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Abstract

In the central-eastern Sirt Basin, enigmatic Intisar domal structures host significant hydrocarbon accumulations. These struc-
tures have been commonly interpreted as pinnacle reefs/bioherms occurring in the open-marine basinal environment. Gener-
ally, pinnacle reefs/bioherms are mainly characterized by in situ carbonates. The current study challenges the Intisar pinnacle
reef/bioherm model by examining one of the domal structures in terms of biostratigraphy, microfacies and depositional
environment. These structures were dated using larger benthic foraminifera, which yielded a Middle to Late Paleocene age
(Selandian—Early Thanetian). Thirteen microfacies types representing different carbonate ramp environments ranging from
outer ramp to inner ramp, were defined. Outer ramp deposits have been observed adjacent to the domal structure, represented
mainly by wackestone with small benthic and planktonic foraminifera. The outer ramp deposits are most likely isochronous
to the domal structures. The lower part of the domal structures is composed mainly of foraminiferal-algal-echinodermal
packstones. The upper part is characterized by foraminiferal-algal-echinodermal packstones with intercalated microbial-
ite—coral boundstones. The euphotic inner ramp deposits are preserved on the crest of the domal structure, consisting of
grainstone and packstone rich in Glomalveolina. As a result of this study, the Intisar domal structures are seen as erosional
relics of a carbonate ramp and no evidence for pinnacle reef/bioherm model was found.
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Introduction

The Sirt Basin (Fig. 1a, b) is one of the most prolific hydro-
carbon provinces globally, and the important reservoir
rocks are Middle to Late Paleocene shallow-marine car-
bonates (Ahlbrandt 2001). Although this time interval has
been studied intensively by various authors concerning the
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architecture of the carbonate reservoirs (Terry and Williams
1969; Bebout and Pendexter 1975; Brady et al. 1980; Gumati
1992; Mresah 1993, 1998; Spring and Hansen 1998), little
information has actually been given regarding the detailed
biostratigraphy, microfacies, depositional environment and
geometry.

The domal structures of the shallow-marine carbonates
in the Intisar embayment were interpreted, mainly based on
seismic and sedimentological studies (Terry and Williams
1969; Brady et al. 1980; Gumati 1992), as Intisar pinna-
cle reefs/bioherms in a deep-marine basinal environment
(Figs. lc, 2). Terry and Williams (1969) refer to the domal
structures as bioherms composed of a basal algal-foraminif-
eral member (carbonate bank) with a dominantly packstone
texture. The algal-foraminiferal member is overlain by a
coral member with corals embedded in a micritic matrix.
According to its original definition (Cumings and Shrock
1928, p. 599), bioherm is “a dome-like, lens-like or other
circumscribed mass built exclusively or mainly by seden-
tary organisms and enclosed in normal rock of different
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Fig.1 a Regional map of Libya with sedimentary basins indicated
by the dashed line and countries bordering Libya (DZ Algeria, EG
Egypt, NE Niger, TD Chad, TN Tunisia). b Structural elements of the
Sirt Basin. Marked are the small- and medium-sized horst (medium
grey colour) structures. Troughs are marked with light grey, and the
local highs were not considered. The square indicates the study area.
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The map is redrawn and modified after Rusk (2001). ¢ Sketch map of
Intisar domal strutures 1 and 2 with indicated locations of the nine
investigated wells (Well 1-9). With black dots are indicated locations
of other wells that have been drilled in the past and are not included
in this study
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lithological character”. Algal-foraminiferal member sensu
Terry and Williams (1969) cannot be part of a bioherm
according to the original definition, but represents a differ-
ent depositional environment.

Brady et al. (1980) described a more complex structure
of the Intisar D reservoir as a pinnacle reef consisting of
algal-foraminiferal biomicrite and coral biolithite. Pinna-
cle reef is not a clearly defined term. According to Wilson
(1975), a pinnacle reef is a conical or steep-sided upward
tapering mound or reef. A knoll or pinnacle is used by Wil-
son (1974) to denote a quiet water reef. Algal-foraminiferal
biomicrite and coral biolithite sensu Brady et al. (1980)
are entirely different microfacies types, and clearly, the
algal-foraminiferal biomicrite cannot be included in reefal
facies.

The conception of pinnacle reefs/bioherms was most
likely derived from coral-rich facies and seismic data, which
show oval buildups (e.g. Brady et al. 1980), but corals can
inhabit various carbonate depositional environments (details
in Zamagni et al. 2012). In general, during the Paleogene,
corals were thriving together with red algae in the meso-
photic zone, where photosynthesis rates are much slower.
Corals living under reduced light conditions could not
accrete at rates comparable to modern reefs in the euphotic
zone (Pomar et al. 2017). There are also reports of coral bio-
constructions from the euphotic zone (Bosellini and Russo
1992; Vescogni et al. 2016; Bosellini et al. 2020). The stud-
ies mentioned above (e.g. Terry and Williams 1969; Brady
et al. 1980; Gumati 1992) did not consider the growth form
of corals as an indicator of water turbidity and sedimentation
rate to constrain better the depositional conditions (Sanders
and Baron-Szabo 2005). The pinnacle reefs are supposed to
be surrounded by isochronous deep-marine deposits (Gumati
1992). The age of these deposits is biostratigraphically
poorly constrained and has not been correlated with the age
of pinnacle reefs. The question of whether the deep-marine
deposits are age equivalent with the shallow-marine domal
structures or younger/older remains open. Nevertheless, the
age relation of the deep-marine and shallow-marine deposits
is crucial for reconstructing the depositional geometry.

No Middle to Late Paleocene pinnacle reef outcrop ana-
logues, similar in terms of sedimentary evolution and facies
association to the Intisar pinnacles, have been found. Middle
to Late Paleocene pinnacle reefs/bioherms as such have been
so far reported only from the Intisar embayment (Fig. 2).

The exact age and depositional geometry of these shal-
low-marine carbonates are questionable due to the scarcity
of biostratigraphic and microfacies data. Today s commonly
used interpretations (Terry and Williams 1969; Brady et al.
1980) are based on studies mainly before modern micro-
facies analysis was extensively established (Fliigel 1982,
2004). Besides, in the last decades, a detailed biozonal
scheme has been erected to provide detailed biostratigraphic

constraints of shallow-water sedimentary successions by
means of benthic foraminifera with emphasis on several line-
ages belonging to the informal group of larger foraminifera
(Less 1998; Less et al. 2007, Ozcan et al. 2010; Papazzoni
et al. 2017; Serra-Kiel et al. 1998, 2020).

This study demonstrates that the same vertical facies evo-
lution described for these pinnacle reefs/bioherms (Terry
and Williams 1969; Brady et al. 1980; Gumati 1992) can
also be applied for a carbonate ramp model (Mresah 1993,
1998). Thin sections of samples (core and cuttings) from
several wells penetrating the Intisar domal structures were
studied. The aim of the present contribution is to date the
sedimentary sequences, reconstruct the depositional envi-
ronment and the geometry of the domal structures.

Geological setting

The Sirt Basin is a part of the African passive margin
towards the Mediterranean Sea (Ionian Ocean) to the north
(Fig. 1a). It is an extensional basin characterized by four
major troughs: Zallah, Maradah, Ajdabiya, Hameimat and
a minor Maragh trough (Fig. 1b). The troughs are separated
by four major horsts: Al Jahamah, Az Zahrah-Al Hufrah,
Bayda and Zaltan (Rusk 2001).

The Mesozoic—Cenozoic geodynamic evolution of the
Sirt Basin has been widely debated, although a unanimous
interpretation is still lacking (Harding 1984; Gras and Thusu
1998; Ambrose 2000; Pawellek 2009). The following geo-
dynamic scenario was adopted here as the most routinely
used: the latest Cretaceous (Maastrichtian) is characterized
by tectonic quiescence. The deep-marine carbonates of the
Kalash Formation covered both troughs and submerged horst
regions, with relatively little change in terms of depositional
environments (Abadi et al. 2008).

