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ABSTRACT. We have investigated the tectonic and erosion features of the Upper Triassic (Mulussa F Formation) and
Lower Cretaceous (Rutbah Formation) sediments in the Euphrates graben area and analysed their influence on changes
in the thickness and zonal distribution patterns of these sediments. In this study, the geological modeling software of
Petrel Schlumberger is used to model the regional geological structure and stratigraphy from the available geological and
geophysical data.

The Upper Triassic and Lower Cretaceous sediments (in total, almost 800 m thick) are the major hydrocarbon re-
servoirs in the Euphrates graben, which contain approximately 80 to 90 % of the total hydrocarbon reserve in this area.
These sedimentary zones experienced variable changes in thickness and zonal distribution due to erosion processes
caused by the two major regional unconformities, the Base Upper Cretaceous (BKU) and Base Lower Cretaceous (BKL)
unconformities. The maximum thickness of the Upper Triassic sediments amounts to 480 m in the central parts of the
Euphrates graben and along the NW-SE trend, i.e. in the dip direction of the Upper Triassic Mulussa F Formation. Towards
the NE flank of the graben near the Khleissia uplift and the SW flank near to the Rutbah uplift, the thickness of the Upper
Triassic sediments is gradually decreased due to their partial or total erosion caused by the BKL unconformity, and also
due to a less space for sediment accumulation near the uplifts. The thickness of the Lower Cretaceous sediments increases
in the northern, NW and NE flanks of the graben. Their maximum thickness is about 320 m. The BKL unconformity is the
major cause of erosion of the Lower Cretaceous sediments along the southern, SE and SW flanks of the graben. In the Jora
and Palmyra areas towards the NW flank of the Euphrates graben, the Upper Triassic and Lower Cretaceous sediments
show no changes in thickness. In these areas, there was more space for sediment accumulation, and the sediments were
less influenced by the BKL and BKU unconformities and thus less eroded.
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TEKTOHHUYECKHUWE Y 3PO3MOHHBIE OCOGEHHOCTH U UX BJIUSAHUE
HA 30HAJIBHOE PACNIPE/JIEJIEHUE BEPXHETPUACOBBIX U HUXKHEMEJIOBBIX OT/IOXKEHUH
EB®PATCKOI'O TPABEHA (CUPHA)

U. I0ced’, B.I. Mopo3os!, Moxammaj .16 Kagu?, AGaynna Anaa’

IMHCTUTYT reosioruu U HepTera3zoBbix TexHooru, Kazanckuii pesepanbHbiil yHuBepcurtet, 420008, KaszaHb,
ys1. KpemneBckas, 4/5, Poccus
zYuuBepcureT [lamacka, Cupuiickas Apa6ckas Pecriy6inka

AHHOTALIMS. Ha ocHOBe perMoHa/IbHOM CTPYKTYPHOM U cTpaTUTrpadUuecKol reoJJ0OTUHYeCKUN MOIe/IU C UCTI0Tb30-
BaHHEM BbIOGpPaHHBIX [€0JI0T0-re0PprU3nIecKX JaHHBIX U C IOMOLbIO re0J0IM4eCcKoro porpaMMHoro obecniedenust «Petrel
Schlumberger» 6b11M U3y4YeHbI U 06061eHbI TEKTOHUYECKHE U 3PO3UOHHbIE 0COOEHHOCTU U UX BJIUSHUE Ha 30HATIbHOE
pacnpocTpaHeHHe U U3MeHeHHe MOLHOCTH 0CaZ0UHbIX OTJIOKeHU I BepXHeTpracoBbIx (popmanusa Mynycca @) u HAx-
HeMeJioBbIX (bopMarus Pyt6a) otioxeHudt BLoJib EBpaTckoro rpabeHa.

BepxHeTpHacoBble U HUXKHEMEJIOBbIe OT/I0KeHUs (CyMMapHas MOIHOCTb 0K0J10 800 M), cuMTaroecss OCHOBHBIMU
IJIaCTaMHU-KOJIJIEKTOPaMHU YIJIeBOOPO/I0B BJI0JIb MeCTOpoxjeHul EBdpaTckoro rpabeHa, cofepaT NpUOJIU3UTENbHO
oT 80 10 90 % o6beMa yr1eBog0pO/0B, COXPAaHUBIIUXCSA B 3TOM paiioHe. OcaZjouHble 30HbI BEPXHETPHACOBBIX U HUXKHe-
MeJIOBBIX OT/IOKeHUH EBppaTckoro rpabeHa noJBeprajauch pa3JM4HbIM U3MeHEeHUsIM B 30HaJIbHOM PaclpoCTPaHEHUH
Y MOILHOCTH M3-3a 3pO3UH, BbI3BAaHHOM KOMILJIEKCOM peruoHabHbIX Hecorsiacuil Bfosb EBdparckoro rpabeHa. ITUMHU
HecorIJIacusIMHU ABJSAIOTCSA 6a30Boe BepxHeMesioBoe Hecorsacue (BKU) n 6asoBoe HuxkHeMesioBoe Hecorsacue (BKL).
MakcrMasibHast MOIHOCTb 480 M BepXHETPHACOBbIX OT/IOXKEHUH COXpaHU/IaCh B lleHTpasibHOM yacTu EBdpaTckoro rpa-
6eHa U B HallpaBJIeHUH C CeBepo-3aMa/ia Ha I0ro-BOCTOK, 3TO HallpaBJieHHe NOrPyKeHHUsl BepXHeTpHUacoBoi popMaLuu
Mysycca @. MoLiHOCTb BEpPXHETPHACOBBIX OTJIOKEHUH MTOCTENIeHHO yMeHblllalach K CEBEPO-BOCTOUYHBIM ¢JiaHraM rpa-
6eHa B6JIM31 NOAHATUA XJlelcca U K 10ro-3anaHbIM ¢JiaHraM B6/IM3U NOAHATUSA PyT6a 1U3-3a 4aCTUYHOTO UJIM TOJIHO-
ro cpe3a 3THUX OTJIOXKEHUH B pe3ysibTaTe 3p031H, BbI3BaHHOM HecorsiacueM BKL, 1 u3-3a MeHblIero npocTpaHcTBa AJs
HaKOIIJIEHUS 0CaZIKOB BOJIM3U 3TUX NOAHATUHN. MakcuMaJ/ibHasi MOLHOCTb HUXKHEMEeJIOBbIX OT/I0KeHUH NPUGIU3UTENb-
Ho 320 M, IpU 3TOM TOJILMHA 0Ca/IKOB yBEJIMUUBAETCS HAa CEBEPHOM, CEBepO-3alalHOM U CeBepPO-BOCTOYHOM (JlaHTax
EBdpaTckoro rpabeHa. Hanbosbiias cTeneHb 3p03UH BCeACTBHE BAUsAHUS Hecorsiacus BKU Ha HM»KHeMesloBbIe OTJIO0-
YKEHUs 0OTMevaeTCs B/l0J1b 07KHOT0, F0I'0-BOCTOYHOTO U I0r0-3anaAHoro ¢paHros EBdparckoro rpabena. TosnHa Bepx-
HeTPHACOBbIX U HUYKHEMEeJIOBBIX OT/I0KeHUH BJj0/1b paiioHoB opa u [lanbMupa k ceBepo-3ana/iHbIM ¢pJiaHraM rpabeHa
COXpaHseTCsl HeM3MeHHOM M3-3a MeHblIero BJAUSHUSA 3p03UH, BbI3BaHHOU HecorsnacussMyu BKL u BKU, a Takxe u3-3a
60JIbILIET0 TPOCTPAHCTBA /1J1s1 HAKOIJIEHUS 0Ca/IKOB BJ10JIb 3TUX PAaHOHOB.

