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ABSTRACT: The Euphrates Graben is located in eastern Syria. The Upper Triassic Mulussa F Forma-
tion sandstones serve as the primary reservoir intervals in the majority of the graben fields. The
study’s findings were based on core studies: petrographic examination of thin sections, scanning elec-
tron microscope (SEM), imaging of backscatter scanning electron microscope (BSE), X-ray microprobe
examinations, and carbon-oxygen stable isotope analysis of microfracture-filling cements. Three of the
most common types of microfracture found in the investigated sandstones are intragranular or intrac-
rystalline microfractures, grain boundary or grain-edge microfractures, and transgranular (crossing
grains) microfractures. Sandstone microfractures that are open and free of secondary mineralization
improve sandstone storage and permeability. However, microfractures that are cemented and filled
with secondary mineralization reduce storage and permeability. Common siderite and pyrite cements
were identified within the microfractures and the nearby sandstone matrix. Larger anhedral or euhe-
dral siderites are thought to form during shallow burial diagenesis, whereas poikilotopic siderites are
thought to form during deep burial diagenesis. Poikilotopic pyrite is believed to be a diagenetic cement,
which is attributed to the reduction of iron oxides present in the sediments in the presence of hydrocar-
bons. Microfractures reflect tectonic, overpressure, and diagenetic origins. Microfractures of tectonic
origin are associated with folding and thrust activities over the Euphrates Graben area, and they were
formed at the beginning of the Upper Triassic with siderite and pyrite cement equilibration tempera-
tures of approximately 100-105 °C, and they continued forming from the middle to the end of the Up-
per Triassic with cement equilibration temperatures of approximately 90—100 °C in conjunction with
the first phase of the Euphrates Graben. Microfractures related to diagenetic and overpressure process-
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es are tension microfractures and were formed in compression settings during the Upper Triassic.
KEY WORDS: microfracture, sandstone, Upper Triassic, Mulussa F, Euphrates Graben, Syria.

0 INTRODUCTION

Natural occurring fractures in hydrocarbon reservoirs are
common and important as fluid flow conduits and repositories
of oil and gas (Anders et al., 2016). The large-scale fractures
(macrofractures), they are usually studied directly from core
samples or using imaging tools, for example, the formation mi-
croimager (FMI) and/or ultrasonic borehole imager (UBI)
(Ameen and Hailwood, 2008). The microscopic fractures (mi-
crofractures) are studied using laboratory techniques, for exam-
ple, polarizing and/or scanning electron microscopes (Bisdom
etal., 2016).

The aims of this research are the following: (1) microfrac-
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ture types and characteristics from the point of size, shape, pat-
terns, and mode, (2) microfractures cement fills characteristics,
(3) evolution of the diagenetic origins of the cement that fills
the microfractures, (4) timing and origins of the microfrac-
tures, and (5) microfractures’ influences on porosity.

The research is necessary since the economic production
of the hydrocarbons in the siliciclastic reservoir rocks of the
Mulussa F Formation depends sometimes on the characteristics
of the naturally occurring microfractures, which are very im-
portant channels for fluid flow and accumulation and lead to an
increase in the reservoir storage and production rates. Also,
characterization of the microfractures can be used as paleo-
stress indicators, strain gauges, and in providing evidence for
the temperature of fracturing, fluid conditions, and timing.
Such studies in petroleum geology are needed and important
since they can provide key evidence of the processes of com-
paction, consolidation, growth, and development of the fault
zones that govern the patterns of fluid flow within the sand-
stones of the Mulussa F Formation. Therefore, understanding
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the characterization, formation, and distribution of the micro-
fractures has significance for natural gas exploration and devel-
opment in the Euphrates Graben fields.

The novelty of the research is that characterization of the
microfractures within the Mulussa F Formation sandstones con-
tinues to challenge geoscientists in the Euphrates Graben fields,
as they are very common and well developed due to the tectonic
structure and complex diagenetic history of the graben area.

Sediments of the Mulussa F Formation were studied in
terms of sedimentology by (Ibrahem et al., 2022, 2021a, b;
Yousef et al., 2021a, b, 2020, 2019, 2018a, b; Yousef and Mo-
rozov, 2017a, b), and this study is the first one related to micro-
fracture characterization and is a continuation of the previous
studies on the Mulussa F Formation in the Euphrates Graben.
Results of the research can be beneficial for hydrocarbon activ-
ities in the fields of the Euphrates Graben area since the micro-
fractures within the sandstone of the Mulussa F Formation are

likely a key factor for controlling the hydrocarbon flow, accu-
mulations, production rates, and changes in the reservoir prop-
erties.

1 SAMPLING AND ANALYTICAL PROCEDURES

The studied sandstone samples were collected from the
reservoir intervals of the Mulussa F Formation in 12 wells dis-
tributed over the graben area as shown in Fig. 1c.