The Paleocene marks a new extensional phase of rapid
tectonic subsidence due to crustal thinning, block faulting
and regional dextral wrenching (El-Hawat and Pawellek
2004). Due to the variable rates of subsidence in this newly
formed horst-and-graben structure, the facies variability
became once again more pronounced during the Paleocene
extensional phase. As a result of this tectonic phase, several
shallow-marine and deep-marine depositional areas were
established. From the Late Eocene to the present, a renewed
subsidence occurred in the eastern part of the Sirt Basin due
to thermal relaxation (Abadi et al. 2008).

The stratigraphic nomenclature of the Sirt Basin by Barr
and Weegar (1972) is adopted herein (Fig. 3). The Upper
Sabil Formation, routinely attributed to the Paleocene, is the
focus of the present study. From the Cretaceous/Paleogene
boundary onwards, the shallow-marine carbonate shelf of
the Lower Sabil Formation developed in the eastern parts
of the basin. In the west and central sector, the deep-marine

@ Springer



27 Page 4 of 30

Facies (2021) 67:27

@ Springer

N

4

=]
ANIN

Ay’
7
/
/
/
/ /
/ /
7 7
/ /
7 7
/ /
/ /
/ 7/
7 /
77
7 7 ; 7 7
. 7 y 7 . / /
/ / /_(}_J1-59
/ / / / / / / / / /
/ / / / / / 7/ / V/k
Legend
(&}
Sg_’_: g;ag(ogg;nd This study area
©
E Barrier reef and .
o 3 Gumati 1992
p Isolated bioherms
S
4 Near-Reef Mresah 1993
%3’ Basinal
£ Open-Marine Well
2 Basinal




Facies (2021) 67:27

Page50f30 27

«Fig. 2 Lithofacies map of the Late Paleocene Upper Sabil Formation
in the area of Intisar embayment. The map is redrawn after Gumati
(1992). Lithofacies terminology in the legend after Gumati (1992) as
a comparison. Well names, according to Gumati (1992). The study
area is marked by a red square

Hagfa Formation was deposited. During the Middle Pale-
ocene, the carbonates of the Lower Sabil Formation were
transgressively overlain by the fine-grained siliciclastic
Sheterat Formation (Barr and Weegar 1972; Banerjee 1980;
Bezan 1996), followed again by shallow-marine carbon-
ates, i.e. the Upper Sabil Formation. In the eastern sector,
restricted shallow-marine facies with anhydrite developed
(Hallett 2002). The Upper Sabil Formation is overlain by the
deep-marine Harash/Kheir Formation. Due to the deepening
trend, the shallow-marine carbonate production was largely
restricted across the Sirt Basin. During the early Eocene,
evaporites and dolomites of the Gir Formation were depos-
ited in the southern and western sector, while the central
sector is dominated by limestones (Barr and Weegar 1972;
Abugares 1996). The Gir Formation is conformably overlain
by the Middle Eocene Gialo Formation, representing a thick
nummulitic limestone succession. The Augila Formation
transgressively overlies the Gialo Formation (Hallett and
Clark-Lowes 2016). The overlying deposits of the Arida,
Diba and Marada Formations represent a siliciclastic—car-
bonate cycle.

Figure 3

The studied domal structures (Fig. 1c) are located in
the central-eastern sector of the basin, the Ajdabiya trough
(Fig. 1). According to Gumati (1992), the deep-water Intisar
embayment, where isolated bioherms/pinnacle reefs (domal
structures in this study) were growing (Fig. 2), is bounded
by a rimmed carbonate platform with a barrier reef, fore-reef
talus and a lagoon. Mresah (1993) studied the eastern margin
of the Intisar embayment (Fig. 2). Whereas Gumati (1992)
interpreted the eastern margin as a rimmed carbonate plat-
form with a steep slope, Mresah (1993) clearly demonstrated
that the eastern margin of the Intisar embayment is charac-
terized by a carbonate ramp geometry with no evidence of
a significant slope break. Spring and Hansen (1998) follow
the interpretation of Gumati (1992) for the eastern margin;
however, they introduce a carbonate ramp geometry in the
N-S direction across the Intisar embayment with pinnacle
reefs thriving in an outer ramp setting.

Materials and methods

Core and drill cutting samples from nine wells (Fig. 1c)
were investigated. One hundred and thirty-two thin sections
were prepared from the core material and 177 thin sections
from drill cuttings. The lithological interpretation of the

investigated successions is based mainly on the study of drill
cuttings, as the core coverage is mostly restricted. The litho-
logical interpretation of the drill cuttings was made difficult
due to the abundant cavings and drill-bit metamorphism
(Langenkamp 1994; Wenger et al. 2009), as in particular
wells up to 40% of cuttings were damaged. Lithological
boundaries were accurately constrained with well log data.

Where only drill cuttings are available, there is uncer-
tainty in the reconstruction and interpretation of lithologi-
cal columns, especially in coarse-grained textures (e.g.
rudstone, boundstone) due to the small size of the drill cut-
tings. For the description and interpretation of microfacies
the following references were used: Fliigel (2004), Zamagni
et al. (2008, 2009), Afzal (2010), Di Carlo et al. (2010),
Bagherpour and Vaziri (2012) and Benedetti (2018). For
the foraminiferal identification the following references
were used: Hottinger (1960), Butterlin and Monod (1969),
Drobne (1977), Sirel (1998), Sirel and Acar (2008), Hot-
tinger (2009), Hottinger (2014), Benedetti et al. (2018), Sirel
and Deveciler (2018), Consorti and Koéroglu (2019), Vicedo
et al. (2021) and Serra-Kiel et al. (2020). The investigated
material and thin sections figured in this paper are stored
at the University of Leoben, Department for Applied Geo-
sciences and Geophysics.

The investigated wells usually start with the Sheterat
Formation, followed by Upper Sabil Formation and topped
by Harash/Kheir Formations. The significant thickness var-
iability of the Upper Sabil Formation between wells 1-5
(Fig. 4) and wells 6-8 (Fig. 5) results from well location.
Wells 1-5 are located at the rim of the Intisar domal struc-
ture 2 (Fig. 1c), while wells 6-8 penetrated the central part
of the Intisar domal structure 1 (Fig. 1¢). Well 9 is adjacent
to the Intisar domal structure 2. Wells 1-6 have been cored,
and a detailed description of the cored intervals is illustrated
in Fig. 6.

Results
Biostratigraphy

The Paleocene shallow-marine carbonates of the Upper
Sabil Formation are dated using larger benthic foraminif-
era (mainly nummulitids, alveolinids and orthophragmi-
nids). For the Paleocene and Eocene, a continuous system
of numbered units (shallow benthic zones—SBZ) was
established (Serra-Kiel et al. 1998). Serra-Kiel et al. (2020)
recently recalibrated the Paleocene SBZ. The SBZ scheme
is characterized mainly by oppelzones, identified by the co-
occurrence of phyletically unrelated taxonomic groups (Pig-
natti and Papazzoni 2017) that benefit from the increasing
knowledge of shallow benthic foraminifera such as Miscel-
laneidae (Hottinger 2009; Di Carlo et al. 2010; Sirel 2012;
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Fig.3 Cenozoic sedimentary successions of the central-eastern part
of the Sirt Basin. Modified after Swei (2010). The investigated shal-
low-marine carbonates of the Upper Sabil Formation are indicated
with yellow colour. Stratigraphic nomenclature after Barr and Weegar
(1972)

Benedetti et al. 2018), Rotaliidae (Hottinger 2014; Benedetti
et al., 2018; Vicedo et al., 2021) and other as yet poorly
known taxa (e.g. Benedetti et al. 2018, 2020). The Middle
to Late Paleocene shallow-marine carbonate deposits of the
Sirt Basin are dominated by Ranikothalia, miscellaneids and
rotaliids, thus they can be successfully dated using Shallow
Benthic Zonation.