KJ/IIOYEBBIE C/IOBA: TekTOHUYeCKHE 0COGEHHOCTH; 3PO3UOHHbIE 0COOEHHOCTH; BEPXHETPUACOBbIE OTIOXKEHHUS;
HU)XKHEMeJIOBble 0TI0KeHUs; EBpaTckuii rpabeH; Cupus

®UHAHCUPOBAHME: Pa6oTa BbINo/IHEHA NIPU NOAAepKKe MUHUCTEpPCTBA HAYKU U BbICIIero o6pasoBaHus Poccuii-
ckort @enepanuu (Jorosop Ne 075-15-2020-931) B pamMkax porpaMmbl pasBuTrs HayyHoro 1jeHTpa MUPOBOT0 YPOBHSA
(HMLY) «PanjpoHaibHOE OCBOEHUE 3a1aCOB XKUJKHUX YIJIEBOIOPOOB IJIAHEThI».

1. INTRODUCTION zonal distribution of the reservoir layers of these sedi-

Based on the data collected during two decades of inten-
sive hydrocarbon exploration, production and field develop-
ment activities in the Euphrates graben area of East Syria
(Fig. 1), it is emphasized that the availability of structural
geology datasets and a proper knowledge of the geome-
chanics is the basis for improving the structural geological
understanding of the graben system in the study area.

Additionally, the definitions of the tectonism, regional
unconformities, erosion processes, zonal geometries and
distribution of the Upper Triassic and the Lower Cretaceous
sediments along the graben area have proven to be very
critical to the geometrical integrity of the geological and
geophysical models. In the static geological models of the
Upper Triassic and the Lower Cretaceous sediments over
the Euphrates graben fields, the thickness changes and

ments are mainly controlled by faults, erosion, and the re-
gional unconformities complex [Yousef et al., 2016].

Using the structural and stratigraphical geological models
presented in this article, we attempt to address issues re-
lated to the local and specific characteristics of the Euphrates
graben setting for better understanding of the regional un-
conformities, their distribution and their influences on the
thickness changes and zonal distribution of the Upper Trias-
sic and the Lower Cretaceous sediment in the study area.
Furthermore, we aim at providing the data that can be used
by field operators for better positioning of drilling loca-
tions, which is critically dependent on the knowledge of
faults, areas eroded by unconformities, and other structural
and/or sedimentological factors. In this study based on
the available geological and geophysical data and using the
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Fig. 1. Simplified map showing the main tectonic structures of the Arabian plate and the surrounding areas [Brew et al., 2001].

Puc. 1. CxeMa OCHOBHBIX TEKTOHUYECKUX CTPYKTYP ApaBUMCKON MJIMTHI U IpUJIeraoux pahoHos [Brew et al., 2001].

geological modeling software of Petrel Schlumberger, we
have attempted to obtain a better understanding of the in-
fluences of erosion processes caused by the regional uncon-
formities on the zonal distribution and thickness changes
of the Upper Triassic and Lower Cretaceous sediments in
the study area.

2. REGIONAL SETTINGS OF THE EUPHRATES
GRABEN AREA
The 160-km-long Euphrates graben system is one of the
most important oil and gas-bearing basins in Syria. This sys-
tem is interpreted as a discontinuous intercontinental fault-
ing system striking in the NW-SE direction, which is a part

of the Cretaceous rift structure in East Syria [Sharland et
al., 2004]. The Euphrates graben system has many charac-
teristics of an intracratonic rift basin formed due to crustal
extension during the Middle to Late Cretaceous time [Ba-
razangi et al., 1993]. This rift basin is characterized by a com-
plex pattern of interlocking faults (Fig. 2), different trends,
and the differential subsidence predominantly controlled
by normal faults [Brew et al., 2001].

Rifting of the Euphrates graben system by crustal-scale
extension was followed by the development of two regional
unconformities, the Base Upper Cretaceous Unconformity
(BKU) stretching across a wide area of the Euphrates gra-
ben (Fig. 3), and the Base Lower Cretaceous Unconformity
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(BKL), marked by widespread erosion and possibly deeply
eroded in the Jurassic age (Mulussa G Formation) [Best,
1991; Best et al.,, 1993].