Detailed investigations and petrographic observations
were performed on the sandstone full-length core intervals and
on the selected thin section samples. The modal compositions
were obtained from 40 representative sandstone samples by
counting 300 points in each thin section. Thirty sandstone sam-
ples were examined using a backscatter scanning electron mi-
croscope (BSE) and a scanning electron microscope (SEM).
Data interpretations of the UBI imaging tool in one well were
also used for fracture distribution and azimuths. Stable carbon
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Figure 1. (a) Simplified map illustrates the tectonic settings of the Arabian Plate (Litak et al., 1998); (b) location map of the Euphrates Graben in Syria (Brew
et al., 2000); (c) simplified map showing the different faults trends across the Euphrates Graben area.
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and oxygen isotope analyses were carried out on 5 siderite-
cemented sandstone samples. The equilibration temperature
(ET) (°C) calculated using the formula: ET = 0.04 x (§”0)* - 4.548
x (8"*0) +23.85(PDF) (Zuo et al., 2018).

2 GEOLOGIC SETTING
2.1 Structural Framework

The Euphrates Graben (Fig. 1b) is located in the eastern
part of Syria, which is located on the northwestern slope of the
Arabian plate (Fig. 1a), (Litak et al., 1998). The main tectonic
blocks in Syria, which recorded uplifts and subsidence, include
the Palmyrides, Euphrates Graben, Khleissia, and Sinjar-Abd
El Aziz uplifts (Fig. 1b). The Euphrates Graben is the studied
area and is one of the most important oil and gas basins in Syr-
ia (Ibrahem et al., 2021a, b). The 160-km-long Euphrates Gra-
ben is an intracratonic rift basin formed by the crustal exten-
sion during the Middle to Late Cretaceous Period(Yousef and
Morozov, 2017a, b). The rift basin of the Euphrates Graben is
characterized by a complex pattern of highly interlocking
faults, according to different trends. Differential subsidence is
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predominantly controlled by the faults (Figs. 2a, 2b).

Most of the faults cut the Triassic and Cretaceous strata,
some of which extended to cut the Cenozoic strata, others ex-
tended to cut the Paleozoic strata (Figs. 2a, 2b). Several inde-
pendent hydrocarbon reservoirs were identified in the Euphra-
tes Graben area, ranging in age from the Paleozoic to the Meso-
zoic, with the Triassic and Cretaceous reservoirs being the
most important (Yousef et al., 2018a; Barrier et al., 2014). The
combined information from the various data sources allows a
subdivision of the fault families across the Euphrates Graben
area into five major trends. The main orientations are color-
coded (Fig. 1c).

The west-north-west to east-south-east WNW-ESE trends
are similar to the general trend of the Euphrates Graben area
(Fig. 1b). They reflect the fault elements which are perpendicu-
lar to the extension axis of the graben. Faults according to this
trend control the major subsidence of the Euphrates Graben
(Fig. 2b).

The north-west to south-east trends NW-SE, which are al-
so similar to the general trend of the Euphrates Graben, are
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Figure 2. (a) 3D model of the Euphrates Graben based on seismic interpretation (Brew et al., 2000); (b) structural geological cross-section (A*—A**) across

the Euphrates Graben area (Litak et al., 1998).
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common over the Euphrates Graben area (Fig. 1c). The trends
of these faults are associated with the WNW-ESE fault trends
but have been diverted towards the northeast as a result of the
Euphrates Graben Movement clockwise to the northeast under
the influence of the Palmyrides compaction (Litak et al., 1997).

The northeast to southwest fault trends, which are parallel
to the general trend of the Palmyrides, are also common over
the Euphrates Graben area (Fig. 1c). These faults are generally
considered an extension of the Palmyrides fold belt faults, but
they were cut in the area of the Euphrates Graben by the
WNW-ESE and the NW-SE faults. Additionally, there are also
north-south and east-west fault trends over the Euphrates Gra-
ben. These faults are common and extend for long distances
through the graben area, and are sometimes interrupted or cut
by other faults with the trends mentioned above (Fig. 1c).

2.2 Stratigraphy and Sedimentology

Stratigraphically, the studied section covers the Upper Tri-
assic Mulussa F Formation in the selected area in the Euphra-
tes Graben area where its clastic sediments vary in thickness
from 350 to 450 m and consist mainly of fluviatile channel
sandstone bodies (10 to 60 m in thickness) with interbreeds of
floodplain claystone (3 to 20 m in thickness) (Figs. 3a, 3b).

The regional stratigraphically information (Ibrahem et al.,
2021a, b; Yousef et al., 2019, 2018a, b) indicates that sedi-
ments of the Mulussa F Formation over the Euphrates Graben
area were influenced by the erosion accompanying with the re-
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gional base Early Cretaceous unconformity (BKL), (Fig. 3a),
which resulted in varying thicknesses of the sediments over the
fields of the Euphrates Graben area. Sediments of the Upper
Triassic Mulussa F Formation are overlined by sediments of
the Early Cretaceous Rutbah Formation, the BKL Unconformi-
ty separate between them as shown in Fig. 3a.

