabilized
oxygen levels and pH, leading to drastic changes
in platform communities and reduced carbonate
production (Hallock & Schlager, 1986; Wood,
1993; Mutti & Hallock, 2003). Platform commu-
nity changes often preceded drowning on the
northern Tethys margin: oligotrophic biotic com-
munities were replaced by mesotrophic to eutro-
phic assemblages (Follmi et al., 1994, 2006;
Follmi & Gainon, 2008).

Some authors have suggested that the proposed
carbonate platform drowning episodes during the
warming intervals of the Aptian additionally
were triggered by a rapid increase in the partial
pressure of CO, (pCO,) in the surface ocean, and
thus sea water became more acidic (Herrle &
Mutterlose, 2003; Wissler et al., 2003; Weissert &
Erba, 2004). However, the extent of the tempera-
ture rise during the warming events of the Aptian
is controversial and extreme scenarios of wide-
spread carbonate platform drowning caused by a
global humidity and river runoff increase are not
well-substantiated. Oxygen isotopes used as a
palaeotemperature proxy are very sensitive to
diagenesis and thus often are not reliable tools
(Hudson, 1977; Brand & Veizer, 1981). Some more
recent publications even suggest that climate
variations during the Aptian were just a matter
of a very few degrees or that pCO, changes were
of minor importance only (Kuhnt et al., 1998;
Heimhofer et al., 2004; Haworth et al., 2005).
In this case, one would assume less-intense
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environmental changes on the shelves than pre-
viously suggested.

The aim of this study is to reconstruct the
palaeoenvironmental evolution of a tropical
southern Tethys carbonate platform margin in
the Serdj area, north-central Tunisia, by using
detailed lithology and microfacies analyses as
well as biostratigraphy and chemostratigraphy.
Emphasis is given to palaeoecological changes on
the Tunisian carbonate platform during the mid-
Late Aptian. The results are compared to inves-
tigations on coeval carbonate platforms of the
sub-tropical/tropical realm to test the hypothesis
of widespread platform drowning during the mid-
Late Aptian and to discuss the impact of global
warming events during the Aptian on different
latitudinal areas and climate zones.

GEOLOGICAL SETTING

Palaeogeography of the central Tunisian
carbonate platform

The studied area was located on the northern
platform margin of the central Tunisian carbonate
platform, about 25 km north of a large island
(Kasserine Island; Fig. 1). The platform was part
of the broad inner-tropical carbonate platform
system that extended over large parts of the
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Fig. 1. Palaeogeographic map of Tunisia for the Late
Aptian. The black rectangle in the main map marks
the investigated area (Fig. 2); after Tlatli (1980) and
M‘Rabet (1987).
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southern Tethys continental margin during the
Late Aptian (Kiessling et al., 2003). Shallow
marine carbonate sedimentation in Tunisia dur-
ing this time took place in a relatively stable
realm delimited to the south by the clastic,
riverine sedimentation of the terrestrial Saharan
platform and to the north by open, mainly deep
marine sedimentation of the Tunisian Trough
(Boltenhagen, 1985; M‘Rabet, 1987; Lefranc &
Guiraud, 1990). A mosaic of islands in the central
part of the platform probably divided it into a
more or less restricted southern part and a
Tethys-connected northern part with a ramp-type
platform margin (Tlatli, 1980; Marie et al., 1982;
M‘Rabet, 1987). A north—south trending high
zone (‘North/South Axis’) separated the platform
from the eastern Tunsian shelf (Ben Ferjani et al.,
1990; Burollet, 1990).

Lithostratigraphy

The Upper Aptian shallow marine carbonates of
central Tunisia are represented by the Orbata
Formation in the southern part of central Tunisia
(Gafsa—Sidi Bouzid region) and by the Serdj
Formation in the more northerly parts (Kasser-
ine—Kairouan region) (Burollet, 1956; M‘Rabet,
1987; M‘Rabet et al., 1995). Both formations are
450 to 660 m thick on average, but show consid-
erably reduced thickness along the North/South
Axis and the island-zone around the city of
Kasserine (Burollet, 1956; Ben Ferjani et al.,
1990). The Orbata Formation mainly consists of
inner shelf carbonates with intercalations of
evaporites and is ascribed to the southern, more
protected part of the Tunisian carbonate platform.
It passes northwards into the Serdj Formation,
which is characterized by inner shelf carbonates
and deposits of the ramp-type platform margin,
for example, reefal limestones (Tlatli, 1980;
M‘Rabet, 1981, 1987; Ben Ferjani et al., 1990;
Tandia, 2001; Chaabani & Razgallah, 2006). The
upper boundary of both formations is marked
commonly by an emergence surface, reflecting the
exposure of the platform caused by tectonic
movements in the Late Gargasian to Latest Clan-
sayesian (Marie et al., 1982; Ben Ferjani et al.,
1990; Chaabani & Razgallah, 2006). It has been
suggested that the central parts of the platform
were affected first, hence Upper Aptian platform
carbonates in this region comprise the shortest
time interval (M‘Rabet et al., 1995; Chaabani &
Razgallah, 2006). However, the detailed ages of
both formations are still a matter of debate,
because biostratigraphic markers are scarce
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generally in Tunisian shallow marine successions
and chemostratigraphic curves are not well-
established.

Geological setting of the studied area

The Serdj Mountain is located in north/central
Tunisia (Figs 1 and 2). The evolution of the
massif has been ascribed to different tectonic
movements during the Cretaceous—Tertiary. It is
characterized by a SW-NE striking anticlinorium
affected by a variety of faults, for example, faults
with a SW-NE direction, a large normal fault at
the NW-flank of Djebel Serdj, including dextral
and sinistal strike-slip faults of several directions
(with a magnitude of displacement between one
and several tens of metres) (Turki, 1977).
Barremian to possibly Albian sediments (hemi-
pelagic to shallow marine marlstone, limestone
and siltstone) cropping out at Djebel Serdj (Fig. 3)
have been studied by several authors over the
years (Pervinquiére, 1903; Burollet, 1956; Turki,
1975; Tlatli, 1980; Heldt et al., 2008; Lehmann
et al., 2009). These sediments belong to the
Hamada Formation, Serdj Formation and, possi-
bly, the Fahdene Formation (Tlatli, 1980; Heldt
et al., 2008). The Serdj Formation studied herein
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B >1200 m
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Fig. 2. Map of the Serdj area with locations of the
sections investigated.

is characterized by 600 m thick limestones (for
example, bioclastic and peloidal wackestone,
packstone, grainstones, oolitic grainstones and
coral framestones), marlstones and siltstones. The
upper boundary of the formation is characterized
by an emergence surface, reflecting the exposure
of the north-eastern part of the carbonate platform
probably in the Late Clansayesian (compare
Lithostratigraphy section above). The emergence
surface is overlain by limestone and marl-
stone, possibly of Lower and Middle Albian age
(Fahdene Formation; Tlatli, 1980).

