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Abstract

Facies analysis and sequence stratigraphic interpretation of the Upper Cretaceous-lower Paleocene
succession cropping out in the Gafsa Basin provide new information on sediment cyclicity and paleoclimatic
conditions. Mixed carbonate-siliciclastic deposits of the Haria Formation show six principal facies that were
deposited in a shallow marine environments; these are summarized as a homoclinal ramp model formed
during a humid climate in the late Cretaceous followed by a cooler and dry climate in the early Paleocene. The
mixed (carbonate and siliciclastic) deposits of the Haria Formation are grouped into six facies associations.
Carbonate facies described for the first time in the Haria Formation are considered as a new facies in
this formation represented by channel deposits and lumachellic limestones. Four depositional zones are
recognized on the Haria ramp: 1) Basinal, outer ramp (deep circatidal associations); 2) Mid ramp (infratidal
to subtidal associations); 3) Inner ramp (intertidal to supratidal associations); 4) Lagoon facies associations.
The mineralogical assemblages are generally indicative of a hot and humid climate with contrasting seasonal
change during the late Cretaceous showing the predominance of smectite, illite and kaolinite as main clay
minerals associated with calcite, quartz and dolomite, then becoming colder and dry at the beginning of
the Cenozoic characterized by a significant increase in kaolinite and illite to the detriment of smectite. Nine
stratigraphic units are interpreted as depositional sequences showing retrogradational (lowstand systems
tract), aggradational (transgressive systems tract) and progradational (highstand systems tract) packages
of facies associations. These depositional sequences were individually controlled by small-scale relative
sea-level cycles. Changes in stacking patterns (cycle thickness, cycle type, and facies proportion) allowed for
reconstruction of long-term sea level trends.
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Introduction chemostratigraphy and climate [7-10] and

highlighted the economic value of phosphorites,
clay, and oil [11-13]. During Late Cretaceous-
Paleocene, shallow marine and subsiding platforms
surrounded the Kasserine Island and a deep marine
environment formed to the north [14]. While the

Many detailed studies dealing with long-term
climate, sedimentological and sea-level change
during the Late Cretaceous-Paleocene, which was
generally assumed to have been equally warm [1-6].
Previous works has focused on paleoenvironments,
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Upper Cretaceous-Lower Paleocene stratigraphic
interval investigated in northern Tunisia contains
the strato-type of the Cretaceous- Paleogene (K-P
boundary) within the Kef and Elles sections [15-
17] and is well studied. The Upper Cretaceous
and Lower Paleocene stratigraphy in the southern
part of Tunisia is poorly studied understood.
Previous studies focused on chronostratigraphy
and clay mineralogy [17], but lacked a detailed
understanding of Depositional environments and
their relationship to sea level changes [7,18-21]. For
this study, the Upper Cretaceous-Lower Paleocene

deposits cropping out in Tunisia were investigated
as a promising target of phosphorite and petrol
exploitation, especially in the north of Tunisia.
The aim of this study is to place Upper Cretaceous
to Lower Paleocene deposits, into a sequence
stratigraphic framework and define depositional
environments in order to infer climatic conditions
during this time interval.

Geological setting

The Mides area, which is part of the Western
Gafsa Basin, located in Southern Tunisia at
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Figure 1: Location maps of the study area. (a) Simplified geologic map of Tunisia showing the location of
the Gafsa Basin. (b) Simplified geological map of the Gafsa basin showing the location of Tamerza [22]. (c)
Geological map of the Tamerza area showing the location of the measured section (extracted from geological
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Figure 2: Lithostratigraphic nomenclature of the Thanetian - Bartonianstratigraphic interval in South-Central
Tunisia. Modified from [24].
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Figure 3: Symbols used in this present paper.
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34°24'8.78"N; 7°55'49.19"E (Figure 1). This zone
constitutes the western closure of the Gafsa chain.
The Gafsa Basin belongs to the Southern Tunisian
Atlas domain that extends from the Gulf of Gabes
to the Algerian border towards the West (Figure
1). It is characterized by NE-SW and E-W trending
folds and NW-SE trending thrusts that form the
Metlaoui-Gafsa belt and the Chotts belt [23]. The
studied area is delimited by several E-W structural
lineaments: The Alima belts to the Eastern part, the
Jebel Bliji the south and southwestern, respectively
and by the Algerian borderin the north and Western
part. These structural lineaments mainly consist of
asymmetric southeast-plunging anticlines cored by
Late Cretaceous series rocks [11,12,23]. This area is
affected by several NW-SE and E-W trending faults.

In the Mides area, the stratigraphic series
including Upper Cretaceous to Quaternary (Figure
2). The studied series correspond to the Haria
Formation is overlain by the Upper Paleocene
Thelja Formation and covers the Late cretaceous
Abiod Formation [7-10] (Figure 3).

Lithostratigraphy

In the study area the Haria Formation, is referred
to upper Maastrichtian-Danian interval [17,25,26].
Based on lithological criteria four informal units can
be distinguished within the succession HO, H1, H2,
and H3 (Figure 4a and Figure 4b).

Unit HO: This unit (7 m thick) is formed by marls,
phosphatesandlumachelliclimestones surmounted
by a centimeter of fibrous gypsum level. The middle
part of this unit is constituted by a marlycom be
containing a few phosphates (Figure 4b). The upper
part consists of two levels: Lumachellic marls rich in
well preserved ostria surmounted by a lumachellic
level rich in lumachellic debris. Towards the top a
reddish surface is observed which corresponds to
an emersion surface (Figure 5).

Unit H1: This unit is 55 m thick. It consists of a
green-brown marls with glauconitic levels of (40
cm) in the middle part (Figure 6).