Larger benthic foraminifera (LBF) from the Upper Sabil
Formation were recently described by Vrsic et al. (2021).
Biostratigraphically important species are illustrated in
Fig. 7. Their stratigraphic ranges are outlined in Fig. 8. Sev-
eral index species of SBZ 3 were determined. A single speci-
men of Kathina cf. aquitanica was found. Kathina aquitan-
ica Hottinger is an index taxon of SBZ 3 (Hottinger 2014).
Serra-Kiel et al. (2020) extended the range of Kathina aqui-
tanica from SBZ 2 to SBZ 4. Elazigina lenticula (Hottinger)
is a widespread taxon, but has a wide stratigraphic range
(SBZ 3-6, according to Hottinger 2014). Glomalveolina pri-
maeva (Reichel) is the most widely recognized index taxon
of the SBZ 3 among the presented foraminiferal assemblage
(Serra-Kiel et al. 1998). Larger benthic foraminifera of the
family Miscellaneidae Sigal are abundant constituents of
the Middle-Late Paleocene shallow-marine environments.
Two species were found: Miscellanea yvettae Leppig (sensu

@ Springer

Hottinger 2009) and Miscellanites primitivus (Rahaghi) (see
Hottinger 2009). Both taxa are usually considered index fos-
sils of SBZ 3 (Hottinger 2009), although Miscellanites prim-
itivus has been recently reported by Consorti and Koroglu
(2019) from SBZ 2. Akbarina primitiva, erected by Sirel
(2009), is considered a junior synonym of Miscellanites
primitivus (e.g. Serra-Kiel et al. 2020) and is a marker of
SBZ 2 in Turkey. Therefore, the most probable range of M.
primitivus is within SBZ 2 and SBZ 3. Ranikothalia soli-
mani Butterlin in Butterlin and Monod is the most abundant
species and enables the correlation between the investigated
wells. However, this taxon not yet has an unambiguous
stratigraphical distribution. Rotorbinella hensoni (Smout) is
constrained to SBZ 2 and SBZ 3 (Hottinger 2014), although
Vicedo et al. (2021) suggested that R. detrecta (Hottinger)
should be synonym of R. hensoni, thus extending its range
up to SBZ1. Representatives of the family Discocyclinidae
widely occur in the investigated foraminiferal assemblages.
The Discocyclinidae first appeared in SBZ 3 (Less et al.
2007) and are essential constituents in the Eocene strata. The
occurrence of unidentifiable Discocyclinidae in our samples
is sufficient to support age determination as Selandian—Early
Thanetian and refute the possibility that Upper Sabil Forma-
tion could be older than SBZ 3.

Microfacies of the Upper Sabil Formation

The petrographic analysis distinguished 13 microfacies types
(MFT) labelled as MFT 1 to MFT 13 (Table 1).

MFT1 is a planktonic foraminiferal wackestone (Fig. 9a,
b). The main bioclasts are planktonic foraminifera (Fig. 9a),
small benthic foraminifera (Fig. 9b), ostracods and fine-
grained unidentifiable bioclasts.

MFT 2 is a fine-grained, foraminiferal-microbiodetritic
packstone (Fig. 9c, d) consisting of LBF debris (mainly
nummulitids), fine-grained unidentifiable bioclasts, plank-
tonic foraminifera, small benthic foraminifera and rare echi-
noid spines.

MFT 3 is a foraminiferal-echinodermal packstone
(Fig. 10a, b) and consists of echinoderms, small rotaliids,
LBF and rare planktonic foraminifera. LBF are commonly
fragmented and contribute to sediment accumulation as fine-
grained debris. Coralline algal crusts are mostly fragmented
and rarely form bindstones with intergrowing acervulinids,
planorbulinaceans, cyclostome bryozoans, serpulids, and
peyssoneliacean algae.

MFT 4 is a foraminiferal-algal packstone (Fig. 11a, b)
composed of LBF (nummulitids, orthophragminids, larger
rotaliids and rare Glomalveolina), abundant fragmented cor-
alline branches and rare coralline crusts. Lenticular ortho-
phragminids are abundant, whereas flattened discoidal forms
are scarce. Foraminiferal debris is coarser grained. Corals
occur as fragments and are occasionally encrusted by thin
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microbial crusts. Sometimes, foraminifera also exhibit mic-  branches, algal crust fragments, peysonneliaceans and rare
rite envelopes. LBF (orthophragminids and larger rotaliids).
MFT 5 is a poorly sorted echinodermal-algal float- MEFT 6 is an unsorted orthophragminid—algal floatstone

stone (Fig. 11c, d) with echinoderm debris, coralline algal ~ (Fig. 12a—h) and was encountered only in the upper parts

@ Springer



27 Page 8 of 30 Facies (2021) 67:27

>
=
Qf
o
D
=
©
: [ [ [ [
0] |73 ° ° ° °
N2 Well6 £ Well 7 £ Well 8 g Well9 ¢
— (00 |= © ® [ [
0nwmw|a (m) @ @ (m) * €
4 I—— 4-414.5-423.7 E
oo | =< - —
T —_ — (m) €-371.9-381 (m)
390-— I_ : 4-3962-4054 540 — «368.8.378 360 362.7-371.9
H [ ! I L <sresers : I : I : 4-350.5-359.7 [€7344.4-:3536
S0 330 €-326.1-335.3
E 323.1-332.2 + +
+ + 43078317
3007 «sossaae 3004+
428962987
428652957
2704 271.3-280.4
€2682-277.4
240 424992599 940 / 23072438
{+ +
€-216.4-225.6
— €22252316
c| |9 21040+ + 1342225 210‘_—
Slen % 1+  + le=20422134 419812073
N
c|0| g «-179.9-189
SRS 180 :
,‘E o 4-176.8-185.9
=) 416151707
_I [ I [ I «4-1676-176.8 150 «—158.5-167.6 -
143.3-152.4
1507 I I T I [ 14041585 €—140.2-149.4
T 41251341
[ T ] 413111402 120 €—121.9-1311
1204 T T «-106.7-1158
103.6-112.8
0 «-884-975
7
9
762853 «—76.2-85.3 701792
o 0 60 155.4-158.5
' 152.4-155.4
60 «57.9.67 1 T : T I [| <5186 <«
[ T] ¢so64ss I I [ I [ <s35427
20 301 | I : 0T T
i 4213305 . <514
0 <3122 o | «3122 O_H <361 0
LEGEND
| [ o+ o+ -
[ [ + o+ H -
: Limestone Dolomite/dolomitized MFT 1
Limestone boundstone limestone Marl
MFT 2 MFT 4 MFT 5 MFT 7 MFT 8
MFT 9 MFT 10 MFT 11 MFT 12 MFT 13
Fig.5 Lithological columns reconstructed from drill cuttings for well mations, respectively. Black rectangle indicates the position of the

6 to well 8. The Upper Sabil Formation is underlain and overlain by cored interval for well 6
deep-marine sediments of the Sheterat and Harash/Kheir (H./K.) For-