In the stratigraphic section of the Euphrates graben, the
main reservoir sediments are the Upper Triassic sediments
(Mulussa F Formation) composed mainly of fluvial sand-
stone bodies interbedded with floodplain clays (Fig. 3), and

the Lower Cretaceous sediments (Rutbah Formation) com-
posed of shallow marine clastic sediments ranging from
non-marine sandstone at its base to lower-shore-face shales
at its top [Yousef et al,, 2019].

The Mulussa F and Rutbah Formations/reservoirs con-
tain from 80 to 90 % of the total hydrocarbon reserve in
the graben area. The BKL and BKU unconformities are the
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Fig. 2. Schematic showing: (a) - 3D model of the Euphrates graben area based on seismic interpretation [Brew etal.,, 2001]; (b) - structur-
al and stratigraphical cross-section (A*-A**) across the Euphrates graben system after [Brew et al., 2001].

Puc. 2. CxemMa nokasbIBaeT: (a) - TpexMepHyo Mo/Jiesib EBdpaTckoro rpabeHa Ha OCHOBe celicMU4YecKol uHTepnpeTtayuu [Brew et al.,
2001]; (b) - cTpyKTypHBI# reosiorudeckuit paspes (A*-A**) EBpparckoro rpabeHa (mo [Brew et al., 2001]).
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Fig. 3. Schematic stratigraphy of the Euphrates graben area.

Puc. 3. Cxema ctpaturpaduu paitona EBdppatckoro rpabeHa.

major ones in the graben area, i.e. the major base-level faults
(most probably tectonically induced) and can, therefore, be
referred to as sequence boundaries [Brew et al.,, 1999].

3. REASONS FOR THE RESEARCH, AND RESEARCH
MATERIALS AND METHODS

The study area of the Euphrates graben (Fig. 4) is rather
complex, regarding the regional tectonics and structural set-
tings resulting from the multi-phase structural history of
the whole graben area, with mainly synthetic faults, anti-
thetic faults cutting and further tilting, and inversion of the
aborted rift [Brew et al., 1997; Alsouki, Taifour, 2015].

Studying of the regional unconformities and erosion with
respect to the zonal distribution and the thickness changes
of the Upper Triassic and Lower Cretaceous sediments
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(Mulussa F and Rutbah Formations/reservoirs) is very im-
portant for oil and gas exploration in promising areas and
the development of the graben fields. It should be noted that
the graben area has been mainly covered by field studies.
Here, we present the first regional comprehensive study
that attempts to understand the influence of the regional
unconformities and erosion on the zonal distribution and
thickness changes of the Upper Triassic and the Lower Cre-
taceous sediments. Besides, this study provides additional
information that can help the operators improve the oil and
gas exploration activities in the graben fields by finding the
thicknesses of the Upper Triassic and the Lower Cretaceous
sediments, which are less impacted by the unconformities
and the related erosion processes. For this study, Al Furat
Petroleum Company (Syria) provided huge geological and
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Fig. 4. Simplified map showing the location of the study area [Yousef et al., 2020] (a). Main tectonic features of Syria is shown in the

inset [Brew et al., 2001] (b).

Puc. 4. Cxema paiioHa uccnesnoBanuii [Yousefetal, 2020] (a). Ha Bpeske noka3aHbl 0CHOBHbIE TEKTOHUYECKHE 0COOEHHOCTU TEPPUTOPUU

Cupuu [Brew et al,, 2001] (b).

geophysical datasets, including 2D and 3D seismic data,
well coordinates, field boundaries, well logs, and tops of the
formations. The data were processed and interpreted by the
geological modeling software of Petrel Schlumberger.

4. RESULTS AND DISCUSSION
4.1. Structural and stratigraphical framework
of the Upper Triassic and Lower Cretaceous sediments
in the Euphrates graben area
The structural and stratigraphic framework of the Up-
per Triassic and the Lower Cretaceous sediments in the
Euphrates graben area is a product of a series of events that
have shaped the graben area and caused its structural com-
plexity. Highly variable changes in the thickness and zonal
distribution of these sediments are due to the two major
regional unconformities, BKL and BKU. The BKL unconfor-
mity (including two local unconformities, BKL1 and BKL2)
is located between the top of the Upper Triassic Mulussa F
Formation and the base of the Lower Cretaceous Rutbah
Formation (see Fig. 3; Figs. 5, 6).
The BKL unconformity formed during the Late Triassic
to Jurassic period when a tilted block dipping towards the

northwest existed along the Euphrates graben area (see
Fig. 5). The top of the Upper Triassic section first eroded
with approximately up to 180m of the sediment missing in
the eastern and SE parts of the Euphrates graben area rela-
tive to the western and NW parts of the graben creating the
BKL unconformity itself. Later, the BKL horizon was de-
posited as an alteration soil horizon disconformably over-
lying the top of the non-eroded Mulussa G Formation (see
Fig. 5; Fig. 6). The BKL soil horizon is possibly the most ob-
vious result of the erosion and weathering processes caused
by the regional unconformities in the Euphrates graben
area. The BKL soil horizon in most of the Euphrates graben
fields (especially at the centre of the graben) can be regarded
as a barrier for hydrocarbons flows between the reservoir
layers of the Upper Triassic Mulussa F Formation and the
overlying sediments of the Lower Cretaceous Rutbah For-
mation (see Fig. 5).

The BKU unconformity located at the top of the Lower
Cretaceous Rutbah sediments formed during the early rift-
ing stage of the Euphrates graben system. It consists of the
unconformity-affected (partially or completely) sediments
of the Upper Triassic Mulussa F, Lower Cretaceous Rutbah,
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Judea, and Post Judea Sandstone (PJS) Formations, which are
laterally grading into the clastic and evaporite sediments
of the Derro Formation (see Fig. 5; Fig. 6).

The BKU unconformity has a very strong angular com-
ponent, it goes from an almost disconformably located de-
posit at the bottom of the Derro sediments in the west, NW
and central blocks of the Euphrates graben to deeply eroded
sediments of the Lower Cretaceous Rutbah Formation (up
to 450 m thick). The Upper Triassic Mulussa F sediments
are absent in the eastern and SE blocks of the graben close
to the boundary fault where the BKL and BKU unconformi-
ties merged to form the Rift Basin Unconformity (RBU) (see
Fig. 5; Fig. 6). Blocks tilting associated with the early rift-
ing stage of the Euphrates graben system exposed progres-
sively larger and larger portions of the central and eastern
parts of the graben area leading to erosion of the uplifted
crests (see Fig. 5).