2.3 Reservoir Attributes

The sandstone bodies of the Mulussa F Formation are the
main reservoir units over the Euphrates Graben area (Yousef et
al., 2019). The source rocks are believed to be the deeper Trias-
sic strata (Fig. 3a) (Syrian Petroleum Company, 1981). The res-
ervoir lithology of the Mulussa F Formation is generally com-
prised of moderately to well-sorted, fine to medium to coarse-
grained quartz arenites that vary in size from 250 to 500 pm
with about 3% to 10% clay content (Figs. 4a, 4b, 4¢) and have
experienced weak to moderate degrees of compaction (Figs.
4b, 4e). The majority of the sandstones are texturally mature,
with a framework assemblage consisting almost exclusively of
detrital quartz.

Detrital feldspars vary from traces to about 5% with an av-
erage of 1% (based on point counting data). They include K-
feldspar and plagioclase. Most of the feldspars were dissolved
during the diagenesis, which led to generating secondary porosi-
ty, which developed the reservoir quality of the studied sand-
stone. The sandstones of the Mulussa F Formation, in general,
are classified as quartz arenite (Fig. 4c), with the exception of
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Figure 4. Representative optical photomicrographs. (a) Medium grained quartz arenite with low clay content; (b) coarse-grained quartz arenite with moderate

degrees of compaction; (c) the framework grain composition of the representative sandstone samples from the Upper Triassic Mulussa F Formation plotted on

McBride’s (1963) classification; (d) very fine to fine-grained to quartz wackes; (e) Fractured quartz arenite, traces of kaolinite within some pores; (f) coarse-

grained quartz arenite with secondary dissolution porosity. Abbreviations on photomicrographs: P. Pore; Q. quartz; Si. siderite; K. kaolinite; Mf. microfracture;

B. bitumen.

some samples, which contain an excess of 25% detrital matrix
clay and are therefore classified as quartz wackes (Fig. 4d). The
sandstone thickness of the Mulussa F Formation varies between
35% and more than 70% of that of the gross stratum (Yousef et
al., 2019). The burial depth of the Mulussa F Formation sedi-
ments over the fields of the Euphrates Graben is up to 3 700 m
of true vertical depth subsea (TVDSS) (Yousef et al., 2018a).

The reservoir quality of the Mulussa F Formation sand-
stone according to well log interpretations as shown in Fig. 3b
is generally good. The average total porosity from well logs is
about 12%, with a range from 0.2% to 20%. As shown in Fig.
3b, the oil saturation values of the sandstone reservoir layers
calculated from the well logs are up to 1%. The clay mineral
content between the detrital components of the Mulussa F For-
mation sandstone is the main factor in controlling the reservoir
properties. Additionally, the type and distribution of the second-
ary authigenic cement/minerals between the grains also affect
the reservoir quality (Yousef et al., 2020; Yousef and Morozov,
2017a, b).

3 RESULTS AND DISCUSSION
3.1 Microfracture Morphology

Both open and sealed microfractures have been identified
throughout the sandstone cored intervals. Induced fractures and

microfractures, whether caused by drilling or caused by core
handling, are not discussed here because they are artificial and
cannot be interpreted as naturally occurring. The three main
categories of microfractures were recognized in the thin sec-
tions of the studied sandstone samples based on the relation-
ship between the microfractures and the quartz grains (Figs.
Sa, 5b, 5¢) (Hooker et al., 2013; Batzle et al., 1980; Simmons
and Richter, 1976). These include: (1) the intragranular or intra-
crystalline microfractures that are lying totally within the
quartz grains (Fig. Sa), (2) the grain boundary or grain-edge mi-
crofractures that are along the grain boundaries (Fig. 5b), and
(3) the transgranular (traversing grain) microfractures that are
across the grains or are across the grains from the grain bound-
aries (Fig. 5c¢).

3.1.1 Intragranular or intracrystalline microfractures

The examination of thin sections with transmitted light
microscopy revealed that intragranular or intracrystalline mi-
crofractures are the most common type in coarse-grained sand-
stone samples; they are less common in fine- to medium-
grained sandstone samples. Typically, they are identifiable as
well-marked lines in the form of irregular arrays lying entirely
within the quartz grains and the cleavage microfractures in the
feldspars (Figs. 6a, 6b). Locally, the intragranular microfrac-
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Figure 5. Grain-scale illustration of microfracture categories within sandstones of the Mulussa F Formation. (a) Intragranular or intracrystalline microfracture;

(b) grain boundary or grain-edge microfracture; (c) transgranular (traversing grain) microfracture, representative optical photomicrographs showing; (d) quartz

arenite, fine to coarse-grained, intragranular microfracture within some crystals; (¢) quartz arenite, coarse-grained, grain-edge microfracture within some crys-

tals; (f) quartz arenite, coarse-grained, transgranular microfracture within some crystals. Abbreviations on photomicrographs: P. Pore; Q. quartz; IMf. intragran-

ular microfracture; GMf. grain-edge microfracture; TMf. traversing microfracture.