Unit H: This unit (28 m) is formed by gray-brown
marls with intercalations marly limestone ranging
from centimetric decametric levels. Towards the
top of this unit limestones become micritic. These
alternations are organized in thinning up sequences
in the middle part and thicking up towards the top
of this unit (Figure 7).

UnitH3: This unit (9-20 m) is made of alternations
of micritic limestone, lumachellic limestone
fossilizing channels and marl (Figure 7).

Materials and Methods

The studied stratigraphic interval includes the
Haria Formation, the overlying upper Paleocene
Thelja Formation, and underling Upper Cretaceous
Abiod Formation [14] (Figure 2). Sedimentological
analysis of the Haria Formation is based on 235
samples collected from outcrops 100 m thick.
Samples were collected bed by bed (based on
facies change) in order to develop a sequence
stratigraphic  framework using depositional
environments and age control. Friable materials
were washed after treatment with H,0, and sieved
into three size fractions (500 um, 250 um and 63
pum). Foraminifera and ostracods were picked and
identified using an Optika stereomicroscope. Thin-
sections of limestone beds were studied on under
Leitz Wetzlar Germany a petrographic microscope
and allochem percentages were calculated
regarding the whole rock (Figure 3). The carbonate
classification follows the scheme of Dunham [27]
and Folk [28] microfacies analysis was based on the
Wilson [22] and Flugel [29] classification system.
Facies were identified and recorded using these
classification scheme, interpretation of paleo-
depositional environments were based on facies in
compilation with detailed stratigraphic studies.

Mineralogical analysis of the collected clayey
samples was determined using X-ray diffraction
(XRD). Clayey samples (40 samples) were analyzed
in the Civil Engineering department at the National
Engineering School of Sfax (ENIS). The clay fraction
were identified by their clay mineral composition
following the method described by [30] and semi-
guantitative analysis was based on the method
adopted by [31]. The X-Ray diffractograms were
obtained using a Philips X-ray diffractometer with
Cu-Ka radiation, 45 kV and 35 mA.

Results and Interpretation
Facies analysis

Based on field observation coupled with
microscopic observations of thin sections, several
types of facies can be distinguished in the Haria
Formation:

The unitHO (7mthick) consists of marl, phosphate
and lumachellic limestone beds overlain by a
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Figure 4: (a) Field view of the studied section, (b) Facies of the upper part of unit 1.

centimeter thick beds of fibrous gypsum (Figure 5).
Unit H1 is 55m thick. It consists of a green-brown
marls with glauconitic beds (up to 40 cm thick) in
the middle part (Figure 6). Unit H2 (28m thick) is
formed by gray-brown marls with intercalations

of clayey limestones few centimeters to tens of
centimeters thick (Figure 7). Unit H3 (9-20m thick)
is made of alternations of micritic limestone,
lumachellic limestone fossilizing channels deposits
and marl (Figure 7).
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Figure 5: Representative stratigraphic section showing sedimentological characteristics, microfacies and the
hierarchical arrangement of the different systems tracts and depositional sequences of unit HO of the Haria
Formation.
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Figure 6: Representative stratigraphic section showing sedimentological characteristics, microfacies and the
hierarchical arrangement of the different systems tracts and depositional sequences of unit H1 of the Haria
Formation.
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Figure 7: Representative stratigraphic section showing sedimentological characteristics, microfacies and the
hierarchical arrangement of the different system tracts and depositional sequences of units SH6, SH7, SH8 and
SH9 of the Haria Formation.

Marls facies (F1) Marls with planktonic foraminifers (F1-a):
This sub-facies is observed in units H1 and H2. It
is represented in the field by light, gray to dark
marls. The washing analysis of this level shows the
presence of Globotruncana, Globigerina, Hetrohelix,
and Textelaria associated with ostracods and
radiolarians. The faunistic association in the marl

The washing and sorting of the green to gray
colored marlsyielded arichassociation of planktonic
and benthic for a minifers, and ostracods (Figure
8a and Figure 8b). Different sub-facies have been
identified:
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deposits suggests an offshore environment.

Marl with benthic foraminiferas (F1-b): This
sub-facies is defined in all units with variable faunal
preponderances in terms of percentages of the
benthic fauna. This facies is represented in the field
by light gray clay. The washing refusal study shows
the presence of Rotalia and Nodosaria. Fauna

indicates this sub-facies was deposited in a lower
offshore environment.

Marls with ostracods (F1-c): This sub-facies
is observed in the upper part of unit H2 and in
the middle part of the H3. Investigation at these
levels shows the presence of non-smooth and
undiversified ostracods. The fauna association, the

Figure 8: Distribution and features of facies. (a) and (b) Field view of the Facies (F1) and (F2) represented by
marls of unit 1; (c) alternates facies of nodular limestones and marls of unit 3 (d) lumachellic marls of facies
(f1); (e) microfacies composition of the lumachellic marls showing packstone texture rich in broken coquina (f)
microfacies composition of the nodular beds showing wackestone texture rich in benthic foraminifera.
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good conservation of the fauna, and the presence
of bioturbation suggest a lagoon environment.

Azoic marls (F1-d): This sub-facies is observed in
the unit H3. It consists of thin bedded marl. The lack
of microfauna suggests a sheltered environment
unfavorable to the development of biomass. These
levels are sometimes bioturbated and can therefore
be classified with lagoon facies.

Marls rich in phosphates and glauconites (F1-
e): This sub-facies is observed in the middle part of
unit H1. It is represented in outcrop by centimeter
intervals, with greenish colors. The wash refusal
analysis shows the presence of glauconite and
phosphate associated with mixed benthic and
planktonic foraminifera. The faunistic association
suggests an offshore environment under relatively
confined conditions.