@ Springer



Facies (2021) 67:27 Page90of30 27
>
=
8|
3 Core1 g Core2 3 Core3 3 Cored4 4 Cored g Core6 g
o o [ = = S o
3 Pack. £ Pack. g Pack. £ Pack. £ Pack. £ Pack. £
o| |@
gaem fmeFR g m_ fme § m fmeF § m) fmeFR g m) vifme g fMeFRB, &
22 =ho €n2 10 221 19177 10 <s I Semtaar
2515 L 7 914 [T 102.3 357.8-358.1
14 1814 & <237 [TT1 < o
90.5 2368 114 |
/ / 902 9 T T 1 41019
174 - / - / 89.9-89.6 2365 1 <017 35483551
134 16 7 7] «se38 T T I ]| <woto1s iz
4132 . o [ 7 €7 3556 104 l | | | | [ 1 <o €3333536
124
T « 249 P 8 42359 T 1 1007 <«
| . [ | [ 875872 Q_W 435083511
" [ T T [l 2478 4869866 o - :'00'3
L TT 8.3 7 ¢ e
1305 104 « 2472 226 2 o [ | [ | | I [ <08 33:;:3:2:
41301 T T T [ 248 2213 I T I T L1 o5 €3723415
[ TT [TT
9 6 42339 99.2 345.3-3456
= llllll]‘yw 501 7-||||I :939 <«
gl |8 Sa8e2s !
=1} 8+ <986
N Pl 4263429
S % g| 5 233 6+ 98.3 317302
ﬁ Dg_ 74 482814 P R 1 164+ + + + §§§§§§
1 . ' *77 1+ + + &
6T T Tl 2625 841 : [ [ | : [| <s11-788 - 5 s e 4+ 4
[ 1 [ T T1 7 7 42318 ’ €374377
[TT| €223 TTTT7T 77 [TT <+ 4
sl 11 [ T T 1 [ 7 13 4111 %8 p-- - R A
Illll e-llllllI 3//// T T 1 1+ + +
E 5
4 [ [ ]| <241 [ T 1] msmes [ 7/ 2308 T I T [ T Rl 104 + o+ o+ o+ s
T < 208 57 I [ | | | | ; // / 306 3T T %61 1 4 P
1] LTI 7 7 203 L TT €959 8- PP [ 33223325
3 TT1 <2399 I|||||I 247 /// €4230.1 |I|I| <555 1 o
[TTT 7 // L g 2303 3 T [ T | <276 [ 7 27T <53 6-+ ++ ++ 4 [€e301
[ T1 @5z 24 7 7 [T T 7 / 7 / €295 LTI P .
[ 7 Al T T 1] @347 7 4B EIEET
14 <25 7 7 Gl L v 2292 [ T1 i
P VA ) T 1 P — T <945 S
7 7 HL T ] 77 [T1 JUPRE S HE S S ) PP
€244 [/ € 2971 1 7 7 [ 1 347 | T S
0 o oI T ol Z s ol 0
LEGEND
[ [ + o+ + —
[ [ + + A T
) Limestone Dolomite/dolomitized MFT 3 MFT 4
Limestane boundstone limestone Marl
MFT 5 MFT 6 MFT 7 MFT 8 MFT 9

Fig.6 A detailed description of the cored intervals for well 1 to well
6. The width of the lithological column corresponds to different depo-
sitional textures according to Dunham (1962). Pack. packstone, vf

of wells 1 and 5 (Fig. 4). It consists of LBF (mainly ortho-
phragminids), red algae (corallinaceans and peyssone-
liaceans) and corals. Corals are primarily represented by
the massive and encrusting plocoid/cerioid forms. Phace-
loid/dendroid corals occur only in cases as isolated cor-
allites (Fig. 12d). Thin crusts of coralline algae (mainly
genus Sporolithon) (Fig. 12e) and peyssoneliacean algae
form a bindstone (Fig. 12c). Frequently, they are asso-
ciated with acervulinid foraminifera (Fig. 12g), plocoid/
cerioid corals (Fig. 12g), serpulids (Fig. 12f) and cyclos-
tome bryozoans (Fig. 12h). Cerioid/plocoid corals exhibit

very fine, f fine, m middle-coarse, ¢ coarse, F floatstone, R rudstone,
B boundstone

macroborings, which are mostly filled with micrite. Micro-
borings within the coralline algae are mostly hollow or
cemented. In bioconstructor-dominated parts, the diversity
of LBF is low.

MFT 7 is a poorly sorted, foraminiferal-bryozoan—algal
floatstone (Fig. 13a—c), occasionally also bryozoan float-
stone (Fig. 13d). The LBF assemblage consists of Ran-
ikothalia solimani and Miscellanea yvettae; most of them are
over 2 mm in size. Dendroid cyclostome bryozoans, echino-
dermal debris and fragmented coralline algal branches are
subordinate bioclasts.
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a-b: 1mm

Fig. 7 Larger benthic foraminiferal assemblage from the Upper Sabil
Formation. a Kathina cf. aquitanica. Sample well 1 (21.3). b Elazi-
gina lenticula Hottinger. Sample well 2 (242.9). ¢, d Glomalveolina
primaeva (Reichel). Sample well 7 (323.1-332.2). e-f Miscellan-
ites primitivus (Rahaghi). e Sample well 4 (237.4); f Sample well 3
(234.7). g-i Miscellanea yvettae Leppig; g Sample well 2 (131.1);

@ Springer

h Sample well 6 (347.2-347.5); i Sample well 2 (204.2). j-k Ran-
ikothalia solimani Butterlin in Butterlin and Monod; j Sample well
2 (240.5); k Sample well 6 (351.7-352). 1 Rotorbinella hensoni
(Smout). Sample well 1 (30.5). Scale bars measure 1 mm for a-d,
g-1, 0.5 mm fore, f
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Epoch Paleocene Eocene
Stage Danian Selandian| Thanetian |llerdian
SBZ (Serra-Kiel et al. 2020) | 1 2 3 4 |5|6|7

Kathina aquitanica

Elazigina lenticula

Glomalveolina primaeva

Miscellanites primitivus

Miscellanea yvettae

Ranikothalia solimani

Rotorbinella hensoni

Discocyclinidae

Fig.8 Biostratigraphy of the Upper Sabil Formation is based on the larger benthic foraminifera. The shallow benthic zones (SBZ) for the Pale-

ocene and Eocene follow recent recalibration by Serra-Kiel et al. (2020)

MFT 8 is an unsorted microbialite—coral boundstone.
Corals play a minor role as bioconstructor. Abundant sedi-
mentary matrix occurs between the boundstone. Microbial-
ite microfabric terminology follows Zamagni et al. (2009).
The following microbialite microfabrics were recognized:
dense micrite (Fig. 14a), agglutinated microfabric (Fig. 14a,
b), and clotted/peloidal microfabric (Fig. 14c). The aggluti-
nated components consist of fine-grained debris and various
larger bioclasts, e.g. LBF, echinoid spines, bryozoans and
echinoderms. The microbialites are enveloped by encrusting
laminar, plocoid/cerioid corals (Fig. 13a). Corals are also
embedded in dense micrite (Fig. 14b). The microbialites are
very rarely encrusted by intergrowing, thin coralline crusts
and acervulinids (Fig. 14d).

Different coral morphotypes are intergrowing with
microbialites. The most common are massive and encrust-
ing cerioid/plocoid corals of Actinacis-type (Fig. 14e) and
Goniopora-type assemblages. Phaceloid/dendroid corals are
represented mainly by Oculina-type assemblage (Fig. 14f).
The sedimentary matrix represents a volumetrically signifi-
cant component of the boundstone microfacies. The con-
tact between the sedimentary matrix and microbialites is
mostly gradual. Occasionally, it is difficult to distinguish
between sedimentary matrix and microbialites as the latter
may agglutinate large bioclasts, e.g. LBF.

MFT 9 is densely packed, well to moderately sorted mis-
cellaneid—foraminiferal-algal packstone (Fig. 15a, d) with
miscellaneids, Ranikothalia solimani, lenticular orthophrag-
minids (Fig. 15d), larger rotaliids, miliolids and textulariids.

Other bioclasts are coralline branches and rare coralline
crusts, rare peyssoneliacean crust fragments, oyster shells
and echinoderms. Some bioclasts exhibit micrite envelopes.

MFT 10 is a moderately to poorly sorted rotaliid—algal
packstone (Fig. 16a—c) consisting of larger rotaliids, non-
geniculate and geniculate coralline algae, peyssoneliacean
algae, solenoporacean algae Parachaetetes asvapati Rao and
Pia (Fig. 16c), serpulids, miliolid foraminifera, echinoderms,
cidaroid spine and rare fragments of plocoid/cerioid corals.
Bioclasts commonly exhibit a micritic envelope.

MFT 11 is a moderately sorted rotaliid—algal grainstone
(Fig. 16d) with micritized grains, larger rotaliids, geniculate
and non-geniculate coralline algae. Circumgranular, scale-
nohedral calcite cement represents the first generation of
calcite cement followed by pore-filling blocky calcite cement
(Fig. 16d).