tures are relatively small in size, usually much less than the de-
trital quartz grain diameter in length and about 1 pm or less in
width. They could be curved to straight traces arranged in a
simple and/or complex intersecting pattern, and usually, they
are not cut through the edge of the grains. The intragranular mi-
crofractures have high densities (Figs. 6a, 6b). Other intragran-
ular microfractures lack secondary mineral deposits (Fig. 6c¢).
The lines of the microfractures are traceable from one grain to
another by thin strings of these secondary minerals. In contrast,
thermally or mechanically induced intragranular microfractures
have sharp walls, are generally narrow, and typically lack sec-
ondary mineral deposits. Based on sandstone grain textural re-
lations, it is suggested that the intragranular microfractures
within sandstones of the Mulussa F Formation were formed
mainly before or during the early stages of the quartz grain ce-
mentation processes. This is consistent with the local medium
to large displacements of the fractured grains on both sides of
the microfracture (Figs. 6a, 6¢, arrows).

3.1.2 Grain boundary or grain-edge microfractures

The grain boundary or grain-edge microfractures are usu-
ally narrow in width and short in length. They have varying de-
grees of aperture range between 10 and 20 pm, although they
have experienced dissolution and a few of them could reach up
to 80 pum or longer (Figs. 6d, 6e). The grain-edge microfrac-
tures are associated and may be coincident with the grain
boundaries along linear contacts so that they can also be called
intergranular microfractures (Fig. 61).

Grain boundary or grain-edge microfractures may be sub-
divided into those coincident with and non-coincident with the
actual crystal boundary (Simmons and Richter, 1976). It is of-
ten difficult to make this distinction because the grain bound-
ary may not be obvious. Non-coincident grain boundary micro-

fractures may extend for short distances into the grain at a high
angle to the grain boundary (Fig. 6f), or may be close to and
subparallel to the boundary, possibly running through the grain
boundary asperities or adjacent cementation materials (Fig.
6g). Coincident grain boundary microfractures are separations
(open space) between part or all of the crystal boundary and
the adjacent cementation materials (Fig. 6h).

3.1.3 Transgranular (traversing grain) microfractures

The term transgranular (traversing grain) microfractures is
sometimes used for microfractures running across a grain from
grain boundary to grain boundary. The transgranular microfrac-
tures are usually wider and longer, and their length is not re-
stricted by the size of the grains. They could have straight trac-
es or inclined across many grains (Fig. 6k) and/or across one
grain (Fig. 6k, arrows). The short transgranular microfractures
(less than 40 pum) extend across the single grain (Fig. 6k, ar-
rows), while the longer transgranular microfractures (typically
are greater than 100 um and less than 10 um wide) cut across
and cut several tens of the grain and/or grain boundaries and
the intervening cement without having any consistent relation
to grain centers or grain contacts (Figs. 6k, 61). In several sam-
ples, the transgranular microfractures have the morphology of
secondary (authigenic) crystals growing within the space of the
fracture (Figs. 6m, 6n).

In some cases, the transgranular microfractures end at the
grain boundaries or subdivide the grains into multiple grains
(Fig. 6m, arrows). These patterns show that the transgranular
microfractures grew after the formation of cementation materi-
als between the grains. Some of the transgranular microfrac-
tures are widened by the dissolution of the grains and/or ce-
ments. Therefore, they can increase the connectivity in other-
wise ultralow-permeability reservoir rocks.
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Figure 6. Representative optical and SEM photomicrographs. (a), (b) Intragranular microfractures in quartz grains; (c) intragranular microfractures, SEM; (d)

experienced dissolution open grain-edge microfracture along the boundary of quartz grain; (e) experienced dissolution grain-edge microfracture along the

boundary of quartz grain, intragranular microfractures also excited; (f) grain-edge microfracture along the boundary of quartz grain, SEM; (g), (h) traversing

grain microfracture in the very fine to coarse-grained sandstone, some of the microfractures are cemented and sealed by the secondary authigenic minerals; (k)

traversing grain microfracture across the very fine sandstones; (1) traversing grain microfracture, (arrows) in the medium-grained sandstone; (m) authigenic

quartz within microfracture zone, SEM; (n) authigenic calcite within microfracture zone, SEM. Abbreviations on photomicrographs: Q. Quartz; K. kaolinite;

IMf. intragranular microfracture; GMf. grain-edge microfracture; TMf. traversing microfracture; M. micrite; Ca. calcite; OQ. overgrowth quartz; P. pore; B. bi-

tumen; VvSst. very fine sandstone.

3.2 Microfractures Cementation

Sedimentological investigations have revealed significant
microfracture zones within the sandstone intervals of the Mu-
lussa F Formation (Fig. 3c). Some are open and uncemented
(Figs. 7a, 7b), while others are partially or completely cement-
ed and filled with siderite (Figs. 7c, 7d, 7e, 7g), pyrite (Fig.
71), kaolinite (Fig. 6k), or authigenic quartz (Fig. 6m).