Limestones facies (F2)

Limestones with benthic foraminifers (F2-a):
This sub-facies characterizes the carbonate levels
of unit H2. Microscopic analysis shows packstone
wackestone limestone with benthic foraminifera
and rare ostracods (Figure 8c). The faunistic
association and the texture indicate an intertidal to
subtidal environment.

Limestones with planktonic foraminiferas (F2-
b): This sub-facies characterizes the lower part
of the H1 unit. It corresponds to wackestone-
packstone limestonesrichin planktonic foraminifers
represented by Globegerina, Globorotalia and
Heterohelix associated with phosphates and
glauconites. The faunistic association suggests a
lower offshore, evolving under sub-oxic conditions.
The presence of packstone limestone suggests
episodes of high hydrodynamic energy.

Nodular limestones (F2-c): This sub-facies
is observed in the upper part of units H2 and H3
representing levels with nodular fabric occurring at
the boundary between Haria and Thelja Formation
(Figure 8d). Micro-petrographic analysis show
mudstones textures with rare benthic foraminifera
and rareostracods (Figure 8e and Figure 8f). This
facies was deposited in an intertidal environment.

Azoic limestone (F2-d)

This sub-facies characterizes the carbonate
intervals in the upper part of unit H2. Microscopic
analysis shows mudstones textures, and is
interpreted as a lagoonal environment.

Micritic limestones (F2-e): This sub-facies has
been identified in unit H2. It is represented by
micritic limestone beds interspersed within the
marls. Itis characterized by a mudstone wackestone
texture with benthic foraminifera, rare ostracods
and bivalve debris. This microfacies indicates an
inner offshore environment.

Lumachellic limestones (F2-f): This sub-facies is
observedin unitsHOand H3. These are dm to m thick
intervals. Microscopic analysis shows packstone
textures rich in gastropods and bivalves associated
with planktonic and benthic foraminifera, and
echinoderms (Figure 9a and Figure 9b). The
faunistic association and the good preservation of
the shells suggests low hydrodynamic energy in an
offshore environment.

Limachellic and oolitic limestones (F2-g): This
sub-facies is observed in unit H3 and appears as a
lateral equivalent of the channel facies observed
at the top of unit H3. Microscopic analysis shows
grainstone textures rich in oolites and benthic
foraminifera associated with a few phosphates
(Figure 9c). The combination of allochems and
texture is indicative of a shore face environment.

Slumped in limestone (F2-h): This sub-facies
is observed in unit H2 and is identified by their
geometries and meter scale sizes. Microscopic
analysis shows textures ranging from mudstones
to packstone, with lithoclasts, poorly preserved
shells associated with benthic and planktonic
foraminifera, and ostracods (Figure 9d and Figure
9e). The slumps or synsedimentary slips testify
to the creation of slope, thus of the deformation
or the tilting of the substratum. The study of
slumps in sediments with comparable lithology
provides qualitative information on the extent
of the deformed zones and the gradient of the
created slopes. However, the extension of these
structures and the thickness of the sediments
involved depends mainly on the rheology of the
latter, therefore their stage of diagenetic evolution
at the time of deformation [32]. However slumped
limestone is considered as an offshore deposits.

Tidal Channel facies (F3)

This facies characterizes unit H3. These deposits
contain erosive bottom and, concave tops, and can
reach lateral dimensions (up to several meters).
The top of the channel fill is characterized by a
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Figure 9: Distribution and features of limestones facies. (a) Field view of lumachellic limmestones; (b) Microfacies
of the lumachellic limestones showing packstones rich in bivalves associated with rare benthic foraminifera;
(c) Microfacies of the lumachellic limestones showing grainstone texture rich in broken shells. (d) Microfacies
of slumps in limestones lithologies showing the sharp contact of mudstone texture with packstone rich in
phosphates, associated to benthic foraminifera (e) Field view of slumps level.

complex architecture including the development of
tidal channels testifying higher energy depositional
conditions (Figure 10a). These oblique stratifications
are interpreted as the result of lateral accretion of
bars within sinuous tidal channels. These deposits
are overlain by a hardground. The initial channel
fill consists of grain stones rich in bivalves (erosive
bottom), whereas the bioclastic bars that are
deposited over the base of the channel fill consists
of gastropods and bivalves (no erosive bottom)
(Figure 10b). Benthic foraminifers at the base of the
channels suggest subaqueous drainage in an internal
platform domain by tidal currents (Figure 10c and
Figure 10d).

The channels are interpreted "tidal inlets"
intersecting the bioclastic littoral bars. That are
particularly active during transgressive cycles.
These bars form by littoral process (waves and tidal
currents) from eroding products of the fabrics flats
that develop in the back channel bars zone and on
the edges of the channels. These bars probably
plug channels in response to the demotion of the
barrier during sea level rise.

The lower part of the channel fill appears to
have been deposited under fluctuating conditions
of low and high energy during the rise of relative
sea level. The high-energy granular facies are
concentrated in the axial portion of the channel,

Messadi AM (2022) Sedimentology, Sequence Stratigraphy and Paleoclimate Implications of the Upper Cretaceous-Lower
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Figure 10: Characteristics of facies F2, F3, and F4. (a) lumachellic limestone in the unit 3 showing preserved
bivalves; (b) microfacies features show packstone texture rich in gastropods and bivalves; (c) channel facies:
(d) microphotograph showing wackestone texture rich in micritzed bivalves; (e) cherts; (f) microphotograph
of chert showing the presence of rare bioclastes in calcidony matrix; (g) hard ground; (h) microphotograph
showing the presence of micritic embedded lithoclastes associated with rare benthic foraminifera.
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which is the most energetic, whereas the well-
preserved contemporary shell facies are deposited
in the less energetic parts along the channel. The
accumulation of the thick well-preserved shell
reflects a decrease in energy as the accommodation
potential increases.