MFT 12 consists of a moderately sorted, Glomalveo-
lina-bioclastic grainstone (Fig. 17a—c) with Glomalveo-
lina, large and small porcelaneous taxa, rotaliids, mic-
ritized grains, aggregate grains and Distichoplax biserialis
(Fig. 17b). A high proportion of the grains exhibit a thin
micrite envelope. The grains are rimmed by first-generation
circumgranular cement consisting of equidimensional calcite
crystals. However, this cement is poorly preserved and over-
printed by a later pore-filling drusy to blocky calcite spar.
Echinoderms are overgrown by syntaxial calcite cement,
which also engulfs other grains as poikilotopic cement.

MFT 13 is a moderately to poorly sorted Glomal-
veolina—bioclastic packstone (Fig. 17d-h), consisting of

@ Springer
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Fig. 9 Photomicrographs of the microfacies MFT 1. a Planktonic biodetritic packstone. Sample well 9 (213.4-216.4). d Fine-grained
foraminiferal wackestone. Sample well 9 (204.2-207.3). b Wacke- foraminiferal-microbiodetritic packstone. Sample well 2 (91.4-
stone with lagenids. Sample well 9 (246.9-250.9). Photomicrographs 100.6). Scale bar=0.5 mm

of the microfacies MFT 2. ¢ Fine-grained foraminiferal-micro-

Fig. 10 Photomicrographs of the microfacies MFT 3. a Fine-grained debris, a few Ranikothalia and coralline debris. Sample well 5 (94.6).
packstone with rotaliids, orthophragminids, echinodermal debris and Scale bar=3 mm
LBF debris. Sample well 5 (97.7). b Packstone with echinodermal
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Glomalveolina, large and small porcelaneous taxa and
rotaliids. The foraminifera are associated with bivalves and
gastropods. Glomalveolina and other bioclasts may act as
the nucleus for oncoidal coating (Fig. 17f).

Depositional environment

Middle Paleocene to Middle Eocene, shallow-marine car-
bonate platform/ramp systems are characterized by dis-
tinct, mainly depth-controlled facies distribution as dem-
onstrated by various investigations (Ghose 1977; Hottinger
1997, Cosovié et al. 2004; Zamagni et al. 2008; Afzal 2010;
Bagherpour and Vaziri 2012). Important criteria for the
characterization of different facies zones are texture, sort-
ing, diagenetic features, and the environmental distribution
of the fossils involved, especially different groups of larger
benthic foraminifera. The main drivers of the environmental
distribution are the depth of the photic zone, water tem-
perature, nutrient supply, and substrate type (Hottinger

Fig. 12 Photomicrographs of the microfacies MFT 6. a Fine-grained »
packstone with discoidal orthophragminids, small rotaliids and oyster
shell with abundant coralline crusts. Sample well 1 (125.9). b Float-
stone with discoidal orthophragminids, algae, rotaliids, oysters and
echinodermal debris. Sample well 1 (128.9). ¢ Algal bindstone with
intergrowing coralline and peyssoneliacean crusts and fine detritus
forming the matrix. Sample well 1 (125.3). d Isolated corallite frag-
ment of a phaceloid/dendroid coral. Sample well 1 (128.9). e Plank-
tonic foraminifera Morozovella sp. (PF). Sample well 1 (130.5). f
Peyssoneliacean algae intergrowing with coralline alga Sporolithon
sp. (S) and encrusting serpulid. Sample well 1 (133.2). g Intergrow-
ing acervulinid foraminifera and algal crusts are encrusting plocoid/
cerioid coral. Sample well 1 (125). h Intergrowing encrusting cyclos-
tome bryozoan and algal crusts. Sample well 1 (125.3). Scale bars
measure 3 mm for a—¢, | mm for d and g, 0.5 mm for e, f and h

1983, 1997; Renema and Troelstra 2001). The variation of
the foraminiferal test morphology is a vital depth criterion
(Hottinger 1997). Lenticular LBF tend to reduce their axial
diameter with depth, i.e. become thinner and more flattened/
discoidal with the progressive depth of the photic zone

Fig. 11 Photomicrographs of the microfacies MFT 4. a Very
coarse-grained packstone with coralline branches, orthophragmi-
nids, Ranikothalia and echinoderms. Sample well 2 (246.6). b Very
coarse-grained packstone with coralline branches, orthophragminids,
Ranikothalia and echinoderms. Sample well 5 (100.7). Photomicro-

@ Springer

graphs of the microfacies MFT 5. ¢ Floatstone with abundant echi-
noderms and some coralline algal debris. Sample well 2 (251.5). d
Coarse-grained floatstone with coralline algal debris, echinoderms
and a few orthophragminids. Sample well 2 (246.6). Scale bar=3 mm
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Fig. 13 Photomicrographs of the microfacies MFT 7. a Floatstone
with LBF, dendroid cyclostome bryozoans and a few corallines.
Sample well 6 (337.4-337.7). b Floatstone with LBF, echinodermal
debris and dendroid cyclostome bryozoans. Sample well 6 (347.2—

(Beavington-Penney and Racey 2004; Eder et al. 2018). The
reason for this adjustment lies in larger benthic foraminifera
hosting algal symbionts, which are dependent on photosyn-
thesis. In the lower photic zone, LBF tend to reduce the wall
thickness and increase the relief of the ornamental sculp-
tures to reduce the amount of total light reflection (Hottinger
2006). Flat discoidal foraminifera with thin transparent wall
can place their symbionts beneath the test wall (Hohenegger
2009). According to Machaniec et al. (2011), orthophrag-
minids show a particular dependence of the shell morphol-
ogy on access to light and indirectly on depth, where flat,
discoidal tests suggest low energy/low light/increased depth.

In this study, such a trend was observed mainly in the
orthophragminids and, to a lesser extent, in Ranikothalia.
With the progressive depth of the photic zone, the test
morphology of the orthophragminids changes from robust
lenticular forms to thin flattened discoidal forms. Robust
lenticular forms occur primarily in the coarse-grained MFT
9 (Fig. 15b) and MFT 5 (Fig. 11a, b). The delicate, flat-
tened forms (Fig. 12a, b) occur in more fine-grained textures,

@ Springer

347.5). ¢ Floatstone with miscellaneids and dendroid cyclostome
bryozoans. Sample well 6 (348.4-348.7). d Wacke-/floaststone with
dendroid cyclostome bryozoans and echinoderms. Sample well 6
(357.8-358.8). Scale bar=3 mm

especially in the orthophragminid—algal floatstone (MFT 6)
of the core 1 (Fig. 6) in well 1. Thick, lenticular orthophrag-
minids indicate a shallower environment, while flattened dis-
coidal ortophragminids point to a deeper environment with
low energetic conditions (e.g. Hottinger 1997).

Another critical criterion are coralline algae. Paleogene
coralline red algae occur together with corals in the meso-
oligophotic zone (Pomar et al. 2017). Different coralline
genera occur in different environments and water depths,
respectively. According to Aguirre et al. (2007), the sporo-
lithaceans dominate the deeper outer platform facies. Sole-
noporaceans and geniculate corallines are characteristic
of the shallow inner shelf shoals. Zamagni et al. (2008)
reported the occurrence of thin algal crusts together with
flattened discoidal orthophragminids in a deeper mid ramp
setting. Towards shallower water, the degree of fragmenta-
tion of coralline algae increases, as observed in our material.
The orthophragminid—algal floatstone (MFT 6) is character-
ized by abundant thin algal crusts (Fig. 12¢) accompanied
by flattened discoidal orthophragminids. In the shallower
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miscellaneid—foraminiferal-algal packstone (MFT 9), the
degree of fragmentation is much higher, and coralline algae
occur exclusively as fragmented bioclasts (Fig. 15).

Cortoids are important paleoenvironmental indicators.
Grainstones with a high percentage of cortoids and other
coated grains, together with rounded bioclasts, character-
istically form in areas of constant water action, at or above
wave base (Fliigel 2004). These conditions occur in the
‘winnowed platform edge sands’ of carbonate platforms as
well as in current-washed sand shoals of inner ramp set-
tings (Fliigel 2004). Cortoids are especially abundant in
MFT 12-13 in the inner ramp. Micrite envelopes developed
around grains are also related to more protected seagrass-
dominated environments (Perry 1999). Some cortoids are
the product of destructive micritization by microendolithic
organisms. Simultaneously, constructive micrite envelopes
related to epilithic organisms have been observed, which
eventually led to the formation of aggregate grains by micro-
bial binding. Cortoids have been frequently observed also in
MFT 10-11. Rare coated grains within the MFT 4 and MFT
9 of the mid ramp under mesophotic/oligophotic conditions
are considered reworked from the inner ramp.