The facies of the Serdj Formation at Djebel
Serdj has been investigated by Tlatli (1980) and
dated as Middle Gargasian to Latest Clansayesian
by planktonic and benthonic foraminifera. Some
of the biostratigraphic markers used by this
author are rather vague and refer to outdated
regional zonal schemes, whereas others (plank-
tonic foraminifera and orbitolines) can still be
applied to date the sections (compare Biostrati-
graphy section below). Tlatli (1980) subdivided
the Serdj Formation into five calcareous units (S1
to S5) separated by silty and marly levels (T1 to
T4). Tlatli suggested that the deposits reflect
inner to outer ramp palaeoenvironments close to
the open marine domain of the Tunisian Trough
and described a trend to more shallow marine
environments upwards.

MATERIAL AND METHODS

This study is based on three sections (SN, SH and
BK; 575, 515 and 220 m, respectively) along
Djebel Serdj (Figs 2 and 3), together comprising
nearly the entire Serdj Formation. The uppermost
50 to 70 m of the formation was not recorded for
this study. All sections show low syn-sedimen-
tary and post-sedimentary tectonic overprint.
The detailed microfacies, biostratigraphy and
geochemical analyses presented in this study
were carried out on 319 samples. In sections SN
and BK, the microfacies samples were collected
mainly between 1 and 5 m apart, whereas section
SH was sampled at 5 to 10 m intervals. A total of
298 thin sections were prepared from indurated
samples (limey marlstone, limestone and silt-
stone). Twenty-one marlstone samples were
disaggregated in clay dispersion (Rewoquat) and
subsequently washed through sieves of 630, 100,
63 and 20 micron-screen. Microfacies composi-
tion and rounding of components were deter-
mined in thin sections and washed samples.
Depositional textures, relative abundances and
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Fig. 3. View from the north-west of
the sedimentary rocks of the Upper
Aptian Serdj Formation cropping
out in the central part of Djebel
Serdj. The encircled village on the
left is Dechret el Golea (for location
see Fig. 2). The white line marks
Section SN. The thickness of the
Serdj Formation is ca 550 to 600 m
in this area. The darker bandings
(vegetation covering) that trace the
bedding in the upper part of the
deposits correspond to softer sedi-
mentary rocks, including marlstones
and siltstones.

sorting of components were determined in thin
sections only. Field observations and the results
of the microscope analyses led to a division of the
successions into four facies zones (A to D), each
being subdivided into two to five microfacies
types. The palaeoenvironmental zonation of the
Tunisian platform margin was established by
adapting and modifying the division scheme for
homoclinal carbonate ramps as suggested in
Fligel (2004).

Stratigraphy is based on planktonic and ben-
thonic foraminifera (orbitolines) as well as §*°C
isotopes. Planktonic foraminifera were picked
from residues of washed material (60 to 100
specimens per sample). For taxonomic classifica-
tions, based mainly on shell texture and mor-
phology, refer to Premoli Silva & Sliter (2002).
The age of the observed zone is deduced from the
standard low-latitude zonal schemes of
Premoli Silva & Sliter (1999). For taxonomic
identification of the orbitolines, internal struc-
tures, especially the embryonic apparatus, were
analysed in the thin sections sensu Schroeder
(1975). The stratigraphic ranges of the species
were deduced from the compilation of Tethyan
ranges by Bachmann & Hirsch (2006). The taxon-
omy of the ammonite fauna collected during the
fieldwork is discussed extensively in Lehmann
et al. (2009).

Carbon isotope data, additionally used for
stratigraphy, has been obtained from 52 bulk rock
samples of section SN. These data were measured
in The Research Center Ocean Margins (Univer-
sity of Bremen) with a Finnigan MAT 251 mass

Tunisian carbonate platform 699

spectrometer (accuracy *0-079%,; Finnigan MAT
GmbH, Bremen, Germany).

STRATIGRAPHY

Biostratigraphy

Microfossils suitable for dating have been ob-
served in the lowermost and uppermost parts of
the sections only (Fig. 4). In one horizon of
section SN, recrystallized, moderately to well-
preserved planktonic foraminifera allowed the
determination of the Globigerinelloides algeri-
anus biozone. The deposits below and above
contain no or scarce planktonic foraminifera.
Following Premoli Silva & Sliter (1999), the
Globigerinelloides algerianus zone indicates the
Middle Gargasian. Tlatli (1980) described plank-
tonic foraminifera in several beds at Djebel Serdj
and identified the ranges of the G. ferrolensis zone
and G. algerianus zones, which were adopted for
the present study.

Orbitolina (Mesorbitolina) texana is observed in
most parts of all sections, but does not provide
additional stratigraphical information, due to its
long range (Late Aptian to Late Albian; Bachmann
& Hirsch, 2006). The occurrence of Orbitolina
(Mesorbitolina) subconcava in the uppermost
parts of sections SN and BK suggests a Latest
Clansayesian age. Following the range charts of
Bachmann & Hirsch (2006), this species appears
in the Latest Clansayesian and disappears in the
lowermost Cenomanian. Tlatli (1980) addition-
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Fig. 4. Section SN with facies zones, biostratigraphy and ¢'°C stratigraphy, occurrence of siltstones, sea-level
changes, palaeoenvironmental intervals and carbonate platform growth as proposed by Weissert et al., 1998 and
others (see text). For the location of the section, see Fig. 2. For the description of the lithology, compare Fig. 6. This
warming interval corresponds to the prominent mid-Late Aptian warming event (Weissert & Lini, 1991; F6llmi et al.,

1994; Weissert et al., 1998; Takashima et al., 2007).

ally described Orbitolina (Mesorbitolina) parva
from several horizons at Djebel Serdj. This spe-
cies ranges from the Late Aptian to Late Albian
and thus does not provide more detailed strati-
graphic information. Tethyan range charts of
Ovalveolina reicheli, occurring in the uppermost
parts of sections SH and BK, have not yet been
established. This species has been reported
from the Late Gargasian and Clansayesian of the
Tunisian carbonate platform (Masse & Thieuloy,
1979; Masse & Chiki-Aouimeur, 1982).