Cherts (F4)

This facies appears in the upper part of the
H3 unit. Micro petrographic analysis shows the
presence of the rare benthic foraminifers in a
chalcedony matrix. The faunistic association
indicates a subtidal environment (Figure 10e and
Figure 10f).

Hardground (F5)

This facies is identified in unit HO and is present
in many fine-grained types of sediment, especially

limestones, and display a red oxidized surface
(Figure 10g). Their shape depends on several
factors such as the rate of drying, exposure time
and bed thickness [33,34]. This facies contains
lithoclasts embedded in a micrite with sometimes
the presence of bivalve’s debris (Figure 10h).
According to Shinn, et al. [33], laminated carbonate
sludge deposited in the supratidal zone during
storms tend to become lithified. This process can
cause a series of closely spaced slits that discharge
this hardened sludge into a sedimentary breccia,
as these slits are subsequently filled with sediment
holding the lithoclasts in place [32-34]). In addition,
they indicate emersion pointing to a fall in sea level
[32].

Phosphates (F6)

This facies is observed in the lower part

Table 1: Relative abundances of the identified major's minerals in the Haria formation.

Formation Unit Carbonates minerals Clays minerals Associated minerals
Upper  Calcite: 72% Kaolinite: 3% Quartz: 6%
Dolomite: 0-4%
Ankerite: 0-11%
Haria H3 Lower  Calcite: 24% Smectite: 16% Quartz: 7%
Kaolinite: 3%
Upper  Calcite: 21-39% Smectite: 0-13% Quartz: 1-4%
Dolomite: 0-4% Illite: 0-8% Opal CT: 43-59%
H2 Lower  Calcite: 12-40% lllite: 2-8% Quartz: 1-4%
Dolomite: 0-5% Opal CT: 43-59%
Ankerite: 0-4% Gypsum: 60%
Upper  Calcite: 0-43% Smectite: 0-42% Quartz: 1-4%
Dolomite: 4-23% Illite: 3-9% Opal CT: 43-59%
Ankerite: 12-45%
H1 Lower  Calcite: 0-80% Smectite: 10-38% Quartz: 3-54%
Dolomite: 5-13% Kaolinite: 2-16% Feldspars: 1-4%
Ankerite: 0-37%
Upper  Calcite: 70-89% Smectite: 3-15% Quartz: 5-17%
Ankerite: 2-7% Kaolinite: 1-3% Feldspars: 1-4%
Glauconite: 0-2%
HO Lower  Calcite: 67-89% Kaolinite: 1-6% Quartz: 8-23%
Ankerite: 2-11%

Messadi AM (2022) Sedimentology, Sequence Stratigraphy and Paleoclimate Implications of the Upper Cretaceous-Lower

Paleocene of the Haria Formation from Gafsa Basin Southern Tunisia. Int J Earth Sci Geophys 8:061




Ndatuwong and Mathew. Int J Earth Sci Geophys 2022, 8:060

ISSN: 2631-5033 |e Page 12 of 21 e

of the unit HO, unit H1 and H3. It is cm-thick.
Microscopic analysis shows abundant planktonic
foraminifera in fine-grained phosphates whereas
the granular phosphates are generally associated
with gastropods, bivalves, benthic foraminifera
and ostracods. The observed fauna, as well as the
lithology, indicate an offshore environment of
deposition.

Clay’s minerals paragenesis and paleoclimate

Clay mineralogical analysis of marl deposits from
Upper Cretaceous- Paleocene successions revealed
the predominance of smectite, illite and kaolinite
as the main clay minerals associated with calcite,
quartz and dolomite (Table 1).

Unit HO is characterized by calcite (67-89%) and
quartz (8 to 23%) to the presence of kaolinite (1 to
6%) and the absence of smectite in its lower part.
Its upper part is characterized by the presence of
smectite, the decrease of quartz (with a maximum
of 17%) and kaolinite (3%). Furthermore, the
increase of smectites from the lower part towards
the upper part of this unit might reflect small rise in
sea level. This transgressive trend is also supported
by the abundance in planktonic foraminifera within
the uppermost part of the Unit HO (Table 1).

The lowermost part of unit Hlischaracterizedby
a relative enrichment in kaolinite (16% of the bulk
rock) associated with quartz (54%) and the absence
of calcite and smectite with the appearance of
dolomite (5-13%). It is also characterized by the
presence of smectite (10-38%), kaolinite (2-16%),
and low percentages of calcite and glauconite. In
the upper part of this unit, calcite and smectite are
the major clay minerals (0-42% and 5% and 42%
respectively) there is a low percentage of illite (3-
9%), quartz (4-27%) and kaolinite is absent.

Unit H2 is characterized by the dominance of
opal CT minerals (43%), low percentages of illite
(2-8%), and quartz (1-2%), the absence of kaolinite,
and low appearance of smectite in the upper part.
Carbonates minerals are present with calcite (40%)
and dolomite (0-4%). Unit H3 is characterized by
a high percentage of calcite (72%) related to the
lower part (24%), a decrease in smectite (16% to
3%) and the appearance of gypsum (70%) (Table 1).