In this paragraph, we will discuss siderite and pyrite as mi-
crofracture cementation materials since they are the main fill-
ing materials within the microfracture. Other cements, for ex-
ample, kaolinite, quartz, and calcite, will not be discussed be-

cause they exist as traces between the detrital components of
the Mulussa F Formation sandstones and do not have any sig-
nificant effects on the reservoir properties. In general, pyrite ce-
ment is considered less common in the sandstone of the Mulus-
sa F sediments compared to siderite cement.

The microfracture zone shown in Figs. 7c and 7d is se-
verely cemented by brecciated siderite (Figs. 7e, 7g), and sub-
sequent late pyrite (Fig. 7f), although their distribution varies
within the microfracture zone. Both pyrite and siderite are com-
posed of non-isometric grains distributed in the primary pores
and in/or along the microfracture zones and vary in size from
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Figure 7. (a) Representative core photography showing open microfracture; (b) photomicrographs of the thin section showing open microfracture zone; (c), (d)

core sketch of cemented microfracture zone; (e) siderite-cemented microfracture, the siderite is partially zoned (centre); (f) microfracture zone characterized by

siderite, pyrite blocks postdate and replace siderite; (g) narrow, linear siderite-cemented microfracture zone (arrowed); (h) pyrite blocks occupy the intergranu-

lar pores; (k) point EDX analysis of siderite. Abbreviations on photomicrographs: Sst. Sandstone; Omf. open microfracture; Si. Siderite; Q. quartz; P. pore; Py.

pyrite; Cmf. closed microfracture.

20 um or smaller up to 200 um. Both these phases have migrat-
ed into the adjacent sandstone matrix to a minimal detected dis-
tance of 5 cm, reducing the effective porosity within the micro-
fracture-proximal parts of the matrix (Figs. 7e, 7g). Within part
of the siderite-cemented microfracture (Fig. 7e), the siderite is
partially zoned (center), reflecting the variations in the Ca-Fe
pore fluid content (Baker et al., 1996). Disseminated pyrite
(Fig. 7e, arrows), possibly partially replacing earlier siderite,
has also developed within the microfracture zone. This sug-
gests later sulphide-rich fluid also used this route for access in-
to the adjacent sandstone porosity. In the primary pores within
the adjacent matrix (Fig. 7f), pyrite cement is accompanied by
siderite (light grey-center) cement. This is post-dated and par-
tially replaced by a subsequent pyrite invasion.

The sandstone-mudstone contact (Fig. 7g) is penetrated

by a narrow, linear zone of siderite cement (arrows). This mi-
crofracture allowed CO,-rich fluids to penetrate the sandstone
intergranular porosity and precipitate siderite (bright phase in
BSE). The lower part of the fracture zone (Fig. 7h) is character-
ized by early siderite blocks, which line the framework surfac-
es and are post-dated by pyrite (brighter intensity) cement, sug-
gesting a subsequent influx of sulphide fluids (Morad, 1998).
In some situations, the pyrite appears to replace the siderite.

4 DISCUSSION
4.1 Origin of Cements

Although it is relatively difficult to determine the exact
timing of the siderite cement in the sandstone of the Mulussa F
Formation, the overall paragenetic sequence (Fig. 8) was estab-
lished based on the textural relationships and oxygen isotopic
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data, in addition to the available literature (Ibrahem et al.,
2021a, b). Petrographic observations indicate that the siderite
forms the major carbonate cement between the sandstone of
the Mulussa F Formation and the different sizes of siderite
(Fig. 7) suggest that it was formed under various diagenetic
conditions (Morad, 1998).

It is likely that the smaller anhedral/euhedral siderite,
which fills the smaller pores (Figs. 7e, 7f) and partially the
sandstone matrix (Fig. 7g) and locally engulfs the kaolinite
(Fig. 61), occurred in the early stage of the diagenesis (Morad,
1998). Conversely, the larger poikilotopic siderite that fills
large intergranular pores (Figs. 9a, 9b) and the microfracture
spaces (Figs. 7e, 7g) in loosely packed framework grains is be-
lieved to be formed during deeper burial diagenesis conditions
subsequently to the formation of pores and microfractures and
before the rock was subjected to any compactional processes.
What indicates this is that the distribution of siderite is usually

Diagenetic phases and

transformations

Infiltration of detrital clay
Siderite precipitation
Pyrite precipitation
Sphalerite precipitation
Barite precipitation

01l emplacement
Dissolution

flowing along the microfracture paths and the siderite crystals/
cement did not show any morphological deformation processes
(Figs. 9a, 9b).

The initial composition of the siderite is significantly af-
fected by the magnesium concentration in the porous water (Mo-
zley and Wersin, 1992). Based on the chemical analysis results,
the smaller anhedral/euhedral siderite shows a magnesium-poor
composition (between 0.1% and 3.2%), which indicates its pre-
cipitation from the meteoric pore waters. Conversely, the larger
poikilotopic siderite with high magnesium concentrations (up
to 25%) indicates its precipitation from the high magnesium
concentration pore waters (Morad et al., 2010; Wilson et al.,
2003).