Few ammonites have been collected in the
investigated successions (Lehmann et al., 2009).
Parahoplites cf. nutfieldiensis probably indicates
the P. nutfieldiensis zone in the lower part of the
successions, which is in agreement with the
G. algerianus planktonic foraminiferal zone deter-

mined by Tlatli (1980; Figs 4 and 5). Parahoplites
laticostatus dates the lowermost part of the Serdj
Formation as Late Aptian, it is associated with an
undetermined cheloniceratid.

Chemostratigraphy

New 6'°C data support the Middle Gargasian to
Latest Clansayesian age of the investigated depos-
its deduced from the biostratigraphy (Figs 4 and
5). The 6'°C values of section SN (Fig. 4) range
between 2-9%, and 4-39%,. Stable values of ca 2 to
3%, are observed in the lowermost part of the
section (first 80 m). The overlying deposits (80 to
325 m) show fluctuations in §**C values between
-2-9%, and 3-19%, A positive excursion with
maximum values of ca 49, characterizes the
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deposits from 325 m onwards. In Fig. 5, the 6'°C-
curve is plotted against reference curves of the
Tethys, Atlantic and Pacific (Weissert et al., 1998;
Bralower et al., 1999; Jenkyns & Wilson, 1999).
These curves show positive '°C values of ca 2 to
49, in the G. ferrolensis to G. algerianus zone and
a long-lasting positive excursion (to values ca 3 to
49%,) starting in the G. algerianus zone or lower-
most part of the T. bejaouensis zone. The values
of section SN (320 to 800 m) are consistent with
the overall trends, but values fluctuate consider-
ably in the G. algerianus zone and in the
succeeding deposits (Fig. 5, 390 to 625 m). Min-
imum 6"°C values are up to 5%, lower than those
in the reference curves. Because of these fluctu-
ations, the onset of the prominent Late Aptian
positive excursion is hardly identifiable at Djebel
Serdj. Considering that the biostratigraphic data
indicate the Latest Clansayesian in the uppermost
part of section SN, it is suggested that the 6'°C
values of these deposits represent the termination
of the Late Aptian positive excursion close to the
Aptian/Albian boundary.

DEPOSITIONAL ENVIRONMENTS

Four facies zones (FZ A to D), which are sub-
divided into 12 microfacies types (MFT 1 to 12),

are distinguished on the basis of their main
components, textures, macrofossil and microfos-
sil associations, as well as lithological variations
observed in the outcrops. These facies zones
represent different depositional environments
and are clearly separated from each other. Fig-
ure 6 shows the distribution of the facies zones
and the microfacies types in the investigated
sections; their characteristics and environmental
interpretations are given in detail in Table 1.
Typical thin sections are illustrated in Figs 7 and
8. A palaeoenvironmental reconstruction with
characteristic biota/components is illustrated in
Fig. 9. The facies zones and microfacies types are:

Facies Zone A: Mid-ramp

Description

This 125 to 170 m thick unit is composed of grey
limestones (mostly bedded at decimetre to metre-
scale) and grey to brownish marlstones (Table 1,
Fig. 7A). The base of facies unit A is marked by a
vertical limestone cliff, 25 to 30 m high, which is
regarded as the base of the Serdj Formation
(Tlatli, 1980). Scarce macrofossils include bi-
valves, brachiopods, echinoids, nautiloids and
ammonites. Two microfacies types are distin-
guished: MFT 1 Bioclastic to peloidal wackestone
and packstone and MFT 2 Marlstone. The most
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Fig. 6. The

common components in thin sections are mud
peloids, fine-grained skeletal detritus and indis-
tinct small fragmented shells (mainly <1 mm).
Common completely preserved microfossils are
planktonic foraminifera, small benthonic forami-
nifera and ostracods. Further skeletal grains are
the remains of bivalves, echinoderms, worm
tubes and gastropods. Orbitolines occur in the
upper part of the facies zone, together with
miliolids, cortoids (skeletal remains with micritic
envelopes), bahamite peloids (small micritized
skeletal remains) and quartz grains. All compo-
nents are poorly to moderately sorted. Skeletal
fragments exhibit angular to sub-angular shapes.

Palaeoenvironmental interpretation

The fully marine macrofossil and microfossil
assemblages including common planktonic
organisms suggest open marine conditions. Sort-
ing and rounding of components suggest low
hydrodynamic energy. Shallow water compo-
nents (miliolids, cortoids and peloids) and
increasing detrital input in the upper part of FZ
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] palaeo-
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occurrences of facies zones and microfacies types in the sections investigated. For locations see Fig. 2.

A possibly suggest an upward shallowing. A
distal mid-ramp palaeoenvironment is assumed
for the lower part and a proximal mid-ramp
environment is assumed for the upper part of FZ
A. A mid-ramp setting is supported by Heldt et al.
(2008), describing the occurrence of tempestites
close below the base of the Serdj Formation.