Calcite is the most common minerals present
throughout the section, but appears to decrease
above the K-T (lower part H1 unit) boundary
and towards the top of the Haria Formation. The

phyllosilicate contents show an inverse trend and
appear with average contents in all units, indicating
terrigenous input. These contributions of clastic
material can come from the approximate emerged
areas. Marine regression, beginning at the end
of the Cretaceous [1], can also play a role in this
increase in terrigenous input.

Sequential analysis

Depositional sequences, systems tracts and
parasequences of the Haria Formation were

recognized according to stacking patterns,
sedimentary cycles, and relative sea-level
equivalents [35-37]. Nine sequences were

recognized (Figure 5, Figure 6 and Figure 7):

Sequence SH 1: This sequence covers the
lower part of HO unit. It is 2 m thick and ranged
from offshore to sebkha deposits. This sequence
consists of a transgressive systems tract (TST) and
a highstand systems tract (HST). The lower limit
of H1 sequence is represented by the perforated
surface at the top of the Abiod Formation that is
correlated through the study area. This surface
is surmounted by alternations of Ilumachellic
limestones and poorly phosphated marls. The
hardened surface at the top of the Abiod Formation
is considered a composite surface representing the
lower limit and the transgressive surface of this
sequence. The transgressive interval is 1.1m thick.
It consists of lumachellic limestone with planktonic
and benthic foraminifera associated with
echinoderms and ostracods. These levels alternate
with low phosphatic marl associated to planktonic
and benthic foraminifera organized in thinning
upward sequences (in thickness) suggesting an
offshore environment. At the top of these levels,
a carbonate bed, rich in planktonic foraminifera
(20%) and benthic foraminifera (10%) suggests
a circatidal environment. This level outlined the
maximum flooding surface (MFS 1). The high stand
system tract is 0.9 m thick. It consists of marls rich
in bivalves and benthic foraminifera suggesting an
intertidal environment. The upper interval of this
sequence show a depletionin fauna. The upper limit
of this sequence is characterized by the absence of
fauna and the existence of gypsum suggesting a
sabkha environment. These surfaces characterize
the lower limit of the SH2 sequence (LS2).

Sequence SH 2: This sequence covers the upper
part of HO unit and the lower part of unit Hlwithin
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the Haria Formation attributed to the Maastrichtian
[17]. It is 5 m thick and is subdivided into a
transgressive (TST) and a highstand systems tract
(HST). The transgressive systems tract is 3m thick
and composed of poorly phosphatic marls with
planktonic foraminifera (15%), benthic foraminifera
(10%), echinoderms (5%) and ostracods (10%)
suggesting an offshore environment. This systems
shows an enrichment in fauna from the base to the
summit with maximum in planktonic foraminifers
(20%) in bioturbated levels that correspond to
the maximum flood surface (MFS 2). The high
stand systems track is 2 m thick. It consists of
marls rich in bivalves, surmounted by marls rich in
lumachellic limestone showing a packstone rich in
gastropods and bivalves associated with benthic
foraminifera and ostracods suggesting, an intertidal
environment. These levels are overlain by a reddish
surface corresponding to the contact between and
sequence SH3.

Sequence SH 3: This sequence covers the lower
part of unit H1. It is 13 m thick. It is Maastrichtian
based on the disappearance of Racemiguembelina
Fructicosa. Two systems tract have been
identified. The transgressive systems tract is 8
m thick. It corresponds to marl rich in planktonic
foraminifera (20%), benthic foraminifera (10 to
15%) and ostracods (15%) suggesting an offshore
environment. The maximum flooding surface (MFS
3) is placed at a level rich in planktonic foraminifera
(40%). The high stand systems tract is 5 m thick.
It consists of marls containing benthic foraminifera
(10%) associated with ostracods showing downward
trend in percentages towards the top. The upper
limit (SB4) of this sequence is marked by reddish
surfaces (paleo-soils).

Sequence SH 4: This 15 m thick (upper
Maastrichtian) [17] sequence covers the middle
part of unit H1 of the Haria Formation dated from.
In this sequence three system tracts have been
identified.

The lowstand system tract is 5 m thick. It is
composed of marls containing benthic foraminifera
associated with rare ostracods suggesting an
intertidal environment. The transgressive surface is
recognized by a burrowed interval characterized by
faunal enrichment. The transgressive system tract
is 4 m thick. It is represented by marls containing
planktonic fauna (25%), benthic foraminifera (10%)
and ostracods (10%). The high stand system tract

is dominated by clay and is 6 m thick. It shows
faunal depletion towards the top with the absence
of planktonic fauna and the presence of a benthic
fauna (5%) and ostracods (10%) and is interpreted
as an intertidal deposits.

Sequence SH b5: This sequence is lower
Danian based on the appearance of Saracenaria
triangularis. 1t covers the upper part of the H1
unit and is 25 m thick. The sequence consists of a
transgressive systems tract (TST) and a highstand
systems tract (HST).

The transgressive systems tract is 12 m thick.
The lithology is marl overlain by interbeds of
fine marl and limestone of variable thickness.
The marl intervals contain benthic foraminifera
(20%) and display wackestone texture carbonate
with benthic foraminifera and rare ostracods
interpreted as an intertidal environment. Towards
the top of this systems tract, the abundance of
benthic foraminifera (25%) and the appearance
of planktonic foraminifera indicate a maximum
flooding surface (MFS 5) suggesting an offshore
environment. The high stand systems tract is
13m thick and exhibits alternations of marls and
limestones. Microscopic analysis shows rare
benthic foraminifera and ostracods that are not
present at the top of this system tract.