Based on the microfacies and micropaleontological
data, a paleoenvironmental model with the distribution
of foraminiferal assemblages and algae was reconstructed
(Fig. 16). The paleoenvironmental model is mainly based
and adapted from Zamagni et al. (2008), Bagherpour and
Vaziri (2012), and Afzal (2010) and shows a carbonate
ramp with inner ramp, mid ramp and outer ramp setting
with different facies belts characterized by differentiated
assemblages.

Outer ramp

The outer ramp is the zone below the storm wave base
(SWB). Typical lithologies are argillaceous mudstones and
wackestones, frequently associated with marl or shale beds
(Fliigel 2004). Outer ramp deposits (MFT 1 and MFT 2)
were encountered only in well 9 adjacent to the domal struc-
ture. The complete absence of shallow-water biota, e.g. LBF
or coralline algae, points to deposition below the rhodocline
(sensu Liebau 1984), which marks the oligophotic/dys-
photic boundary (Pomar et al. 2017). Common planktonic
foraminifera and small benthic foraminifera (Midway-type
fauna sensu Berggren and Aubert 1975) are characteristic
of deep-marine settings. The age relation of the outer ramp
deposits with the domal structures is not established in terms
of biostratigraphy (e.g. planktonic foraminifera). However,
the occasional occurrence of packstones with fine-grained
LBF debris (MFT 2) points to a reworking of shallow-
water material from adjacent shallow-water environments.

Therefore, the outer ramp deposits could be isochronous
with the domal structures.

Mid ramp

The mid ramp is the zone between the fair-weather wave
base (FWWB) and the storm wave base (SMB). Fairweather
phases are dominated by suspension fall-out, consisting
largely of lime or terrigenous mud, and are commonly bio-
turbated. Associated grainstone or packstone sediments
consist primarily of autochthonous bioclasts (Burchette and
Wright 2002).

LBF (orthophragminids, Ranikothalia), coralline and
peyssoneliacean algae, small rotaliids, bryozoans, and
echinodermal debris are the most common organisms of
the mid ramp depositional setting (Zamagni et al. 2008).
These organisms were prolific carbonate producers in the
mesophotic—oligophotic depths (Pomar et al. 2017). LBF,
red algae and echinoderms are occurring in packstones/float-
stones/rudstones. Apart from differences in their quantitative
distribution, the studied successions exhibit different grain
sizes reflecting different water-energy conditions, i.e. shal-
lowing (shift to coarser grain size) or deepening (shift to
more fine grain size). This simple trend becomes overprinted
by resedimentation of coarse-grained material into deeper
water (Fig. 11a, b).

MEFT 3 is a fine-grained packstone deposited in a low-
energetic deeper mid ramp. Rare thin coralline crusts
(mainly Sporolithon sp.) suggest deposition under oligo-
photic conditions above rhodocline (Pomar et al. 2017). The
presence of few planktonic foraminifera points to a deeper
mid ramp.

Coarse-grained bioclasts consisting of coralline algae,
LBF and echinoderms (MFT 4-5) are transported into the
deeper parts of the ramp, intercalated between predomi-
nately fine-grained limestones. Occasionally, bioclastic
material originating from the shallower inner ramp was rede-
posited into the mid ramp. Dasycladalean green alga, Neom-
eris aff. avellanensis, has been interpreted as allochthonous,
i.e. being transported from the inner ramp. Glomalveolina
found in the MFTS5 is interpreted as allochthonous, i.e. being
transported from the inner ramp (MFT 12-13).

LBF biodiversity in MFT 6 is limited chiefly to flattened
orthophragminids. This group of flattened foraminifera gen-
erally occupies the deepest-water environment among the
larger foraminifera, down to the lower limit of the photic
zone (Zamagni et al. 2008; Beavington-Penney and Racey
2004). Abundant coralline and peyssoneliacean algal crusts
often form bindstones, which give evidence of the lateral
or ramp-upward occurrence of bionconstructions. Genus
Sporolithon points to deeper conditions (Aguirre et al.
2007). The deeper environment is also documented by a few

@ Springer



27 Page 20 of 30 Facies (2021) 67:27

@ Springer




Facies (2021) 67:27

Page210f30 27

«Fig. 14 Photomicrographs of the microfacies MFT 8. a Dense micrite
(D-m) and agglutinated microfabric (Agg.). At the top and bottom of
the picture are encrusting plocoid/cerioid corals (C). Sample well 6
(340.5-340.8). b Agglutinated/peloidal microfabric with embedded
corals. Sample well 6 (334.4-334.7). ¢ Peloidal/clotted microfabric.
Sample well 6 (329.8-330.1). d Detail of photomicrograph c. Peloi-
dal/clotted microfabric is encrusted by thin coralline and acervulinid
crusts. Sample well 6 (356-356.3). e Plocoid arrangement of Acti-
nacis-type corallites. Sample well 6 (329.8-330.1). f Phaceloid/den-
droid Oculina-type corallite in the centre. Sample well 6 (356-356.3).
Scale bars measure 3 mm for a—¢, 1 mm for d—f

planktonic foraminifera (Fig. 12e) occurring in the very fine-
grained textures.

MFT 7 is a floatstone associated with MFT 8 and MFT
9. Zamagni et al. (2009) described similar microfacies with
bryozoans, algae and bioclastic debris as lateral skeletal
deposits associated with microbialite—coral mounds. Baceta
et al. (2005) documented comparable microfacies as inter-
reef and fore-reef facies.

Microbialite—coral boundstone (MFT 8) was described by
Zamagni et al. (2009) on a late Paleocene carbonate ramp
from SW Slovenia as microbialite—coral mounds associated
with lateral skeletal deposits and abruptly overlain by strati-
fied foraminiferal—algal packstones. In Sirt Basin, Bebout
and Pendexter (1975) described coral-algal micrite as “a
loose framework of branching and laminated corals with a
micrite matrix”. Bebout and Pendexter (1975) most likely
recognized the micrite matrix as a depositional matrix with
embedded corals and not as microbial in origin. Zamagni
et al. (2009) pointed out that the micrite matrix is most likely
of microbial origin. The microbialite—coral boundstone
alternates with MFT7 and MFT 9 in a low-energetic mid
ramp under mesophotic conditions. Most of the micrite was
microbially trapped. According to Zamagni et al. (2009),
early lithification of the microbial crusts provided a hard
surface for encrusting corals to grow on it.

MFT 9 is dominated by miscellaneids, Ranikothalia,
and larger rotaliids. Such foraminiferal assemblages were
also described from other Tethyan Paleocene localities, e.g.
Galala Mountains in Egypt (Scheibner et al. 2003), Taleh
Zang Formation in the Zagros Mountains (Bagherpour and
Vaziri 2012) and Indus Basin in Pakistan (Afzal 2010).
According to Ghoose (1977), miscellaneids occur mainly in
the near-reef zone of the back reef. Miscellaneids have been
described from inner ramp together with porcelaneous taxa
(Zamagni et al. 2008). They have also been recovered from
deeper carbonate settings associated with coral-algal patch
reefs under mesophotic conditions (Consorti and Koroglu
2019). Rare Glomalveolina is considered allochthonous, i.e.
displaced from proximal environments.

Inner ramp

The inner ramp comprises the euphotic zone sensu Pomar
(2001) between the upper shoreface and the fair-weather
wave base (Fliigel 2004). The inner ramp consists of bio-
clastic sand shoals which form sheet-like grainstones.
Lagoonal sediments range from mud-, wacke- to packstone
with restricted biota (Burchette and Wright 1992).