Facies Zone B: Inner ramp/open marine

Description

Facies unit B is characterized by 25 to 50 m of
grey limestones and grey to brownish siltstones
(all bedded on a decimetre to metre-scale;
Table 1, Fig. 7B to E). Nodular bedding of lime-
stones is common. Few siltstone beds show cross-
bedding. Channels filled with siltstone are rare.
Common macrofossils are bivalves (especially
oysters), colonial corals (often decimetre-scale
in situ colonies or beds) and solitary corals. In
section SN only, colonial corals form a 25 to 30 m
thick prominent cliff (Fig. 10). Gastropods,
encrusting red algae and rudists (rarely in life
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Fig. 7. Microfacies of the Serdj Formation (Facies Zones A to C). The scale is 1 mm for all images. (A) Facies Zone A,
microfacies type 1. Bioclastic to peloidal wackestone and packstone. This thin section is dominated by mud peloids,
fine-grained skeletal detritus and small shell fragments. (B) Facies Zone B, microfacies type 3. Bioclastic to peloidal
wackestone and packstone. The thin section shows a high abundance of smaller shell fragments. (C) Facies Zone B,
microfacies type 4. Coral framestone. (D) Facies Zone B, microfacies type 5. Siltstone. The sample is rich in quartz
grains, mud peloids and shells. A larger agglutinating foraminifera is seen in the lower right. (E) Facies Zone B,
microfacies type 6. Orbitoline floatstone. The thin section also contains quartz grains, mud and bahamite peloids,
and small shells. (F) Facies Zone C, microfacies type 7. Bioclastic to oolitic grainstone. Nuclei of the ooids in this thin
section are quartz grains and shells.
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Fig. 8. Microfacies of the Serdj Formation (Facies Zones C and D). The scale is 1 mm for all images. (A) Facies Zone
C, microfacies type 8. Siltstone. Additional components are ooids and mud peloids. (B) Facies Zone D, microfacies
type 9. Bioclastic to peloidal wackestone and packstone. The thin section contains mud peloids, shell fragments and
several miliolids. (C) Facies Zone D, microfacies type 10. Bioclastic grainstone. This sample is dominated by shells
that are micritized almost completely (cortoids and bahamite peloids). (D) Facies Zone D, microfacies type 11. Coral
framestone. The skeletons of the colonial corals show a loss of internal structures due to recrystallization. (E) Facies
Zone D, microfacies type 12. Rudist bafflestone. (F) Facies Zone D, microfacies type 13. Mudstone. The thin section
contains fine-grained skeletal detritus.
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Fig. 9. Block diagram illustrating the Late Aptian palaeoenvironments in the Serdj region deduced from the
microfacies data.

Sedimenta
Lithology structures &4 Macrofossils

e ———

Ee

L1 1 1 1 [ 1 [ 1 I |1
L L L L1 1 1 1 |

<0

e
>

45 m

o
<

SR

i
K

868 § 8888

TR EVEVERVETE

s T I T ) A A
i
T

e e

e s e s s B

o s e i e
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position) are scarce within this facies zone. Four
microfacies types that often merge into each other
are distinguished: MFT 3 Bioclastic to peloidal
wackestone and packstone, MFT 4 Coral frame-
stone, MFT 5 Siltstone and MFT 6 Orbitoline
floatstone. Common components in this facies
zone are indistinct smaller sized fragmented
shells (mainly <2 mm, often with thin micritic
envelopes; cortoids), mud and bahamite peloids,
quartz grains, remains of bivalves, gastropods,
echinoderms and corals. Further skeletal grains
include fragments of encrusting red algae, bryo-
zoan colonies, worm tubes, rudists and green
algae. Common completely preserved micro-
fossils are small benthonic foraminifera (such as
miliolids), orbitolines, large agglutinating forami-
nifera and ostracods. Planktonic micro-organisms
(foraminifera, calcispheres of unknown origin)
occur only sporadically. The components are
poorly to moderately sorted. Shell fragments
and quartz grains exhibit angular to sub-rounded
shapes.

Palaeoenvironmental interpretation

The presence of shallow water platform biota/
components (corals, miliolids, cortoids and
peloids) and the scarceness of planktonic micro-
fossils indicate a shallow marine environment.
The present authors assume an open marine/
inner-ramp palaeoenvironment with a strong
detrital influx at times. The deposits were gener-
ated during low to intermediate water energy. The
light-dependence of the corals allows a maximum
water depth of a few tens of metres (Masse, 1992)

Fig. 11. Facies Zone C (high-energy shoals)

Tunisian carbonate platform 709

for the distal portions of the palaeoenvironment.
A similar platform community with in situ coral
colonies, rudists, orbitolines and miliolids has
been described by Vilas et al. (1995) from a
comparable outer platform setting of the upper
Barremian to Lower Aptian in SE Spain.

Facies Zone C: Inner ramp/high-energy shoals

Description

This facies zone consists of 35 to 115 m thick
commonly cross-bedded greyish limestones and
grey to brownish siltstones (bedded at decimetre
to metre-scale; Table 1, Figs 7F and 8A). Ripple
marks or channels (both microfacies types) are
observed at a few horizons (Fig. 11). Few silt-
stones show nodular bedding. Macrofossils are
represented by large bivalve shells (for example,
oysters) only. Two microfacies types are distin-
guished: MFT 7 Bioclastic to oolitic grainstone
and MFT 8 Siltstone. The microfacies types often
merge into each other. The most common com-
ponents observed in this facies zone are ooids,
quartz grains and shell fragments with highly
varying sizes (often with micritic envelopes and
cortoids). Common skeletal grains are the remains
of bivalves, gastropods, green algae (which be-
come abundant in several beds), echinoderms and
bryozoan colonies. Encrusting red algae, abraded
orbitolines, parts of large agglutinating foramini-
fera, small benthonic foraminifera and ostracods
are rare. Mud and bahamite peloids occur only
sporadically. The nuclei of the ooids include
skeletal grains, micritic carbonate grains and

characterized by the occurrence of cross-bedded grainstones (A) and siltstones, in which a few channels (B) filled by
both microfacies types are intercalated. The facies and sedimentary structures point to a shallow marine, agitated
environment which was influenced by wave action and/or tidal currents.

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 57, 695719
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quartz grains. The bioclasts are moderately to
well-sorted and rounded within both micro-
facies types. The quartz grains are angular to
sub-angular in shape.

Palaeoenvironmental interpretation

The ooids, microfossils and textures in combina-
tion with the sedimentary structures suggest
in situ deposition in an agitated, high-energy
shallow marine environment. The channels may
be related to tidal flows. Comparable deposits
usually are associated with shallow, high-energy
shoal/bank environments, strongly affected by
wave and/or current action (Burchette & Wright,
1992; Fliigel, 2004). Green algae suggest transport
from the platform interior.