The presence of siderites within the matrix and microfrac-
tures of the Mulussa F Formation sandstones probably reflects
the mobilisation of iron under organic-rich reducing condi-
tions. Coal bands indicate that organic matter was locally abun-

Diagenetic stage

Shallow burial diagenesis

Deep burial diagenesis

Figure 9. Representative BSE images. (a) Subspherical siderite replacing the unstable grains, pyrite cement developed within the pore network; (b) siderite

within the primary porosity; (c), (d) an organic-rich coal band (black) has acted as an effective slippage plane during fracturing. Pyrite cement form linear

streaks within the coal (centre) and large composite aggregates (top right). The latter disrupts the framework of grain fabric; (e) representative core photograph

showing microfracture zone filled with bitumen; (f) core sketch of microfracture zone filled with bitumen. Abbreviations on photomicrographs: Si. Siderite; Py.

Pyrite; Q. quartz; Cb. coal bands.
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dant within sediments of the Mulussa F Formation (Figs. 9c,
9d). Bacterial processes within the substrate probably influ-
enced the formation of siderite spherulites (Fig. 9a) by progres-
sively removing all oxygen and SO, sulphate ions, or by re-
ducing ferric iron to ferrous iron, or by raising the pH (Mozley
and Wersin, 1992).

Pyrite cement is a minor cement identified within the
sandstone of the Mulussa F Formation. Two forms of pyrite ce-
ment were recognized; the first one is the framboidal pyrite,
which is found as scattered invasions within the microfractures
and partially within the matrix (Figs. 7f, 9a). The second type
of pyrite is the poikilotopic, which is composed of very large
crystalline, sub-anhedral in shape, growing and filling the inter-
granular voids (Fig. 9h), supporting the quartz framework
grains (Fig. 9c) and replacing part of the coal bands (Fig. 9d).
This explains why this pyrite had a major role in severe porosi-
ty reduction. The framboidal pyrite cement results from the mi-
crobial activity within the sediments in which the resulted H,S
initiates pyritization processes in the organic matter bearing
mudstones. In those parts of the floodplain (where the Mulussa
F Formation sediments were deposited) that lacked freshwater
circulation, oxygen rapidly became depleted and anaerobic bac-
terial processes commenced. Scattered pyrite crystals possibly
record the reduction and removal of sulphate ions before ferric
iron reduction began (Anders et al., 2014; Raiswell, 1982). The
massive poikilotopic pyrite cement is believed to be a diagenet-
ic cement, which is attributed to the reduction of the iron ox-
ides present in the sediments in the presence of hydrocarbons
(Kalliokoski, 1966). The earliest fluids were CO,-rich, suboxic,
with high Fe activity. Subsequent fluids were reduced to S-rich
but retained high Fe activity.

4.2 Microfractures Origin and Timing

The previously described microfractures are widely pres-
ent in the sandstones of the Mulussa F Formation. They are
non-filled to partially or totally filled with siderite or pyrite
(Figs. 7, 8), and sometimes they are filled with calcite (Fig. 6n)
or overgrowth quartz (Fig. 6m). Three origins of the microfrac-
tures within the sandstones of the Mulussa F Formation were
identified, including the microfractures of tectonic origin, the
microfractures of overpressure origin, and the microfractures
of diagenetic origin (Wilson et al., 2003; Kranz, 1983). On the
basis of analyzing the overlapping relations of the authigenic
minerals within the microfractures, fluid inclusions of the mi-
crofractures and their cement fill (Ju et al., 2017; Padovani et
al., 1982), the timing of the microfractures was deduced.

(a) Microfractures of tectonic origin

Within the sandstone of the Mulussa F Formation, micro-
fractures of tectonic origin are most commonly present. Most

of the transgranular microfractures have tectonic origins.
Based on thin section examinations (Figs. 6, 7, 9), the tectonic
microfractures are usually distinguished by their length. Gener-
ally, they are long, and have a regular distribution within the
sandstone texture. They are part of the same macrofractures
populations that are associated with the tectonic activity over
the Euphrates Graben, including the folds and thrusts, since the
graben area is characterized by very active tectonic activity
over the eastern part of Syria (Litak et al., 1998, 1997).

The results of the BSE/SEM examinations showed that
the siderite and pyrite cements were trapped within the micro-
fractures during their precipitation (Figs. 7, 8). Some siderite
and pyrite cements appear to have precipitated between the de-
trital sandstone components before any compaction activates
subjected to the sandstones. This is based on the observations
from the thin section examination where these cements show
local morphological deformations resulting from crushing by
the subsequent compaction (Figs. 7e, 7g). Additionally, some
siderite and pyrite cements appear to have precipitated after the
compression activates. This is evidenced by the fact that they
occupy most of the microfractures and do not show any mor-
phological deformations resulting from the subsequent compac-
tion (Figs. 7h, 9a). The fluids responsible for siderite and pyrite
cements were probably hydrothermal in origin, gaining access
to the Mulussa F Formation through the tectonic faulting over
the graben area (Fig. 2) and distributed as irregular strings or
groups within the microfractures. The differences in the ce-
ment content suggest gradual changes in the pore fluid sources
(Mozley, 1989).