MFT 10 is a packstone with occasionally poorly washed
texture and was deposited in a protected back-shoal envi-
ronment. MFT 11 is a rotaliid algal grainstone with com-
mon rotaliids, geniculate coralline algae and solenoporacean
algae, and points to deposition on an inner ramp shoal envi-
ronment. Geniculate corallines and solenoporaceans have
been reported from the lower euphotic depth (Pomar et al.
2017). Both algal types are common constituents of back-
reef sands (Baceta et al. 2005). Coralline algal grainstone
with geniculate corallines has been described from the high
energetic inner platform (Aguirre et al. 2007; Scheibner
et al. 2007) and lagoon behind an inner ramp shoal (Bagh-
erpour and Vaziri 2012).

MFT 12 and MFT 13 represent the shallowest facies belt
preserved on the top of the Intisar domal structure (Fig. 5).
Both MFT’s mark a significant shift in the foraminiferal
assemblages from predominately hyaline tests of the meso-
photic—oligophotic mid ramp to predominately porcelane-
ous taxa (Fig. 17) of the euphotic inner ramp. Porcellaneous
foraminifers inhabit shallow-water, protected environments,
but they also occur reworked in sand shoals (épaniéek et al.
2017; Benedetti 2018). MFT 12 (Fig. 17a—c) represents
the highest energetic environment. Very shallow condi-
tions are evident by abundant micritization of the bioclasts,
oncoid coatings and aggregate grains (Fig. 17a). MFT
13 (Fig. 17d-h) was deposited in a protected low-energy
lagoonal/back-shoal environment behind a grainstone shoal
barrier. Mresah (1993) described MFT12 and MFT 13 as
“alveolinid wackestone—packstone” in a narrow facies belt
in the “barrier reef” area sensu Gumati (1992) (Fig. 2).

Discussion
Depositional geometry

The depositional geometry of the Upper Sabil shallow-
marine carbonates is controversially discussed. The Inti-
sar domal structures of the Intisar embayment are widely
accepted as pinnacle reefs/bioherms surrounded by deep-
marine deposits (Terry and Williams 1969; Brady et al.
1980; Gumati 1992). The main issue concerning this inter-
pretation is that the entire domal structure is generally
regarded as a giant buildup. For example, the coral member
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Fig. 15 Photomicrographs of the microfacies MFT 9. a Densely
packed foraminiferal packstone with miscellaneids and some Ran-
ikothalia, orthophragminids, rotaliids, coralline algal branches and
echinodermal debris. Sample well 6 (354.5-354.8). b Densely packed
foraminiferal packstone with Ranikothalia, miscellaneids, ortho-
phragminids and coralline algal branches. Sample well 6 (354.2—
354.5). ¢ Densely packed foraminiferal packstone with abundant

sensu Terry and Williams (1969), developed when “the
coral biomicrite patches coalesced into one massive coral
reef body”. This interpretation gives the impression that the
coral reef body represents a frame reef sensu Riding (2002)
with skeletons in contact. Moreover, a rimmed carbonate
platform with a barrier reef and a steep slope surrounding
the Intisar embayment was interpreted (Gumati 1992; Spring
and Hansen 1998), a frame reef sensu Riding (2002) with
significant topographic relief. Recent scleractinian corals
form wave-resistant barrier reefs in the euphotic zone (e.g.
Great Barrier Reef). Corals also colonize the mesophotic
zone (water depth exceeding 40 m), as recently demon-
strated in the Adriatic Sea by Corriero et al. (2019). Pomar
et al. (2017) stated pre-late Tortonian corals could neither
form large, wave-resistant structures in the euphotic shal-
low-marine areas nor rims up to sea level. Paleogene corals
thrived mainly in the mesophotic to oligophotic conditions
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Ranikothalia and some miscellaneids, orthophragminids and coral-
lines. Sample well 6 (341.7-342). d Densely packed foraminiferal—
algal packstone with miscellaneids, orthophragminids, rotaliids and
echinodermal debris. Orthophragminids are characterized by thick
lenticular test morphology. Sample well 6 (359.1-359.7). Scale bars
measure 3 mm for a—¢, 1 mm for d

along the whole ramp profile (Pomar et al. 2017). In the mid
ramp, large coral colonies occur stacked in small mounds
with a “cluster” internal structure (sensu Riding 2002).
However, there are several examples on Paleogene corals
(Bosellini and Russo 1992; Vescogni et al. 2016; Bosellini
et al. 2020), where the authors interpreted the corals build-
ing wave-resistant reefs within the euphotic zone associated
with larger porcelaneous taxa, e.g. alveolinids from Monte
Postale (Vescogni et al. 2016). Contrasting models have
been presented; often the same localities and outcrops were
revisited and revised by particular authors.

Red algae are generally considered mesophotic biota
(Pomar et al. 2017). Corals are important carbonate pro-
ducers in the mesophotic zone (Pomar et al. 2017), but have
also been reported from shallow euphotic zone (Vescogni
et al. 2016). Larger porcelaneous foraminifera are common
epiphytes in the grass meadows in the shallowest euphotic
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Fig. 16 Photomicrographs of the microfacies MFT 10. a Densely
packed packstone with abundant rotaliids, Elazigina sp. and coral-
line branches. Sample well 8 (3-6.1). b Packstone with branches of
geniculate alga Jania sp. and a rotaliid. Sample well 8 (15.2-24.4).

zone (Benedetti 2018). Perforated-lamellar larger foraminif-
era, e.g. rotaliids and miscellaneids, inhabited the shallow
euphotic zone (Zamagni et al. 2008) and the mesophotic
zone (Consorti and Kéroglu 2019). Nummulitids, e.g. ortho-
phragminids, are dominant LBF in the mesophotic/oligo-
photic zone (Pomar et al. 2017).

The current study has demonstrated that the described 13
MFT can be included into a carbonate ramp model (Fig. 18).
A cross section (2D geometry) between Intisar domal struc-
ture 1 and domal structure 2 is reconstructed by means of
well correlation (Fig. 19) with MFT distribution. The well
map is shown in Fig. 1c. The distal well 9 penetrated only
outer ramp deposits (MFT 1-2). Towards the rim well 5,
the grain size increases. MFT 3 is the dominant microfacies
with intercalations of coarse-grained MFT 4-5. The lower
part of the centre well 6 and off-centre well 8 is character-
ized by MFT 10-11. The middle part consists mainly of
MFT 4-5. The upper part consists of MFT 7-9 with scat-
tered microbialite—coral boundstone (MFT 8). MFT 12-13
preserved on the crest of the domal structure are common
microfacies types found on a Paleocene Tethyan inner ramp

¢ Solenoporacean alga Parachaetetes asvapati Rao and Pia. Sample
well 8 (33.5-42.7). Photomicrographs of the microfacies MFT 11 d
Grainstone with rotaliids and geniculate coralline algae. Sample well
8 (3-6.1). Scale bars measure 1 mm for a—c, 0.5 mm for d

of the shallow euphotic zone (e.g. Bagherpour and Vaziri
2012) and are widespread in the Sirt Basin. Mresah (1993)
described MFT 12-13 under the name alveolinid wacke-
stone—packstone (see Fig. 4g in Mresah 1993) as a narrow
facies belt occurring in the high-energetic shoal environ-
ment on a carbonate ramp. On the contrary, Gumati (1992)
described it as a platform carbonate facies in a back-reef/
lagoonal setting behind a barrier reef (see Fig. 9c in Gumati
1992). MFT 12-13 have been found in several areas of Inti-
sar embayment, including the Intisar domal structures, but
interpreted differently by each author.