Facies Zone D: Inner ramp/lagoon

Description

Facies zone D is represented by 85 to 125 m thick,
sometimes nodular bedded grey marly limestones
and limestones (bedded at decimetre to metre-
scale; Table 1, Fig. 8B to F). Common macrofos-
sils are bivalves, colonial corals (often in situ
colonies, maximum decimetre-scale; Fig. 12), ru-
dists (decimetre-scale in situ colonies or single
individuals), gastropods, echinoids and solitary
corals (often in growth position). Ammonites and
belemnites are rare (Lehmann et al., 2009). Five
microfacies types are distinguished: MFT 9 Bio-
clastic to peloidal wackestone and packstone,
MFT 10 Bioclastic grainstone, MFT 11 Coral
framestone, MFT 12 Rudist bafflestone and MFT
13 Mudstone. Common components within this

A LA ol A
" W : j 4 GRS O i &t

facies zone are fine-grained skeletal detritus (silt
to sand-size) and/or fragmented shells with
highly varying sizes (mostly <3 mm). Cortoids
and bahamite peloids are common. Other com-
mon skeletal fragments are the remains of echi-
noderms, bryozoan colonies, colonial corals,
solitary corals, rudists, gastropods and worm
tubes. Rare skeletal grains are fragments of red
and green algae, large agglutinating foraminifera,
planktonic foraminifera, and calcispheres of un-
known origin and sponge spicules. The latter
becomes abundant within the mudstones only.
Common completely preserved microfossils with-
in the facies zone are miliolids and other small
benthonic foraminifera, orbitolines, ostracods
and alveolinids. The components are poorly
sorted and show angular to rounded shapes. Thin
sections of the bioclastic grainstones only show
high abundances of well-rounded components
(reworked material of MFT 9).

Palaeoenvironmental interpretation

High abundance of shallow water platform com-
ponents (cortoids, bahamite peloids and milio-
lids), common in situ coral and rudist colonies,
and the scarceness of planktonic organisms,
indicate a shallow marine environment. A lagoo-
nal palaeoenvironment is suggested with maxi-
mum water depth of a few metres, which was
occasionally influenced by tidal currents and/or
wave action as indicated by the occurrence of
grainstones with strongly reworked components.
The mudstones might be related to a restricted
depositional palaeoenvironment or to deposition
in areas with calmer water.

Fig. 12. Facies Zone D. In situ rudist (A) and coral colonies (B) within FZ D (inner ramp/lagoon). The investigated
carbonate platform was colonized repeatedly by corals and rudists (FZ B and D) which points to nutrient-depleted water
conditions at times. The size of the loupe for scale in (A) is ca 6 cm, the visible part of the pencil in (B) is ca 9 cm.
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DISCUSSION

Biostratigraphy and carbon isotope
stratigraphy

Integrated biostratigraphy and chemostratigraphy
confirm a Middle Gargasian to Latest Clansaye-
sian age for the investigated deposits of the Serdj
Formation at Djebel Serdj as proposed by Tlatli
(1980). The planktonic foraminiferal zones
(G. ferrolensis, G. algerianus, this study and
Tlatli, 1980) in the lower parts of the investigated
sections indicate the Middle Gargasian. Consid-
ering the Latest Clansayesian age indicated by the
first occurrence of Orbitolina (Mesorbitolina)
subconcava in the uppermost deposits investi-
gated, it is assumed that the interval which is
devoid of biostratigraphic markers comprises the
Late Gargasian to Late Clansayesian (Fig. 4). This
time interval corresponds to a prominent global
warming event of ca 3 to 4 Myr, starting directly
after the G. algerianus planktonic foraminiferal
zone (Figs 4 and 5; Weissert & Lini, 1991; Weiss-
ert et al., 1998; Herrle & Mutterlose, 2003; Taka-
shima et al., 2007).

This biostratigraphic framework is generally
supported by the 6'°C stratigraphy. The overall
trends in 6'°C values are consistent with other
records worldwide, but the absolute values in the
interval between 390 and 625 m (Fig. 5) show
some irregular minima, which are up to 59, lower
than the rather stable values of ca 29, to 39%,
registered in other global sections (Weissert et al.,
1998; Bralower et al., 1999; Jenkyns & Wilson,
1999; Herrle et al., 2004). Most of the irregular
0"®C minima correspond to levels enriched in
siliciclastic material (Fig. 4), which might be
explained by '?C-enriched coastal freshwater
runoff coupled with terrigenous sedimentation
or a strong groundwater influence. Diagenetic
alterations could also have caused the anomalies.
Although carbon isotopes are fairly resistant to
most diagenetic processes related to deep burial,
subaerial or meteoric diagenesis can alter primary
0'3C isotope signals considerably (Brand & Veiz-
er, 1981; Moss & Tucker, 1995; Jian et al., 1997;
Heydari et al., 2001; Immenhauser et al., 2003).
Allan & Matthews (1982) demonstrated that
limestones beneath exposure surfaces are often
enriched in 6'*C by 2 to 4%, due to early meteoric
diagenesis above the water table, meteoric influx
and soil zone CO,. It is quite possible that some
exposure surfaces were not recorded during the
present fieldwork due to bad outcrop conditions,
especially at horizons with softer material such as
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siltstones. Tlatli (1980) described karstic features
and vadose silt from the Latest Gargasian (unit S3
of Tlatli, compare Fig. 4) of Djebel Bellouta, in
close proximity south-west of Djebel Serd;j.

Bathymetric changes

A third-order sea-level curve for the eastern Tuni-
sian shelf (Fig. 4) is established by using changes
in the depositional settings. The discussion is
focused on section SN, which shows the most
complete record and stands representatively for all
sections. In the first 290 m of this section, the
transition from a mid-ramp palaeoenvironment
(FZ A) to an inner ramp open marine and high-
energy shoal setting (FZ B and C) indicates a
continuous shallowing of the sea. The reoccur-
rence of these facies zones suggests a short-lived
deepening between 290 to 385 m and subsequent
shallowing. Further shallowing of the sea is
indicated by the occurrence of the lagoonal facies
at 460 m (FZ D). The sea-level curve for the eastern
Tunisian shelf correlates roughly with the global
curve of Haq et al. (1988) (Fig. 4). Both curves
reflect the prominent eustatic sea-level rise during
the Late Aptian warming event. The onset of this
sea-level rise is somewhat later in the Serdj curve.
This eustatic sea-level rise, which is also reflected
in some regional curves (for a compilation of
Aptian regional sea-level curves, see Lehmann
et al., 2000), is thought to have caused the drown-
ing of eutrophic mid-Late Aptian carbonate plat-
forms in the sub-tropical realm (Follmi et al.,
1994; Weissert et al., 1998). However, the herein
presented sea-level curve is not in agreement with
the curve of Haq ef al. (1988) in the Latest Clan-
sayesian (385 to 535 m), when the investigated
area was severely affected by tectonic uplift (see
Lithostratigraphy and Geological setting of the
studied area sections above). Shorter-term sea-
level variations than those described above, which
are reported from several other coeval carbonate
platforms (Grétsch et al., 1993; Rosales, 1999;
Immenhauser et al., 2001; Yilmaz et al., 2004),
are not reflected in the deposits investigated.
These variations probably were outcompeted by
the extraordinarily high subsidence rate in north/
central Tunisia during the Late Aptian.