Depending on how deep was erosion of the BKL and BKU
unconformities in different zones, the Upper Triassic and
the Lower Cretaceous sediments are preserved or eroded in

such zones (see Fig. 5; Fig. 6). Where the erosion processes
did not reach the Upper Triassic Mulussa F sediments, these
sediments are overlaid by the Mulussa G sediments and/or
by the BKL soil horizon. This boundary is sharp and con-
formable but not very clear in all the Euphrates graben fields
and thus not defined as a formal marker along the graben
area. It is determined by the chemostratigraphic analysis
as a transition from a very high potassium content section
at the top of the Upper Triassic Mulussa F sediments to a
low potassium content section at the Mulussa G sediments
and/or the BKL soil horizon (Fig. 6).

4.2. Regional stratigraphical zonal distribution
framework of the Upper Triassic sediments
in the Euphrates graben area

The Upper Triassic Mulussa F sediments spread out in
almost the whole Euphrates graben area and cover some
parts of Iraq lands (Fig. 7).

The maximum thickness of the Mulussa F sediments is
approximately 480 m. In zones with volcanic sill intrusions,
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the thickness is increased up to 550 m (see Fig. 6). The Up-
per Triassic Mulussa F sediments consist mainly of flood-
plain claystones interbedded with mostly medium to fine-
grained fluviatile sandstones. Lagoon-type and shallow-
marine dolomitic claystone and dolomite interbeds are
present in the lower part of the formation section [Yousef et
al., 2016]. The Upper Triassic Mulussa F sediments are de-
posited conformably on the top of the Mulussa E sediments,

and no sedimentary break is suggested by the available data-
sets at the time of the study. Different formations cap the
Upper Triassic Mulussa F sediments depending on its po-
sition relative to how deep was erosion caused by the BKL
and BKU unconformities along the Euphrates graben area
(see Figs 5, 6).

The Upper Triassic Mulussa F sediments are subdivided
into three zones from bottom to top, according to Spectral
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Fig. 6. Schematic stratigraphic column of the Upper Triassic and the Lower Cretaceous sediments in the Euphrates graben area [Yousef,

Morozov, 2017a].

Puc. 6. Ctpaturpaduyeckast KoJIOHKa BEpXHETPHUACOBBIX U HIXKHEMEJIOBBIX OTJI0XKeHUU B pailoHe EBdpaTckoro rpabeHa [Yousef,

Morozov, 2017a].
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Fig. 7. Distribution map of the Upper Triassic Mulussa F sediments in Syria. Different colours reflect the topography of the area: yellow -

highlands, blue - lowland after [Brew et al.,, 2001].

Puc. 7. KapTa pacnpocrpaHeHHsi BepXHETPHACOBbIX 0T/I0XKeHUH (popmanus Myutycca @) Ha Tepputopuu Cupuu. Tororpadusi MECTHOCTH
OTpakeHa LIBETOM: JKeJIThIM — Haropbsi, CHHUH — HU3UHBI (1o [Brew et al,, 2001]).

Gamma Ray logs, Net to Gross (NTG) distribution, channel
sandstone bodies dimensions and shapes, and lithology
compositions (see Fig. 6) [Yousef et al., 2017, 2018]. The
lower zone (Mulussa F3) is characterized by lower NTG of
<20 %; it consists of laminated claystone rich in illite, and
shows high potassium readings on the Spectral Gamma Ray
logs. The middle zone (Mulussa F2) is characterized by NTG
of 50 %; it comprises vertically stacked sandstone channels
with interbeds of claystone rich in kaolinite, and shows low
potassium readings on the Spectral Gamma Ray logs. The
upper zone (Mulussa F1) is characterized by low NTG of
35 %; it contains predominantly single-channel sandstone
bodies with interbeds of claystone dominated by illite and/
or illite-smectite mixed layers, and shows high potassium
readings on the Spectral Gamma Ray logs (see Fig. 6).

The Upper Triassic Mulussa F sediments in the Euphrates
graben were affected partially or completely by the erosion
processes caused by the BKL and/or BKU unconformities,
which together with the structural complexity of the gra-
ben lead to high variations in thickness and distribution of
these sediments in different zones of the graben area. The

maximum thickness of the Upper Triassic Mulussa F sedi-
ments amounts to almost 480 m along the central parts of
the Euphrates graben and along the NW-SE trend and to-
wards the Jora high and the studied part of the Palmyra ba-
sin (Fig. 8).

Variations in the distribution and zonal thickness of the
Upper Triassic Mulussa F sediments are controlled by the
accommodation space (at the deposition time of the Upper
Triassic Mulussa F Formation), which is a function of the de-
positional basin dip direction of the Upper Triassic Mulussa F
sediments, i.e. practically in the MW-SE trend along the gra-
ben area. Additionally, these variations are controlled by
the locations of paleo-uplifts - the Khleissia uplift towards
the NE flanks, and the Rutbah uplift towards the SW flanks
(Fig. 8).

The Euphrates graben system evolved using the same
trend and depositional basin dip direction of the Upper Trias-
sic Mulussa F sediments (i.e., NW-SE). This is evident from
the NW-SE depositional thickness trend of the Upper Trias-
sic Mulussa F sediments that are non- to slightly affected
by the erosion processes caused by the BKL and/or BKU
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unconformities along this direction (Fig. 8). The available
accommodation space at the deposition time of the Upper
Triassic Mulussa F sediments is one of the dominating fac-
tors that controlled the thickness changes and zonal distri-
bution of these sediments in the graben area, as opposed to
the erosion processes caused by the BKL and/or BKU uncon-
formities. This is evident from the relatively similar thick-
ness of the Upper Triassic Mulussa F sediments along the
Upper Triassic Mulussa F depositional basin strike (NW-SE),
whereas the thickness of the Upper Triassic Mulussa F sedi-
ments always decreases perpendicular towards the NE flanks
of the graben near the Khleissia uplift, and towards the SW
flanks of the graben near the Rutbah uplift as shown in Fig. 8.
Considering the fact that the Upper Triassic Mulussa F sedi-
ments have similar thickness in the central, eastern, SE and
NW parts of the graben, there are grounds to suggests that
the minimum (if any) graben structuration happened prior
to the occurrence of the BKL unconformity. These zones were
structurally not high, hence not exposed to the erosion pro-
cesses caused by the BKL unconformity, and thus preserved
their original thickness (Fig. 8).