Sequence SH 6: This lower Danian sequence is
in the lower part of unit H2 of the Haria Formation
and is 16 m thick. The lowstand systems tract is
3 m thick and formed by marls containing rare
benthic foraminifera and ostracods surmounted by
undulates levels. Analysis of the corrugated levels
shows the abrupt transition from mudstone to
packstone textures with the richness of the benthic
fauna towards the top of each sequence suggesting
an infratidal environment. The summit of the
undulate levels shows an enrichment in fauna
interpreted as the transgressive surface (TS 6).

The transgressive system tract is 8 m thick. It is
formed by alternations of marl and fine limestone.
Marls contain a high percentage of ostracods
(40%) and lesser benthic foraminifera (10%). The
maximum flooding surface (MFS 6) is marked by
an increase in the percentage of benthic fauna
(30%) and the presence of planktonic foraminifera
(10%) and ostracods (40%) indicating an offshore
environment. The high stand system tract is 5m
thick and consists of alternations of marl and fine
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Fairweather wave base

Storm wave base

Figure 11: Ramp model for the upper Cretaceous-lower Paleocene deposits and their distribution at the Midés
area.

Sequence System Tract

LST

HST

TST

LST

Figure 12: Architectures of depositional sequences dominated by marly lithology of the Haria Formation.
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limestone. Marls contains ostracods (15%) and
benthic foraminifera (10%). The carbonate levels
shows wackestone textures with rare benthic
foraminifera (10%) suggesting an intertidal
environment.

Sequence SH 7: This sequence is identified
in the upper part of H2 unit, is 10 m thick and
formed by slumps surmounted by alternations of
limestones and marls. The lowstand system tract is
50 cm thick and is formed by slumps. Microscopic
analysis of undulates levels shows packstone-
mudstone textures with benthic foraminifera (5%)
and ostracods. The upper part of this systems
tract is characterized by benthic fauna (15%)
associated with a minor phosphate highlighting the
transgressive surface of this sequence (TS 7). The
transgressive systemtractis 3.5 mthickand contains
alternating marl and fine limestone. This interval
contains ostracods (40%) and benthic foraminifera
(10%) suggesting an intertidal environment. The
maximum flood surface (MFS7) is evidenced by the
evolution of fauna and the geometric organization
of the banks. The high stand system tract is 6
m thick. It is represented by alternations of fine
marl and limestone. Microscopic analysis shows
rare ostracods and burrows suggesting a lagoonal
environment. The upper limit of this sequence is
marked by the absence of fauna.

Sequence SH 8: This sequence is identified in the
lower part of unit H3, is Danian and 4.5 m thick.
The lowstand system tract is 1m thick and contains
slumped interval. Microscopic analysis shows
packstone textures with benthic foraminifera
(10%), ostracods (15%) with the appearance of
phosphate and planktonic foraminifera (5%) at
the top of these levels signifying the transgressive
surface (TS H8). The transgressive system tract is
2 m thick. It begins with alternations of marl and
fine limestone showing the presence of benthic
foraminifera (15%) and ostracods (10%). These
levels are surmounted by lumachellic limestone
showing grainstone-packstone textures containing
planktonic foraminifera (5%), benthic foraminifera
(10%) and ostracods (5%) suggesting an offshore
environment. The maximum flooding surface
(MFS 8) can be placed in a position characterized
by enrichment in planktonic fauna. The highstand
system tract is 1.5 m thick. It is formed by
alternations of marls and fine limestones showing
the presence of benthic foraminifera (5%)
associated with ostracods (5%). Towards the top,

this systems contains of lumachellic limestone
showing packstone textures rich in gastropods
(40%) and bivalves (40%) indicating an intertidal
environment. The upper limit of this sequence is
marked by a hard ground surface.

Sequence SH 9: This sequence covers the upper
part of the H3 unit. It is 5 m thick and its age is
Danian-Selandian. The transgressive system tract
is 3.5m thick and (8m) with the channel level. It
begins with gullied base lumachellic limestones
showing packstone textures with benthic (10%)
and planktonic foraminifera (5%) suggesting an
offshore environment. These levels are overlain
by alternations of fine limestones and bioclastic
marls rich in planktonic and benthic fauna.
Lumachellic limestone shows an enrichment in
oolites, which passes laterally in channel level with
lumachellic limestones showing an enrichment
in planktonic and benthic fauna. The maximum
flooding surface (MFS 9) is identified as a burrowed
interval rich in planktonic fauna and phosphates.
The highstand system tract is 1.5m thick. It
begins with alternations of lumachellic limestone
and lumachellic marl with benthic foraminifera
(10%), ostracods (10%), gastropods (30%) and
bivalves (40%) which characterizes an intertidal
environment. These intervals are surmounted
by alternations of lumachellic marls and nodular
limestones showing wackestone textures with rare
benthic foraminifera. These levels are organized in
thinning upward sequences. The upper limit of this
sequence is marked by gully-based in lumachellic
limestone indicating the beginning of the Thelja
Formation and the lower boundary of the first
sequence of the Thelja Formation [19].