Palaeoecology and palaeoclimate of the
Tunisian platform margin during the Late
Aptian

The microfacies analyses in combination with
field observations provide information on the

© 2009 The Authors. Journal compilation © 2009 International Association of Sedimentologists, Sedimentology, 57, 695719



712 M. Heldt et al.

Late Aptian palaeoenvironmental evolution of the
eastern Tunisian carbonate platform edge.
Although Tlatli (1980) interpreted the deposits
of the Serdj Formation as outer-ramp to inner-
ramp deposits, these new data suggest deposition
in mid-ramp to inner-ramp palaeoenvironments.
The sedimentological analyses suggest a simulta-
neous evolution of the palaeoenvironments in the
investigated area. Lateral differences within these
palaeoenvironments are small and are reflected in
varying abundances of the microfacies types
(Fig. 6). This study subdivides the Late Aptian
palaeoenvironmental evolution into three inter-
vals (Fig. 4): a pre-warming interval, a warming
interval and a post-warming interval. The warm-
ing interval corresponds to the prominent mid-
Late Aptian warming event identified by several
authors (Fig. 5; Weissert & Lini, 1991; Fo6llmi
et al., 1994; Herrle & Mutterlose, 2003; Takashima
et al., 2007). All three intervals are discussed
below with respect to the local sedimentary
expression of the prominent warming interval.

Pre-warming interval (Facies Zone A)

The lowermost parts of sections SN and SH,
which are thought to represent the pre-warming
interval (Early to Middle Gargasian), are charac-
terized by limestones (bioclastic to peloidal
wackestone and packstones) and marlstones of a
mid-ramp palaeoenvironment (Fig. 6; FZ A). The
biotic assemblage is dominated mainly by plank-
tonic and small benthonic foraminifera. The
occurrence of shallow water platform compo-
nents in the upper part of FZ A probably indicates
the transition from the mid-ramp settings to the
shallow-marine, inner-ramp palaeoenvironments
(FZ B to D). The biotic assemblage of FZ A does
not provide detailed information on ecological
conditions on the platform due to a general lack
of significant fossils.

Warming interval (Facies Zones B and C)

The warming interval (Late Gargasian to Late
Clansayesian) comprises FZ B and C and is
characterized by limestones, siliciclastic-rich
limestones and siltstones that are interpreted as
inner ramp/open marine (FZ B) and inner ramp/
high-energy shoal deposits (FZ C).

The deposits of FZ B (bioclastic to peloidal
wackestones and packstones, coral framestones,
orbitoline floatstones and siltstones) provided a
diverse platform biota, including in situ colonial
and solitary corals, bivalves, gastropods, ben-
thonic foraminifera (such as miliolids and orbit-
olines) and the remains of several other

organisms. Carbonate platforms extensively colo-
nized by corals are generally referred to nutrient-
depleted water conditions (Hallock & Schlager,
1986; Wood, 1993; Kiessling et al., 2003). How-
ever, some horizons within this facies zone are
dominated by siltstones or quartz-rich orbitoline
floatstones. The mass occurrence of orbitolines
has sometimes been related to elevated nutrient
levels (Bachmann & Hirsch, 2006; Burla et al.,
2008), which often accompany increased terri-
genous sedimentation.

The deposits of FZ C (quartz-rich oolitic to
bioclastic grainstones and siltstones) are entirely
devoid of oligotrophic indicators, such as corals
and rudists, which could be also related to
elevated nutrient levels. These deposits contain
fragments of bivalves, gastropods, echinoderms
and other organisms, as well as a high abundance
of macro-green algal fragments in several beds. In
recent mixed carbonate-siliciclastic settings or in
environments under terrigenous influence,
benthonic macro-green algae (such as Halimeda)
play a significant role (Mutti & Hallock, 2003).
These algae are less susceptible to environ-
mental stresses, such as nutrients, turbidity and
sedimentation rate, than most other platform
organisms (Gussmann & Smith, 2002; Vecsei,
2003).

It is suggested here that the pronounced
increase in siliciclastics during the warming
interval, which might originate from weathering
on the Saharan Platform and/or Kasserine Island
(Fig. 1), could reflect a pluvial interval with
increased coastal runoff on the Tunisian shelf.
According to Weissert (1990) and Wortmann
et al. (2004), intensified greenhouse conditions,
accelerated water cycling and increased coastal
runoff were the main trigger of widespread silici-
clastic deposition on the shelves in the Tethyan-
Atlantic seaway during the mid-Late Aptian. A
facies change towards more terrestrial-influenced
sedimentation and a decline in abundance of
corals has also been reported from other parts of
the Tunisian platform margin, which points to a
platform-wide event (Tandia, 2001).

Post-warming interval (Facies Zone D)

The deposits of FZ D are thought to represent the
post-warming interval (Latest Clansayesian).
These sediments are characterized by limestones
(bioclastic to peloidal wackestones, packstones
and grainstones, coral framestones, rudist
bafflestones and mudstones) which contain a
diverse platform biota, including in situ colonial
and solitary corals, in situ rudists, bivalves,
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gastropods, benthonic foraminifera (such as mil-
iolids and orbitolines) and the remains of several
other organisms. This assemblage points to
favourable growth conditions on the eastern
Tunisian carbonate platform edge under nutri-
ent-depleted water conditions.

Palaeoecological changes on carbonate
platforms during the mid-Late Aptian

Widespread carbonate platform drowning in
the Tethyan and Atlantic realms?