The thickness of the Upper Triassic Mulussa F sediments
gradually decreases towards the southern and SW flanks of
the graben near the Rutbah uplift, and also towards the NE
flanks near the Khleissia uplift. This evident reduction in
thickness is due to the less accommodation space resulted

from being close to the uplifts (Fig. 8). However, the thick-
ness of the Upper Triassic Mulussa F sediments in the NE
flanks of the graben towards the Khleissia uplift is even more
rapid, which is a function of both the less accommodation
space and the erosion processes caused by the BKL uncon-
formity (Fig. 8).

Towards the NW part of the Euphrates graben, where
the Jora high separates the Upper Triassic Mulussa F depo-
sitional basin from the Palmyra basin towards the far NW of
the graben area (Fig. 8), the thickness of the Upper Triassic
Mulussa F sediments along the Jora high area is slightly de-
creased due to the erosion processes caused by the BKL
unconformity. The limited degree of erosion caused by the
BKL unconformity along the Jora high area suggests that
this area developed prior to the occurrence of the BKL un-
conformity. The thickness of the Upper Triassic Mulussa F
sediments along the studied part of the Palmyra basin is
high due to the more accommodation space there and a
lower influence of erosion caused by the BKL unconformi-
ty (Fig. 8).

The sub-crop map or the zonal distribution map of the
Upper Triassic Mulussa F sediments is shown in Fig. 9.In a
small area of the central part of the Euphrates graben, where
the erosion processes caused by BKL and/or BKU uncon-
formities did not affect the Upper Triassic Mulussa F sedi-
ments, their thickness is completely preserved (Fig. 9).
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Fig. 8. Thickness map of the Upper Triassic Mulussa F sediments in the Euphrates graben area.

Puc. 8. KapTa MOIHOCTU BEpXHETPHUACOBBIX OTI0KeHU U (Popmanus Mysycca @) B paiioHe EBdpaTckoro rpabena.
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Fig. 9. Sub-crop map showing the distribution of the Upper Triassic Mulussa F sediments along the Euphrates graben area. The
geological cross-section (A-B) is shown in Fig. 10. The geological longitudinal profile (C-D) is shown in Fig. 11.

Puc. 9. KapTa 30Ha/IbHOT0 pacnpocTpaHeHHUsI BEpXHETPHUACOBBIX OTJI0keHUH (popManus Mysycca @) B paitoHe EBdpaTckoro rpabeHa.
leonornyeckuii paspes (A-B) nokasan Ha puc. 10. [IpogosibHbIN reosiorudeckuit npoduss no auHuu (C-D) nokasan Ha puc. 11.

Additionally, along the NW-SE trend of the Upper Triassic
Mulussa F depositional basin, wherein the Mulussa G sedi-
ments are not preserved due to the erosion and/or non-de-
position, the Mulussa F1 sediments (i.e. the younger zone
of the Upper Triassic Mulussa F Formation) are partially
eroded due to the BKL unconformity, while sediments of the
older zones (Mulussa F2, and Mulussa F3) are preserved
and not affected by the erosion. Along the Jora high, the Mu-
lussa F1 sediments are partially to completely eroded due
to the influence of the BKL unconformity (Fig. 9).

Moving towards the studied part from the Palmyra ba-
sin, we note that almost the full original thickness of the
Upper Triassic Mulussa F sediments is preserved. Towards
the NE and SW flanks of the graben, the Mulussa F1 sedi-
ments (i.e. the younger zone of the Upper Triassic Mulussa
F Formation) are completely absent, while the sediments
of the older zone (Mulussa F2) are partially preserved. To-
wards the far NE flanks near to the Khleissia uplift, and to-
wards the far SW flanks near to the Rutbah uplift, only the
Mulussa F3 sediments are preserved, while sediments of
the younger zones (Mulussa F2, and Mulussa F1) are com-
pletely absent. This results from the non-deposition of such
sediments and the less accommodation space near the up-
lift areas, as well as due to the erosion processes caused by
the regional BKL and/or BKU unconformities (Fig. 9).

In Fig. 10, a NE-SW geological profile (A-B) flattened
at the BKU surface shows that sediments of all the zones
of the Upper Triassic Mulussa F Formation (Mulussa G)
are completely preserved locally in the central parts of the
graben. Gradually moving away from the central parts of
the Euphrates graben along the trend of the cross-section
(A-B) towards the NE flanks (i.e. towards the Khleissia up-
lift), we note that the effects of the erosion begin to appear
on the Mulussa F sediments. Here, it is clear that the sedi-
ments of the younger zones of the Upper Triassic Mulus-
sa F Formation (Mulussa F1) were eroded more than the
sediments of the older zones (Mulussa F2, and Mulussa F3).
In general, this leads to a gradual decrease in the thickness
of the Upper Triassic Mulussa F sediments along this trend
until they completely disappear near the Khleissia uplift
to the NE. This is interpreted due to the less accommoda-
tion space along these flanks, as well as due to the ero-
sion processes caused by the BKL unconformity (since the
zones of the Lower Cretaceous Rutbah and the Judea sedi-
ments are preserved there), and the higher degree of ero-
sion caused by the BKL unconformity exactly near to the
Khleissia uplift (wherein the Mulussa F sediments are ab-
sent) (Fig. 10).