Discussion

The result of the sedimentary facies analysis
shows that the Haria Formation is composed of six
main facies organized into transgressive-regressive
cycles. Vertical evolution of sedimentary characters
emphasizes a gradual transition from lagoon to
circatidal environments on a faulted homoclinal
ramp (Figure 11). Facies F1 corresponds to fine-
grained sediment and is indicative of a low energy
depositional environment. The fauna content
indicates lagoon to upper offshore environments.
In carbonates facies (F2) the faunal association
and the texture indicate an intertidal to subtidal
environment. Channel deposits (F3) are then
interpreted as associated with "tidal inlets" incising
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Highstand Systems Tract (HST)

increased sedimentation rates (dilution of microbiota)
increased runoff, nutrient supply, and productivity
downslope transport of neritic microfossils
may show (sporadic} dominance of epifaunal benthic foraminifera
. upward increase in grain size and increase in detrital minerals
. upward decrease in microfossil abundances
upward decrease in relative abundance of planktonic foraminifera and calcareous nannoplankton (decrease in planktic/bentic ratio)
. upward decrease in carbonate content
. Shoaling upward trend {based on bentic foraminifaral paleobathymetry)

peak transgression

Erosion and reworking of neritic microfossil and sediment

Maximum Flooding Surface (MFS)

. fine-grained depaosit {(may be rich in total organic carban and/or glauconite)
- may be associated with incurssion of an oxygen minimum zone

. peak abundances of planktic foraminifera, calcareous nannoplankion, and dinccysts
- dominance of infaunal, low oxygen-tolerant benthic foraminifera
. change from deepening upward 1o shoaling upward trend

. associated with condensed section offshore

retreating shoreline, coastal plain flooding, river valley drowing

Sedimentation of neritic microfossil and sediment
Sedimentation of channel deposits

Transgressive Systems Tract (TST)

. decreased sedimentation rates (clastics trapped in estuanes and coastal environments/outer shelf and upper slope become
sediment-starved)

. increased marine microfossil abundances

- may be associated with glauconite

.rewerking of neritic microfossil and sediment

_infaunal and epifaunal benthic foraminifera

. upward decrease in grain size and decrease in detrial minerals

. upward decrease in pollen : dinocyst ratio

. upward increase in relative abundance of planktic foraminifera and calcarecus nanoplankton {increase in planktic/Bentic ratio)
. upward increase in carbonate content

. deepening upward trend (based on benthic foraminiferal paleobathymetry)

Transgressive Surface (TS)

. marked increase in marine microfossils (benthic foraminifera, dinocyts)
. rapid deepening {based on benthic foraminiferal paleobathymetry)
.may be associated with concentration of shellfor phosphatic bone and teeth {transgressive lag)

Begining of the sedimentation of mud and slumped intervals

Sequence Boundary
Lowstand Systems Tract (TST) . marked shift to microfossil-poor or barren sands
. Low sedimentation rates {slumped deposits) . rapid shallowing (based on benthic foraminiferal paleobathymetry)
. increased marine microfossil abundances .recycled and/or oxidized palynomorphs (dinocysts, pollen)
.reworking of neritic microfossil and sediment {Ithoclastes) . evidence for erosional truncation at sharp lithclogic contact.
. upward decrease in grain size and decrease in detrial
minerals
. upward increase in relative abundance of benthic
feraminifera and calcareous nanoplankion (low
planktic/Bentic ratio)
. upward increase in carbonate content
. Low deepening upward trend (based on benthic
feraminiferal paleobathymetry)

Prograding shoreline

Figure 13: Schematic diagram showing distribution of microfossil and sediment assemblage characteristics of
key stratigraphic surfaces and systems tracts [42] (modified).
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the bioclastic littoral bars in an inner platform.
The facies (F4) indicates a subtidal environment.
The hard ground facies (F5) suggests subaerial
exposure and consequently represents a physically
identifiable boundary. Mud cracks typically form
through desiccation during exposure, causing
shrinkage in the surface of the bed or lamina (e)
and subsequent cracking. Their shape depends on
several factors such as the rate of drying, exposure
time and bed thickness. Phosphates facies (F6)
indicate low-oxygen conditions in offshore
environment [38].

The preservation of silica beds and nodules
depends on the diagenetic maturation processes of
siliceous phases [38,39]. The presence of siliceous
fauna leads us to propose a biogenic source for the
nodules [19,39]. Previous research documented
[7,40] the presence of diatom-rich sediments in
the Gafsa Basin. Dissolution of siliceous organisms,
mainly diatoms [7] and radiolarians [19] in the Gafsa
Basin during this interval would result in nodule
formation. Besides the biogenic origin, previous
research has documented that volcanic activity
occurred in the Gafsa Basin during the Paleocene-
Eocene [12,19,40,41]. The presence of authigenic
zeolites or clinoptilolite (2 to 7% of the bulk rock),
which is considered as the product of altered
endogenic minerals [41], confirms the contribution
of a volcanic supply of silica.

Integrated sequence stratigraphic analysis shows
that the Haria Formation is formed by the stacking
of nine third-order depositional sequences, each
resulting from transgressive-regressive cycles in
shallow marine environments. Shallow carbonate
ramps of Upper Cretaceous- Paleocene that tend
to be arranged as small-scale shallowing-upward
cycles, have been reported from different areas of
Tethyan region with shale and limestone lithology
in the southern Tethyan margin.

Most depositional sequences begin with a
gullied base and rarely develop a lowstand system
tract (LST) characterized by a low sediment rate,
upward increase in relative abundance of benthic
foraminifera (Low P/B ratio) and low deepening
upward. Lowstand system tracts correspond to
slumps rich in reworked neritic fauna. Transgressive
system tracts (TST) are correlated with infratidal-
circatidal facies occurring in marls characterized
by high percentage in planktonic foraminifera
(high P/B ratio). Highstand system tracts (HST) are

represented by alternations of marlsand limestones
organized in thinning upward sequences (Figure 12
and Figure 13).

Systematic changes in relative stacking pattern
(cycle thickness, cycle type, and facies proportion)
allow the reconstruction long-term changes in sea
level. Many large-scale cycles have been identified
and interpreted as depositional sequences showing
retrogradational (transgressive systems tract) and
progradational (high-stand system tract) packages
of facies associations.