The pronounced increase in terrigenous influx
and decline in abundance of oligotrophic biota on
the Tunisian shelf during the mid-Late Aptian are
in accordance with an episode of intensified
greenhouse conditions, increased coastal runoff
and elevated nutrient transfer rates through rivers
as suggested by several authors (Fries et al., 1984;
Follmi et al., 1994; Weissert et al., 1998; Wort-
mann et al., 2004). However, in contrast to some
sub-tropical carbonate platforms on the northern
Tethys margin or in the Gulf of Mexico (locations
1 to 3 in Fig. 13; Follmi et al., 1994; Weissert
et al., 1998; Lehmann et al., 2000; Follmi &
Gainon, 2008), the Tunisian carbonate platform
was not affected by drowning.
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Following a hypothesis developed in the 1990s,
it is argued that river-influenced sub-tropical/
tropical platforms in the circum-Tethyan and
Atlantic realms were synchronously affected by
drowning during the mid-Late Aptian (F6llmi
et al., 1994; Weissert et al., 1998). It has been
further suggested that platforms beyond the reach
of detrital sediments and nutrients (such as the
isolated Apulia or Gavroro platforms of the
southern Tethys realm; locations 10 to 12 in
Fig. 13; Ferreri et al., 1997; Grotsch et al., 1998;
Yilmaz et al., 2004) were not affected by these
drowning events. However, the hypothesis of
widespread carbonate platform drowning along
river-influenced coasts is confirmed for some
areas of the sub-tropical northern Tethys realm
and Gulf of Mexico only. The assumption that
river-influenced carbonate platforms of lower
latitudes also drowned during the mid-Late
Aptian was based on the observation that several
coeval tropical shelves were affected by increased
siliciclastic influx, which should have been
accompanied by heavy nutrient loads similar to
some sub-tropical regions (Weissert, 1990; F6llmi
et al., 1994; Weissert et al., 1998). In contrast, the
results from the Tunisian carbonate platform
(location 15 in Fig. 13) and comparison with
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Fig. 13. The spatial distribution of drowned and not drowned carbonate platforms during the mid-Late Aptian. The
stippled line marks the boundary between the sub-tropical humid and sub-tropical/tropical arid climate belts. Sub-
tropical carbonate platforms (>23-5° N): 1 to 9, tropical platforms: 10 to 17. Black circles indicate carbonate platform
drowning in the sub-tropical realm (1 — Northern rim Gulf of Mexico, 2 — Cupido Platform, 3 — Helvetic region). The
grey circle indicates an uncertain age determination of drowning (4 — Pontide Platform). White circles mark platforms
unaffected by drowning during the mid-Late Aptian (5 — Castro Uridales Platform, 6 — Aquitaine-Pyrénées region, 7 —
Japanese Islands platforms, 8 — Jumilla region, 9 — Alicante Platform, 10 — Apulia Platform, 11 — Gavroro Platform, 12
— Tauride Platform, 13 — Maracaibo Platform, 14 — Sergipe region, 15 — Central Tunisian Platform, 16 — Levant
Platform, 17 — Arabian Platform). For full references see text. Climate zones after Chumakov et al. (1995). Palaeo-

geographic map: http://www.odsn.de
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publications on time-equivalent carbonate plat-
forms of the tropical continental margins (loca-
tions 13 to 17 in Fig. 13; Masse & Thieuloy, 1979;
Martinez & Hernandez, 1992; Koutsoukos et al.,
1993; Vahrenkamp et al., 1993; Masse et al,
1997; Bachmann & Hirsch, 2006) point to an
absence of widespread platform drowning within
lower latitudes during the mid-Late Aptian.

Non-drowning in the tropical realm

The absence of widespread platform drowning in
the tropical realm during the mid-Late Aptian
raises questions concerning the factors promoting
platform growth during a time of strongly in-
creased coastal runoff (Weissert, 1990; Weissert
et al., 1998; Wortmann et al., 2004; present
study). The tropical carbonate platforms were
located within the broad arid climate belt of
Chumakov et al. (1995) (Fig. 13) during that time,
an observation documented by numerous inves-
tigations on terrestrial sediments and the wide-
spread occurrences of evaporites on the African
and American continental margins (Chumakov
et al., 1995; Ziegler et al., 2003; Chaabani &
Razgallah, 2006). A tropical, equatorial humid
climate belt probably was absent (Russell &
Paesler, 2003; Skelton, 2003). Studies on terres-
trial sediments in North Africa suggest steppe-
like landscapes and semi-arid climate conditions
for the Aptian (Schrank, 1991; Abdel-Kireem
et al., 1996; Russell & Paesler, 2003; Ziegler et al.,
2003). Arid to semi-arid climates are the most
favourable situation for carbonate platforms and
reefs (Leinfelder, 1997; Voigt et al., 1999; Tucker,
2003). Clastic sediments delivered by rivers
under these climate conditions are almost barren
of fine clay particles and poor in nutrients so that
the parts of the carbonate platforms that are
bypassed by coarser-grained terrigenous material
are not, or are only moderately, affected by
environmental changes and covered portions are
able to rebuild rapidly (Leinfelder, 1997; Wilson
& Lokier, 2002). Some elevated bioconstructions
may even persist within areas of increased terrig-
enous sedimentation. A classic recent example is
the Red Sea reefs which grow directly within a
siliciclastic setting (Leinfelder, 1997). Further-
more, arid coastal systems are characterized by an
anti-estuarine circulation pattern, which gener-
ally promotes favourable nutrient-depleted water
conditions (Hay, 1995; Voigt et al., 1999).

It is suggested that the observed increase in
siliciclastics on the Tunisian shelf and in other
parts of the tropical arid realm (Weissert, 1990)
during the mid-Late Aptian might have been

related to accelerated water cycling coupled with
coarser-grained terrigenous coastal sedimenta-
tion possibly by semi-perennial or ephemeral
rivers. The increased runoff was accompanied
by low or moderate nutrient concentrations,
which allowed the carbonate platforms to
survive or rebuild rapidly and thus keep pace
with the eustatic sea-level rise of the mid-Late
Aptian.