Towards the SW flanks near the Rutbah uplift, the thick-
ness of the Upper Triassic Mulussa F sediments is gradually
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In the central parts of the Euphrates graben, the
younger zones of the Upper Triassic sediments
partially affected by the erosion caused by the BKL
unconformity complex

Towards the Rutbah uplift, the younger zones of
the Upper Triassic sediments affected by the
erosion caused by the BKL and BKU
unconformities, gradually towards the Rutbah
uplift, the sediments are completely absent
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Fig. 10. The NE-SW geological cross-section (A-B) flattened at the BKU surface.

Puc. 10. [TonepeyHblii reosioruyeckuid npoduiib no Juuuu (A-B) (CB-H03), criaxkeHHBIH 110 TOBEpXHOCTU Hecoryiacust BKU.
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Fig. 11. The NW-SE longitudinal geological profile (C-D) flattened at the BKU unconformity surface.
Puc. 11. [IpoaosibHbI reosiornyeckud npodpuib no Junuu (C-D) (C3-10B), criaxkeHHBIH 10 OBEepXHOCTU Hecoryiacust BKU.
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reduced until they completely disappear exactly near to the
Rutbah uplift. This is interpreted due to the erosion pro-
cesses caused by the BKL and BKU unconformities since
the Lower Cretaceous Rutbah and the Judea sediments are
completely absent there (Fig. 10).

In Fig. 11, a NW-SE longitudinal geological profile (C-D)
flattened at the BKU surface shows a semi-constant thick-
ness of the Upper Triassic Mulussa F Formation zones along
the NW-SE trend. Limited changes are noted in the thick-
ness of the Mulussa F1 sediments along the profile. This is
due to the limited effects of the erosion processes caused
by the BKL unconformity since the zones of the Lower Cre-
taceous Rutbah Formation are preserved there.

A limited influence of the erosion processes caused by
the BKL unconformity along the Jora high is evidenced by
the absence of the Mulussa F1 sediments (i.e. the younger
zone of the Upper Triassic Mulussa F Formation). The Jora
high area is expressed in the profile (C-D) as a pre-BKL un-
conformity event since the zones of the Lower Cretaceous
Rutbah Formation are preserved there. Towards the studied
part from the Palmyra basin, the sediments section of the
Upper Triassic Mulussa F Formation is almost complete and

not affected by the erosion processes caused by the regional
BKL and BKU unconformities.

4.3. Regional stratigraphical zonal distribution

framework of the Lower Cretaceous sediments

in the Euphrates graben area

Sediments of the Lower Cretaceous Rutbah Formation
cover almost the entire Euphrates graben area and some
parts of Iraq lands (Fig. 12).

Stratigraphically, the Lower Cretaceous Rutbah sedi-
ments lie disconformably on the top of the BKL soil horizon
and on the top of the Jurassic Mulussa G sediments in the
zones wherein the erosion caused by the unconformities
did not remove the Jurassic Mulussa G sediments. However,
in the zones wherein the BKL soil horizon and/or sedi-
ments of the Jurassic Mulussa G sediments were completely
eroded, the Lower Cretaceous Rutbah sediments lie discon-
formably on the top of the Upper Triassic Mulussa F sedi-
ments (see Fig. 6).

The Lower Cretaceous Rutbah sediments along the Euph-
rates graben area are subdivided into two zones from bot-
tom to top (Lower Rutbah and Upper Rutbah, respectively),

Mediterranean Sea

Fig. 12. Distribution map of the Lower Cretaceous Rutbah Formation sediments in Syria, different colours reflect the topography:

yellow - highlands, blue - lowland after [Brew et al., 2001].

Puc. 12. KapThl pacnpocTpaHeHHUs] HUXKHEMEJIOBBIX OT/I0KeHUM (popmanus PyT6a) B Cupuu. Tonorpadusi MECTHOCTH OTpaxKeHa
LBETOM: JKeJIThIH — HAaropbsl, CHHUH - HU3UHBI (110 [Brew et al,, 2001]).
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according to Spectral Gamma Ray logs and lithology com-
positions (see Fig. 6), [Yousefetal., 2016,2017,2018]. The
Lower Cretaceous Rutbah sediments are partially or com-
pletely eroded due to the influence of the BKU unconformity,
which leads to high variations in the thickness and zonal
distribution along the graben area. The maximum thick-
ness of the Lower Cretaceous Rutbah Formation along the
Euphrates graben area is approximately 320m. The thick-
ness increases gradually towards the northern, NE and NW
flanks of the graben, and towards the Jora high area, as well
as towards the studied part of the Palmyra basin and the
far NW flank of the graben (Fig. 13). This trend of thick-
ness increasing reflects the increase in the accommodation
space during the deposition time of the Lower Cretaceous
Rutbah sediments along this trend. Considering a lower or
limited degree of erosion caused by the BKU unconformity
that affected the Lower Cretaceous Rutbah sediments along
the northern, NE and NW flanks of the graben, and towards
the Jora high and Palmyra basin, there are grounds to sug-
gest that these flanks were structurally lower prior to the
erosion caused by the BKU unconformity during the de-
position time of the Lower Cretaceous Rutbah Formation.
Hence, the maximum thicknesses of these sediments along
these flanks is preserved (Fig. 13). The Jora high area shows
a smaller thickness of the Lower Cretaceous Rutbah sedi-
ments mainly due to the less accommodation space and
less erosion caused by the BKU unconformity. The Lower

Cretaceous Rutbah sediments in Palmyra basin are thicker
due to the more accommodation space and less erosion
caused by the BKU unconformity. However, the erosion pro-
cesses caused by the BKU unconformity affected the thick-
ness trend and zonal distribution of the Lower Cretaceous
Rutbah sediment. As a result, areas with minimum thick-
ness of these sediments formed towards the southern,
eastern, SE and SW flanks of the graben and especially near
the Rutbah uplift (Fig. 13).

A higher degree of erosion caused by the BKU unconfor-
mity that affected the Lower Cretaceous Rutbah sediments
along the above-mentioned flanks of the graben means that
these flanks were structurally higher prior to the erosion
processes caused by the BKU unconformity along the gra-
ben during Lower Cretaceous Rutbah Formation deposition
time. Furthermore, this indicates that the accommodation
space near these flanks during the deposition time was lim-
ited, which prevented these sediments from being depo-
sited near the flanks and near the Rutbah uplift towards the
southwest (Fig. 13).