Apatite fission track analysis (AFTA) showed that the esti-
mated maximum post-dispositional temperature of the Upper
Triassic sequence within the Euphrates Graben fields ranges
from 100 to 105 °C (Fig. 10). Based on oxygen stable isotope
analysis of the microfractures siderite-filling cement (Table 1),
these values are close to 91 to 99 °C.

Based on the different observations and analyses, it is sug-
gested that the microfractures tectonic event had two events:
the first microfractures tectonic event formed during the depo-
sition time of the Upper Triassic Mulussa F Formation sand-
stones with siderite and pyrite cement equilibration tempera-
ture range of approximately 100 to 105 °C. This is based on the
observations that showed that most of the microfractures are
filled by the siderite and pyrite cements. Furthermore, these ce-
ments support the matrix and the framework of the detrital
quartz grains. The second micro fracturing tectonic event is
thought to have continued from the Upper Triassic to the begin-
ning of the Early Cretaceous, with cement equilibration temper-
atures ranging from 90 to 100 °C, with the Euphrates Graben
rifting during the Early Cretaceous (Yousef et al., 2018b).

Table 1 Oxygen and carbon isotopes of the cements fill the microfractures of the Mulussa F Formation in the Euphrates Graben area

Well No. Depth (m) Lithology 8"Cpps 30,5 Equilibration temperature (°C)
X-1 2300 Fine sandstones -3.9 -16.8 99.6
X-3 2180 Fine sandstones -2.7 -15.0 91.7
X-4 2250 Fine sandstones -2.8 -15.2 92.6
X-6 2330 Fine sandstones -3.4 -16.3 97.06
X-8 2498 Fine sandstones -3.2 -16.5 98.4
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Figure 10. Burial and geo-temperature history of the Upper Triassic Mulussa F Formation in the Euphrates Graben area.

(b) Microfractures of overpressure origin

Some of the microfractures in the sandstone of the Mulus-
sa F Formation were interpreted as overpressure-originated mi-
crofractures. This is based on observations from the petro-
graphic study of the thin section, which showed that some of
these microscopic fractures are associated with veins filled
with organic-rich or coal bands (Figs. 9¢c, 9d), or they may con-
tain bitumen (Figs. 9e, 9f). Based on the available literature
about the structural history of the Euphrates Graben (Yousef et
al., 2018a; Yousef and Morozov, 2017a; Litak et al., 1998,
1997), the compaction started during the Upper Triassic and
reached its peak at the end of the Cretaceous, and this coincid-
ed with the subsidence phases that the depression was exposed
to (Fig. 2b). Compaction led to the generation of many frac-
tures and/or macrofractures in the Upper Triassic sediments as
well as the Cretaceous sediments over the stratigraphical strata
of the Euphrates Graben area.

Compaction events over the Euphrates Graben have also
resulted from the regional stress events associated with the

movement of the Arabian tectonic plate (Fig. 1a) towards the
northwest, in addition to the stress applied to the graben area
from the Palmyra fold zone to the west and southwest of the
Euphrates Graben (Brew et al., 2000; Litak et al., 1997). All
these factors combined have led to increased compaction and
stress in the graben area. The decrease in the pore fluid pres-
sure values below the static pressure values of the upper layers/
strata led to the closure of most of the microfractures and/or
their filling with calcite cement as shown in Fig. 6n.

(c) Microfractures of diagenetic origin

Diagenetic microfractures are defined as those formed
during the diagenesis processes (Shu et al., 2020; Wilson et al.,
2003). They can be transgranular microfractures, intragranular
microfractures, and/or grain-edge microfractures. The trans-
granular (traversing grain) microfractures of diagenetic origin
are present in the sandstones of the Mulussa F Formation main-
ly on the boundaries between the sandstone and the mudstone
parallel to sub-parallel to the bedding as shown in Fig. 11a.

They are well developed along microlayers and especially
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Figure 11. Representative BSE images. (a) Microfractures presented on the boundaries between sandstone and mudstone and cemented with clay materials; (b)

compacted sandstones (right), less compacted (lift); (c), (d) intragranular or intracrystalline and grain boundary or grain-edge microfractures within the sand-

stones, siderite also excited in some intergranular pores. Abbreviations on photomicrographs: Si. Siderite; Q. quartz; Mu. mudstone; Sst. sandstone.

in the argillaceous rocks, additionally, they are commonly ce-
mented with the clay materials. The intragranular or intracrys-
talline microfractures and grain boundary or grain-edge micro-
fractures are considered diagenetic microfractures because they
were formed during the compaction processes that the sand-
stone was subjected to. Typically, grain boundary or grain-edge
microfracture occurs in conjunction with intragranular or intra-
crystalline microfracture. In general, if the rocks were subject-
ed to more compacting, then less debris will be presented be-
tween the grains and/or within the microfractures or the frac-
tures (Figs. 11b, 6b, 6g). Additionally, as more the grains are
rougher and are close to each other’s in a linear pattern, the
better opportunity is to develop the intragranular or intracrystal-
line microfractures and grain boundary or grain-edge micro-
fractures (Figs. 11b, 11c). The intragranular or intracrystalline
microfractures are mainly related to mechanical compaction
(Fig. 1lc). The grain boundary or grain-edge microfractures
are primarily related to compaction and/or pressure solution
(Figs. 6d, 6e). The diagenetic analyses of the Upper Triassic
Mulussa F Formation suggest that the formation of the diage-
netic origin microfractures was during and at the end of the Up-
per Triassic.