Drowning and non-drowning in the sub-
tropical realm

Carbonate platforms of the sub-tropical continen-
tal margins that were affected by drowning during
the mid-Late Aptian (Gulf of Mexico and Helvetic
region of the northern Tethys margin; locations 1
to 3 in Fig. 13) were located in the warm humid
climate belt of Chumakov et al. (1995) or on the
northern edge of the hot arid climate belt dis-
cussed before. The global warming proposed for
the mid-Late Aptian might have resulted in a
widening of areas of intense humidity in the sub-
tropical realm, which then affected some carbon-
ate platforms by riverine input. In contrast to arid
regions, terrigenous influx in humid areas is
rather persistent and generally is accompanied
by fine clay particles, nutrient and freshwater
influx (Hallock & Schlager, 1986; Wood, 1993;
Wilson & Lokier, 2002). The accelerated water
cycle and increased coastal runoff proposed for
the mid-Late Aptian probably resulted in a strong
deterioration of the environmental conditions for
the above-mentioned carbonate platforms, espe-
cially due to elevated river nutrient loads as
suggested by Follmi ef al. (1994) and Weissert
et al. (1998). Most platforms that drowned during
the mid-Late Aptian were located close to their
northern latitudinal limit, where platforms are
very sensitive and easy to destabilize.

However, several sub-tropical carbonate plat-
forms around the boundary between the humid
and arid climate belts did not drown during the
mid-Late Aptian (locations 5 to 9 in Fig. 13;
Arnaud-Vanneau et al., 1979; Masse, 1995; Ruiz-
Ortiz & Castro, 1998; Rosales, 1999; Fenerci-
Masse et al.,, 2006; Takashima et al., 2007),
although some of them were affected by increased
coarser-grained terrigenous input during that
time (Arnaud-Vanneau et al., 1979; Fries et al.,
1984; Weissert, 1990; Wortmann et al.,, 2004).
These carbonate platforms probably were at-
tached to areas of lower humidity or areas with
some degree of aridity and thus less affected by
riverine nutrient loads. Aridity in some areas of
the northern Tethys margin could be indicated by
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the common occurrence of mixed carbonate and
siliciclastic successions (Masse et al., 2002; Fen-
erci-Masse et al., 2006).

Comparison with the late Early Aptian
Oceanic Anoxic Event 1a

Tropical carbonate platforms were probably gen-
erally less affected by ecological changes during
the warming intervals of the Aptian. Another
example is the late Early Aptian Oceanic Anoxic
Event 1a (OAE 1a), which is also associated with
intensified greenhouse conditions, increased terri-
genous runoff and shallow marine eutrophication
(Caldeira & Rampino, 1991; Bralower et al., 1994;
Jones & Jenkyns, 2001). Although several eutro-
phic platforms on the sub-tropical continental
margins drowned during this event (Yilmaz et al.,
2004; Wilmsen, 2005; Castro et al., 2006; Follmi
et al., 2006), those on the tropical continental
margins were characterized by intact carbonate
production factories probably under mesotrophic
water conditions (Vahrenkamp et al., 1993; Pittet
et al.,, 2002; Immenhauser et al., 2005; Thiele-
mann, 2006; Heldt et al., 2008). It is suggested
here that aridity and thus comparably low nutri-
ent runoff were also the most important reasons
for more favourable growth conditions within
lower latitudes during this event.

However, factors other than climate certainly
also influenced the observed spatial distribution
of drowned and undrowned platforms during the
warming events of the Aptian. Platform drowning
might have been supported regionally by strong
tectonic subsidence (Schlager, 1981) or intensi-
fied coastal upwelling (Follmi et al., 2006),
whereas tectonic uplift could have promoted
platform growth in other places. Some platforms
might have been sheltered from terrigenous input
by structural and sedimentary traps or longshore
currents (Leinfelder, 1997). Other platforms were
not connected to river delta systems or situated
far off the coast beyond the reach of riverine
input. Increased terrigenous input on carbonate
platforms could also have been regionally related
to changing tectonic activities in the hinterlands.
However, Weissert (1990) and Wortmann et al.
(2004) provided good evidence that increased
terrigenous influx on the shallow marine Tethyan
and Atlantic shelves during the Aptian was
triggered predominantly by climate (for example,
indicated by the specific petrological composition
of siliciclastic accumulations and their synchro-
nous occurrence on shelves with different palaeo-
tectonic settings).
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CONCLUSIONS

The Upper Aptian (Middle Gargasian to Upper
Clansayesian) deposits of the Serdj Formation at
Djebel Serdj have provided an excellent oppor-
tunity to study the palaeoenvironmental evolu-
tion of a tropical southern Tethys carbonate
platform margin and to investigate its response
to temporarily intensified greenhouse conditions
related to the mid-Late Aptian warming event.
The successions consist of limestones, marl-
stones and siltstones, suggesting deposition
within mid-ramp and inner-ramp palaeoenviron-
ments. The deposits provided a diverse platform
biota, consisting of colonial corals, rudists, gas-
tropods, bivalves, benthonic foraminifera, green
algae, red algae and other organisms typical for
warm-water carbonate platforms of this time
interval.

Integrated biostratigraphy and chemostrati-
graphy has allowed identification of a prominent
Late Aptian warming event. This 3 to 4 Myr
global warming episode is associated with
increased terrigenous influx on the sub-tropical/
tropical shelves and river-induced nutrification.
This hypothesis is confirmed in the investigated
area by a pronounced increase in siliciclastics
during the event and changes in the biotic
associations (for example, mass occurrences of
orbitolines and green algae, a decrease in the
abundance of oligotrophic biota). Some authors
proposed a synchronous drowning of river-influ-
enced sub-tropical/tropical carbonate platforms
for this time interval, which has not been proven
in the tropical realm. The results of this investi-
gation and a comparison with other tropical river-
influenced platforms suggest that none of them
drowned during the mid-Late Aptian. Carbonate
platforms in the tropics were also less affected by
ecological changes during other warming events
of the Aptian, for example, during the late Early
Aptian Oceanic Anoxic Event 1a. It is suggested
that the more favourable growth conditions for
platforms in the tropical realm during the Aptian
were related to the arid climate within lower
latitudes during that time, which promoted plat-
form growth due to comparably low nutrient
runoff. In contrast, the sub-tropical platforms that
were repeatedly affected by drowning during the
Aptian were situated in or close to a sub-tropical
humid climate zone, which promoted heavily
eutrophic shallow marine waters. Additionally,
these platforms were located close to the northern
latitudinal limit for carbonate platforms and thus
were easier to destabilize.
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