The sub-crop map showing the distribution of the Lower
Cretaceous Rutbah sediments along the Euphrates graben
area is shown in Fig. 14. The full section of these sediments
is preserved towards the NE flanks, partially to the west and
NW areas along the Jora high and the Palmyra basin, and
partially towards the far eastern flanks. The section of the
Lower Cretaceous Rutbah sediments along these flanks
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Fig. 13. Thicknesses map of the Lower Cretaceous Rutbah Formation sediments in the Euphrates graben area.

Puc. 13. KapTa MomHoCTeN HUXKHEMEJIOBBIX OTJI0’)KeHUH (popmanus Pyt6a) B paiione EBdpaTckoro rpabeHa.
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is overlaid by carbonates of the Judea Formation (which
are older than the Lower Cretaceous Rutbah sediments,
as shown in the stratigraphical section of the Euphrates
graben). Thus, the carbonate sediments of the Judea For-
mation contributed to protecting the Lower Cretaceous
Rutbah sediments from being exposed to the erosion pro-
cesses caused by the BKU unconformity. Along the central
parts of the Euphrates graben area, the Lower Cretaceous
Rutbah sediments are partially or completely eroded due to
the influence of the BKU unconformity. The sub-crop map
shows that exactly in the central parts of the graben, the
erosion processes strongly affected the younger zone of the
Lower Cretaceous Rutbah Formation (Upper Rutbah), and
these sediments were completely removed. The only pre-
served sediments are those of the older zone of the Lower
Cretaceous Rutbah Formation (Lower Rutbah).

Moving onwards away from the central parts of the gra-
ben, the sub-crop map (Fig. 14) also shows that the erosion

processes mainly affected the younger zone of the Lower
Cretaceous Rutbah Formation (Upper Rutbah), while the
sediments of the older zone (Lower Rutbah) are preserved
there (Fig. 14). Towards the far southern, SE and SW flanks
of the Euphrates graben near to the Rutbah uplift, the Lower
Cretaceous Rutbah sediments are partially and strongly
eroded due to the influence of the BKU unconformity, and
only the sediments of the Upper Triassic Mulussa F Forma-
tion are preserved there (Fig. 14).

In Fig. 15, a NE-SW geological profile (A’-B”) flattened
at the BKL surface shows that towards the northeast near
to the Khleissia uplift, the Lower Cretaceous Rutbah sedi-
ments are almost fully preserved and only slightly affected
by the erosion processes caused by the BKL unconformity:.
These sediments are overlaid by the carbonate sediments
of the younger Judea Formation. Towards the SW flanks
near to the Rutbah uplift, the Lower Cretaceous Rutbah
sediments are partially to completely eroded due to the
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Fig. 14. Sub-crop map showing the distribution of the Lower Cretaceous Rutbah sediments along the Euphrates graben area. The
geological cross-section (A”-B”) is shown in Fig. 15. The geological longitudinal profile (C’-D”) is shown in Fig. 16.

Puc. 14. KapTa 30Ha/IbHOT0 pacnpoCTpaHEHUsI HUXKHEMEJIOBBIX OT/I0XKeHU U (popmanus PyT6a) B palione EBdpaTckoro rpabeHa.
leosiornyeckuit paszpes (A”-B”) nokasaH Ha puc. 15. [IpogosbHbIN reosiorndeckuit npoduss (C”-D”) nokasaH Ha puc. 16.
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Fig. 15. The NW-SE geological cross-section (A’-B”) flattened at the BKL surface.
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influence of the BKU unconformity, and the erosion mainly
removed the sediments of the younger zone of the Lower
Cretaceous Rutbah Formation (Upper Rutbah). Gradually,
towards the far SW flanks exactly near to Rutbah uplift, the
Lower Cretaceous Rutbah sediments become completely
lacking, and only the sediments of the older zone of the
Upper Triassic Mulussa F Formation (Mulussa F3) are pre-
served there. Moving inwards the central parts of the Euph-
rates graben along the geological cross-section (A’-B”), we
note partial to complete erosion of the younger zone of the
Lower Cretaceous Rutbah Formation (Upper Rutbah) due
to the BKU unconformity. The sediments of the older zone
of the Lower Cretaceous Rutbah Formation (Lower Rutbah)
were less affected by the erosion processes caused by the
BKL unconformity and are thus partially preserved there
(Fig. 15).

In Fig. 16,a NW-SE longitudinal geological profile (C"-D")
flattened at the BKL surface shows that the erosion pro-
cesses affected the sediments of the Upper Rutbah zone
more than those of the Lower Rutbah zone. This is evidenced
by a comparison of their thicknesses along the profile, which
clearly shows that the Lower Rutbah sediments are thicker
than the Upper Rutbah sediments (Fig. 16). This is due to
the difference in the erosion degree caused by the BKU un-
conformity, as well as the difference in the available accom-
modation space - there was more accommodation space
along the NW flanks than along the SE flanks, and the Lower
Cretaceous Rutbah sediments were deposited along the NW

flanks. Along the central parts of the Euphrates graben, the
Upper Rutbah sediments are partly presented, and the ero-
sion degree depends mainly on how structurally high these
areas were relative to the BKU unconformity.

5. SOURCE OF THE UPPER TRIASSIC
AND LOWER CRETACEOUS SEDIMENTS
IN THE EUPHRATES GRABEN AREA

Our study have identified dominating deposits in the
study area. Marine carbonates dominate in the Mulussa E
Formation; shallow marine sediments in the Mulussa F3.2
zone; and lagoon-type and coastal fluviatile sediments in
the Mulussa F3.1 zone. Continental fluviatile deposits domi-
nate in the Mulussa F2 zone; and coastal fluviatile sedi-
ments in the Mulussa F1 zone. Shallow marine carbonates
are dominant in the Mulussa G Formation; and shallow ma-
rine sediments in the Lower Cretaceous Rutbah Formation.
This gentle modification in the depositional sequence from
marine to continental and back to marine deposits corre-
sponds to a regressive-transgressive pair followed by two
major sequence boundaries, i.e. the BKL and BKU uncon-
formities, respectively (see Fig. 6).