Upper Cretaceous lower Paleocene platforms
were influenced by global changes in the carbon
cycle, climate and marine productivity. Shallowing-
upward peritidal cycles result from interplay of
allogenic and autogenic processes controlling
accommodation space and sediment accumulation
[43]. In this study, we explore the link between
carbonate productivity and cyclicity on the basis of
sedimentary and quantitative evidence of peritidal
cycles of the Haria Formation in South Tunisia. On
a shallow-water ramp, sediment accumulation
and facies evolution through time are controlled
by subsidence, sea-level fluctuations, carbonate
productivity, and sediment transport. Classically,
sediments form meter-scale shallowing-upward
sequences because the accumulation rates
commonly outpace the combined rates of
subsidence and sea-level rise [43]. Consequently,
the tops of these elementary sequences show signs
of intertidal to supratidal exposure, or are eroded.
Such small-scale sequences are stacked to form
larger sequences, which display transgressive or
regressive trends of sedimentary facies evolution
(here, we use the term "sequence" for a recurring
facies succession of any scale that was caused by
cyclic, or rather quasi-periodic, processes). Stacking
of cycles of various scales has been documented
from numerous ancient carbonate ramps [44-47].
The largescale facies evolution, in many cases,
is related to third-order sea level fluctuations,
whereas the small-scale sequences are commonly
attributed to sea-level fluctuations in the
Milankovitch frequency band [48-50]. However,
in shallow-water depositional environments,
autocyclic processes such as migration of bars
and islands, and local progradation may also
create shallowing upward sequences and make
interpretation difficult [50]. Careful facies analysis
and correlation of sequences over large distances
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usually filters out such local effects and may help to
identify an orbitally controlled sedimentary record.
If absolute age dates are available, the average
time represented by one small-scale sequence can
be estimated.

According to the clay-mineral distribution
trends in ocean sediments, the variations in the
vertical clay-mineral distribution patterns in deep-
sea sediment cores have been interpreted in terms
of shifts in the climatic conditions prevailing in
the continental source areas of the detrital clay
minerals [51]. Thierry [52] pointed out that clay
minerals in sediments can be a useful indicator
of paleoclimatic conditions. Concentrations of
smectite are taken [53] as an indication for the
prevalence of warm climates with fairly dry
conditions and chemical weathering dominance
[51]. An abundance of illite and chlorite in the
sediments indicates a cold and dry environment in
the source area with dominant physical weathering
[51]. Robert & Chamely [54] used clays in sediments
to interpret climate change. More recently, Robert
and Kennett [55] used the abundance of smectite
(70-100%) in the early Paleogene deposits of
Antarctica to indicate seasonal changes in an arid
climate. In contrast, the occurrence of kaolinite is
interpreted by [55] indicate high runoff with warm
climate [56-58]. Clay mineralogical analysis of
Upper Cretaceous-Paleocene successions revealed
the predominance of smectite, illite and kaolinite as
main clay minerals associated with calcite, quartz
and dolomite (Table 1). Samples around the K/Pg
boundary are poor in calcite, and rich in quartz and
phyllosilicates. At the exact boundary the calcite
content decreases significantly. The main sources
of this mineral are calcareous nannoplankton and
foraminifers. A biological crisis may be suggested at
the K/Pg boundary, thus decreasing the carbonate
production [11,51,59,60]. A first zone with a warm
and humid climate with contrasting seasons can
be defined from the base of the Haria Formation
to the K/Pg zboundary. During the Maastrichtian-
Danian transition, the assemblage of clay minerals
highlights the transition from warm and humid
climate (with a marked seasonality alternating
wet and dry periods, marked by a dominance of
smectites) to dry and cooler climate, favoring
mechanical weathering on land and kaolinite
formation[11,51,59-61]. A few meters above the KT
limit, the simultaneous supply of illite and kaolinite
indicates important terrigenous inputs, revealing

severe erosion of the continent. A cold and dry
climate is set up from the first centimeteres of the
Danian deposits, favoring an increase in physical
weathering. A significant increase in kaolinite and
illite to the detriment of smectite in the Tertiary
basal part shows the potential for significant
terrigenous inputs, indicating greater continental
landform alteration and possibly a decrease in
distance from the coast [11,51,59-61]. The upper
part of the Haria Formation shows enrichment in
smectite, illite and kaolinite which seems to show
a proximal environment again dominated by a
semi-arid climate with alternating dry and wet
periods, favoring the formation of smectite. Finally,
the mineralogical assemblages are generally in
the direction of a hot and humid climate with a
contrasting season at the upper Cretaceous which
becomes cold and dry in the Cenozoic in the study
area.

Conclusions

Upper cretaceous-Lower Paleocene shallow
ramp to peritidal carbonates of the Haria
Formation studied in the Midés section allowed
the differentiation of 4 units (HO to H3) which
constitute well differentiated facies belts along
the Eastern part of the Gafsa Basin. Facies analysis
based on outcrop studies, microscopic investigation
of limestones, and clays led to the recognition of
six main facies. Vertical evolution of sedimentary
characters emphasizes a gradual transition from
lagoon to circatidal environments on a fractured
homoclinal ramp. The mineralassemblages are
generally in the direction of a hot and humid
climate with a contrasting season at the Upper
Cretaceous which becomes colder and dry at the
beginning of the Cenozoic. Integrated sequential
analysis showed that Haria Formation is formed
by the stacking of nine third-order depositional
sequences. The dominance of marls infers a low-
energy depositional environment. However,
the intercalations of coarse-grained shell beds,
and fossilizing currents structures suggest the
occurrence of high-energy episodes in relation to
sea level fall.
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