5 INFLUENCE OF MICROFRACTURES ON RESER-
VOIR QUALITY

Based on thin section examination, four main types of
pores occur in the sandstones of the Mulussa F Formation, in-
cluding: (1) the intergranular pores (Figs. 12b, 4a), (2) the solu-
tion-related pores (Figs. 12c¢, 12d, 12e, 4f), (3) the microfrac-
ture pores (Figs. 12f, 4b), and (4) the intercrystalline pores/non-

effective porosity in the clay minerals (Figs. 4d, 4e). Of the
four pore types, the open intergranular and the secondary (mi-
crofractures and/or dissolution) pores are the most significant
in the storage and transmissibility of the fluids. Based on the
petrophysical analyses of the core plugs, the porosity values of
the sandstones of the Mulussa F Formation range from 1% up
to 20%, with an average of 12% (Fig. 12a). The average total
permeability is about 597 mD, with a range from 0.01 to 3 150
mD (Fig. 12a).

A cross plot of the relationship between the porosity and
the permeability in Fig. 12a shows two groups of porosities:
the first one where the porosities are up to 10%, and the second
one where the porosities are from 10% up to 20%. Petrography
investigation of the thin section shows that common porosities
in the first group are the intergranular porosity, while in the sec-
ond group are the secondary dissolution and/or the microfrac-
ture porosity in addition to the intergranular porosity (Figs.
12¢, 12d, 12e, 12f). The secondary open pores resulted from
the partial or complete leaching of the unstable grains and/or
from the microfractures in the sandstone framework form up to
10% by volume according to point-count data. The pores are
generally interconnected and effectively enhance permeability
and transmissibility when connected with intergranular pores
(Figs. 12¢, 12d, 12e, and 12f). Secondary porosity is locally oc-
cluded by vermicular kaolinite (Fig. 6f).

Dissolution and fracture porosity significantly influence
the reservoir quality of the Mulussa F sandstones (Figs. 12e,
12f, 6b, 6d, 6e, 6h). The interpretation of the UBI tool logs in
the well X-06 (Fig. 3s) showed many fractured zones over the
Mulussa F Formation interval. Most of the fractures are in the
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Figure 12. (a) Cross plot of porosity and permeability in the sandstones of the Mulussa F Formation; (b) intergranular porosity within fine granular sandstone;

(¢), (d), (e) secondary porosity with medium to coarse sandstones; (f) microfractures and dissolution porosity with sandstones.

NNE-SSW direction from comparing the oil saturation values
in Fig. 3c with the fractured zones from the interpretation of
the UBI tool, it’s clear that the open fractures/microfractures
contribute to enhancing the reservoir quality of the Mulussa F
Formation sandstones.

6 CONCLUSIONS

Three types of microfractures have been distinguished
within the sandstones of the Upper Triassic Mulussa F Forma-
tion in the Euphrates Graben fields based on different core ma-
terials investigations and analyses, this includes the intragranu-
lar or intracrystalline microfractures, the grain boundary or
grain-edge microfractures, and the transgranular (traversing
grain) microfractures. The intragranular and grain-boundary
microfractures play a major factor in hydrocarbon storage due
to their development at different structures within the sand-
stones and due to their small size and permeability. They were
formed due to the crushing of the quartz grains under rapid sed-
imentation and intense compaction. Some of the microfractures
are open-mode, they improve storage and permeability of the
sandstones. Other microfractures are partially or completely
filled-mode by secondary cements. The larger poikilotopic sid-
erite cements that were distinguished within the microfractures
and the adjacent sandstone matrix are believed to be formed in
the deep burial diagenesis conditions, while the smaller sider-
ites are believed to be formed in the shallow burial diagenesis
conditions. The massive poikilotopic pyrite is believed to be a
diagenetic cement, which is attributed to the reduction of the
iron oxides present in the sediments in the presence of the hy-
drocarbons.

Microfractures within the sandstones reflect three origins;
tectonic origin, overpressure origin, and/or diagenetic origin.
Tectonic microfractures controlled by fold-thrust are developed
within the studied sandstones and have the largest contribution
to hydrocarbon production. They are believed to have been
formed during the Upper Triassic with a siderite and pyrite ce-
ment equilibration temperature of approximately 90 to 105 °C.
Diagenetic microfractures are a result of the influence of com-
paction during the diagenetic processes. The microfractures re-
lated to overpressure origin have little contribution to hydrocar-
bon production due to their narrow diameters and cement fills.
Microfracture and dissolution porosity play the main roles in
developing the reservoir quality of the Mulussa F Formation
over the studied area in the Euphrates Graben.
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