By studying the clay mineral composition of the Upper
Triassic (Mulussa F Formation) and the Lower Cretaceous
sediments (Rutbah Formation), we establish the source
material composition and assess the amount of weathering
or maturity of the clay sediments, which directly depends
on the duration of exposure of the clay materials to erosion

Source of sediments

Fig. 17. The 3D depositional model showing possible sources of the Upper Triassic and Lower Cretaceous sediments in the Euphrates

graben area.
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and indicates the accommodation space. The modifications
in the clay materials composition of the Upper Triassic and
Lower Cretaceous sediments are therefore entirely due to
the change in weathering abilities of the sedimentological
system and ultimately to the availability of the accommo-
dation space. For the same source material composition, the
more mature are the clays, the lower is the rate of the ac-
commodation space. The abundance of highly mature clay
materials in the Upper Triassic and the Lower Cretaceous
sediments in the Euphrates graben area suggests that these
sediments derived from deep acidic volcanic rocks, or de-
veloped from metamorphic rocks which were exposed for a
long time and subjected to long-term chemical and physical
weathering processes in conditions of a tropical humid cli-
mate [Caron, Mouty, 2007; Yousef, Morozov, 2017b].

The high maturity of quartz minerals that are mixed
with heavy minerals (e.g. zircon and tourmaline) (see Fig. 6)
[Yousefetal, 2016, 2017] suggest that these sediments were
transported into the deposition basin from an area located
at a long distance. The sources of the Upper Triassic and
the Lower Cretaceous sediments in the Euphrates graben
area derived from the Rutbah uplift towards the SW flank
of the graben and/or from the Khleissia uplift towards the
NE flank of the graben. This interpretation is supported by

the fact that both the Upper Triassic Mulussa F sediments
and the Lower Cretaceous Rutbah sediments are preserved
only in the central parts of the Euphrates graben. They are
absent in the areas of the Khleissia and Rutbah uplifts due
to the impacts of tectonic uplifting and erosion related to
the creation of the Euphrates graben during the Early Cre-
taceous (Barremian) [Litak et al.,, 1997, 1998].

In Fig. 17, a three-dimensional depositional model shows
possible sources of the Upper Triassic and Lower Cretaceous
sediments in the Euphrates graben area. In [Laws, Wilson,
1997; Ziegler, 2001; Sadooni, Alsharhan, 2004; Mouty, Gout,
2010], the palaeogeographic reconstruction for the Middle
East Upper Triassic shows that the non-marine Upper Trias-
sic sediments are also observed outside the Euphrates gra-
ben area. Therefore, the fluviatile system of the Upper Trias-
sic Mulussa F Formation in the Euphrates graben area oc-
cupied probably a relatively small area.

In Fig. 18, a two-dimensional depositional model shows
possible deposition settings and possible sources of the Up-
per Triassic and Lower Cretaceous sediments in the Euph-
rates graben area. This model is based on sedimentologi-
cal interpretations described in [Yousef et al., 2019]. In the
fluviatile system of the Upper Triassic sediments, the flows
are directed from NNE to SSW (Fig. 18).

Source of the sediments
Sediments transport direction

—)
—
W Volcanic intruding

- =~ Depositional system of the
_ - Upper Triassic sediments

- =« Depositional system of

~ _ - the Lower Cretaceou
sediments

Plants vegetation
areas :

Fluviatile
#/system

'~ e
e

Fig. 18. The 2D depositional model showing possible deposition settings and sources of the Upper Triassic and Lower Cretaceous

sediments in the Euphrates graben area.
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6. CONCLUSION

Improved understanding the regional structure of the
Euphrates graben and clarifying the influences of the regional
unconformities on the graben area is very important for fu-
ture exploration of the currently non-explored areas, as well
as for the developments of the graben fields. Such knowl-
edge is critical for identifying the most promising thick-
nesses of the reservoir sediments and zones that were not
influenced by the erosion processes caused by the uncon-
formities in the graben fields. Using the geological modeling
software of Petrel Schlumberger, we have constructed the
regional structural and stratigraphical geological models
of the Upper Triassic Mulussa F Formation and Lower Cre-
taceous Rutbah Formation. Based on these models, it be-
comes possible to properly clarify the zonal distribution and
thickness changes of the sediments, which result from the
influence of the two major unconformities, the Base Upper
Cretaceous Unconformity (BKU), and the Base Lower Creta-
ceous Unconformity (BKL). The 480 m maximum thickness
of the Upper Triassic Mulussa F sediments is preserved in
the central parts of the graben and along the NW-SE trend
(i.e. practically the dip direction of the Upper Triassic Mu-
lussa F Formation depositional basin). Towards the NE flank
near to Khleissia uplift, as well as towards the SW flank
near to Rutbah uplift, the thickness of the Upper Triassic
Mulussa F sediments gradually decreases to the minimum.
These sediments are completely absent near these uplifts,
which is mainly due to the erosion processes caused by the
BKL unconformity in combination with the less accommo-
dation space available near these areas. The 320 m maxi-
mum thickness of the Lower Cretaceous Rutbah sediments
is preserved in the central parts of the graben and towards
the northern, NW and western flanks of the graben, as well
as along the Jora high and Palmyra basin. These flanks and
areas are the main depositional basin of the Lower Creta-
ceous Rutbah sediments. The maximum thickness of the
Lower Cretaceous Rutbah sediments is preserved there due
to the sufficient availability of the accommodation space.
Furthermore, these sediments were less influenced by the
erosion processes caused by the BKU unconformity. The
thickness of the Lower Cretaceous Rutbah sediments de-
creases towards the southern, SE and SW flanks near the
Rutbah uplift mainly due to the less accommodation space
and due to the higher degree of erosion caused by the BKU
unconformity along these flanks and areas.
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