The MFT of the Intisar domal structures are practi-
cally identical to the MFT of the carbonate ramp deposits
described by Mresah (1993) or “barrier reef” sensu Gumati
(1992). Therefore, the pinnacle reefs (Terry and Williams
1969; Brady et al. 1980) and the barrier reef surrounding
the Intisar embayment (Gumati 1992) are re-interpreted as
carbonate ramp deposits. The Intisar domal structures are in
fact erosional relics of a carbonate ramp and are supposedly
part of the carbonate ramp deposits described by Mresah
(1993).
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«Fig. 17 Photomicrographs of the microfacies MFT 12. a Grainstone
with Glomalveolina, small rotaliids and miliolids. Grains are mic-
ritized. Micritized Glomalveolina in the centre forms an aggregate
grain. A miliolid exhibits a microbial coating. Sample well 7 (368.8—
378). b Grainstone with Glomalveolina, small rotaliids, miliolids and
coralline alga Distichoplax biserialis Dietrich (marked with D). Sam-
ple well 7 (368.8-378). ¢ Grainstone with miliolids, rotaliids, other
small benthic foraminifera and micritic clasts. Sample well 7 (368.8—
378). Photomicrographs of the microfacies MFT 13. d Very-fine-
grained packstone with Glomalveolina, miliolids and fine-grained
detritus. Sample well 7 (368.8-378). e Packstone with Glomalveo-
lina and some miliolids, rotaliids and micritic clasts. Sample well 7
(323.1-332.2). £ Glomalveolina—miliolid packstone. Glomalveolina
on the left side forms a nucleus of the oncoid. Sample well 7 (368.8—
378). g Glomalveolina wackestone with microbial encrusted phace-
loid/dendroid corallite. Sample well 7 (323.1-332.2). h Packstone
with bivalves, gastropods and miliolids. Sample well 7 (368.8-378).
Scale bars measure 1 mm for a and c-h, 0.5 mm for b

Onset and demise of the Upper Sabil carbonate
factory

The eastern sector of the Sirt Basin is characterized by two
Paleocene shallow-marine carbonate cycles (Lower and
Upper Sabil) sandwiched between deep-marine deposits
(Mresah 1993). During the Danian stage, a vast shallow-
marine Lower Sabil carbonate domain was established
(Hallet and Clark-Lowes 2016). Mresah (1993) suggested
a relative sea-level fall at the end of the Lower Sabil cycle
due to the presence of evaporites, which extend laterally to
the platform margin.

The term deep-marine deposits refers to the fine-grained
sediments underlying and overlying the Upper Sabil Forma-
tion, Sheterat and Harash/Kheir Formations, respectively.
The exact biostratigraphic dating and detailed microfacies
of these formations are beyond the scope of this study;
therefore, only a brief lithological description of these units
is provided to understand the evolution of the Upper Sabil
Formation, and the onset and demise of the carbonate fac-
tory. The Sheterat Formation (Fig. 3) is composed of soft,
fissile shale, shaly micritic limestone, and chalk (Hallett and
Clark-Lowes 2016). According to Barr and Weegar (1972),
the Sheterat Formation conformably overlies the Lower
Sabil carbonates. Bezan (1996) reports Sheterat Forma-
tion as a drowning event. Due to the rapid recovery of the
Upper Sabil carbonate factory, Sheterat Formation is con-
sidered as a short-lived flooding event instead, where the
maximum flooding surface is placed. Upper Sabil Formation
and Sheterat Formation are both together regarded as one
sequence. Sheterat Formation is part of the TST cycle, while
the Upper Sabil Formation represents the HST (Fig. 19a).

The carbonate ramp deposits of the Upper Sabil Forma-
tion rapidly prograded over the deep-marine deposits. The
mid ramp deposits are overlain by the inner ramp depos-
its of the euphotic zone. The Upper Sabil carbonate ramp
was again subjected to subaerial exposure due to a major

sea-level fall, which caused an influx of meteoric waters.
According to Mresah (1993), this event resulted in the gen-
eration of porosity in these ramp deposits through meteoric
leaching of carbonates. Bebout and Pendexter (1975) attrib-
uted the excellent porosity in the Zelten field to leaching by
groundwater. Subaerial exposures of carbonate depositional
systems produce subaerial unconformities, often of regional
extent. According to Fliigel (2004), subaerial exposure and
meteoric diagenesis are important processes in developing
and preserving porosity. Reservoirs associated with uncon-
formities have been estimated to contain 20-30% of known
recoverable hydrocarbons (Halbouty et al. 1970; as cited
in Fliigel 2004). Mresah (1993) suggests that the excellent
porosity present in the Upper Sabil carbonates is related to
diagenetic processes associated with the subaerial exposure
and, therefore, the hydrocarbon reservoirs hosted in these
carbonates are related to the subaerial exposure. Iron oxide
crusts and dog-tooth cement precipitated within interparti-
cle pore space indicate a meteoric diagenetic environment
(Fig. 20). Penetrative staining of strata underlying disconti-
nuity surfaces by iron oxides can indicate oxidation due to
pedogenesis and karstification (Fliigel 2004).

There are several reasons for drowning events of shallow-
marine carbonates. One among them is large sea-level changes
caused by tectonic plus eustatic events (Schlager 1981, 2010).

Spring and Hansen (1998) demonstrated that the Harash
Formation infills the irregular surface of the Upper Sabil
paleotopography. Harash Formation gradually onlaps the
domal structures (Fig. 19a). The deposition of the Kheir
Formation is considered a major transgression that led to
the final drowning of the Upper Sabil Formation (Gumati
1992). In the upper part of the former, Lockhartia cf. diversa
was found (Fig. 21). According to Hottinger (2014), Lock-
hartia diversa is constrained from SBZ5 to lower SBZ7.
Therefore, the upper part of the Kheir Formation is already
Ilerdian (Early Ypresian) in age. The Upper Sabil Formation
is Selandian—Early Thanetian in age, i.e. there is a significant
sedimentary gap of at least whole Late Thanetian (SBZ 4) on
the crest of the domal structure. Paleocene—Eocene thermal
maximum (PETM) is characterized by a eustatic sea-level
rise (Sluijs et al. 2008), which eventually led to the drowning
of the previously exposed domal structures.

Conclusions

Based on the results, the following conclusions can be
drawn:

A. 13 microfacies types (MFT) were defined, representing
different environments on a carbonate ramp. MFT 12-13
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Fig. 18 Middle to Late Paleocene paleoenvironmental model with respect to the distribution of different shallow-marine organisms (adapted and
modified from Zamagni et al. 2008 and Bagherpour and Vaziri 2012)

represent the euphotic inner ramp preserved on the crest
of the domal structure.

The general sedimentary evolution of the Intisar
domal structures previously interpreted as pinnacle
reefs/bioherms (Terry and Williams 1969; Brady
et al. 1980; Gumati 1992) correspond to the Tethyan
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Middle to Late Paleocene carbonate ramp models
(e.g. Zamagni et al. 2008; Afzal 2010; Di Carlo et al.
2010; Bagherpour and Vaziri 2012). The majority of
the MFT are allochthonous carbonates. Only a minor
proportion of MFT are true autochthonous carbonates
(boundstone).
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Fig. 19 a A representative cross-section (2D geometry) of a domal
structure with MFT distribution is based on well correlation. For
MFT legend, see Figs. 4, 5, and 6. The question mark indicates
areas of high uncertainty due to insufficient data. The vertical scale

C. The Intisar domal structures represent erosional relics of
carbonate ramp deposits with precisely the same MFT
as the so-called »reef and platform facies« of Gumati

is highly exaggerated. On the right side, systems tracts are indicated.
b A cross section of a domal structure with height proportional to
length

(1992) located at the margin of the “Intisar embayment”
or carbonate ramp deposits sensu Mresah (1993).

D. The Harash and Kheir Formations overlying the Upper
Sabil shallow-marine carbonates need exact biostrati-
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Fig.20 Top of the Upper Sabil Formation. a Iron oxide (red) rim-
ming pore space. Sample well 6 (396.2-405.4). b Grain-rimming dog
tooth cement. Sample well 2 (246.6). Scale bar=0.5 mm

Fig.21 Larger benthic foraminifer Lockhartia cf. diversa Smout from
the upper Kheir Formation. a Sample well 1 (21.3). b Sample well 2
(242.9). Scale bar=1 mm

@ Springer

graphic dating, as they might provide new insight into
the supposed sedimentary gap between the shallow-
marine carbonates and the overlying hemipelagic units
and would also provide other insights into the general
basin evolution.
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