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Abstract

Two surface sections of the Sarvak Formation in the Lurestan zone (Zagros Fold-Thrust Belt) were
examined to inspect the naturally occurring fractures. The inspected sections are located in the Surgah
anticline and the Kuh-e-Charmi anticline; in the Ilam and the Kermanshah provinces respectively. The
Sarvak Formation was carefully examined to record the fracture types, their spatial distribution, spacing
and cross-cutting relationships. Detailed examinations were undertaken on 420 fractures, 40 core plugs
porosity and P-wave velocity and 205 thin sections. Three genetic types of fractures including tectonic,
pressure-solution and dissolution related fractures were identified. The tectonic related fractures include
two main sets (namely, with NW-SE and NE-SW trends). In addition, two types of stylolites including
the bed-perpendicular and the tectonic stylolites (bed-parallel); were distinguished that postdate the
fractures (veins). The Sarvak Formation underwent various diagenetic processes in couple with
fracturing. The pore types include microporosity, intergranular porosity, moldic porosity and fracture-
stylolite. Petrophysical measurements (performed on some core plugs prepared from surface block
samples), show that the carbonates of the Sarvak Formation have low porosity (more than 74% of the
samples have less than 3%) and thereby high compressional wave velocity (Vp), (more than 96% of the
samples have 6000 m/s), Therefore, it could be concluded that the Sarvak Formation is a tight interval
in a reservoir aspect.

Keywords: The Sarvak Formation, Zagros Basin, Fractured Reservoir.

Introduction

More than 60% of the world's oil and 40% of the world's gas reserves are trapped in the
carbonate reservoirs (Lee et al., 2015). The Zagros Fold-Thrust Belt (ZFTB) contains nearly
half of the world's hydrocarbon reserves (Cooper, 2007). Hydrocarbons are mainly stored in the
Mesozoic and Cenozoic carbonates (Bordenave, 2008), which are severely fractured due to
regional tectonic activities, and the majority of hydrocarbon production is dependent on these
fractures (Kosari et al., 2017). Naturally fractured reservoirs are very important, since the
fractures/joints systems could considerably enhance the reservoir quality via improving the
permeability (Warren, 2006; Van der Voet et al., 2020). Analysis of fractures is an essential
task for understanding the heterogeneities of carbonate reservoirs, since they could significantly
control the reservoir quality, particularly porosity and permeability (Lavenu et al., 2015). Each
set of fractures in a reservoir has its own individual characteristics (geometry, aperture, spacing,
distribution, connectivity, and hydraulic characteristics), which either can enhance or reduce
the reservoir quality (Aydin, 2000). Hence, investigating and identifying the fracture networks

Corresponding author e-mail: mohseni@basu.ac.ir


https://www.orcid.org/0000-0002-7958-017X
https://www.orcid.org/0000-0000-8173-4190
https://www.orcid.org/0000-0001-7424-3644
https://www.orcid.org/0000-0002-7044-3240

366 Esfandyari et al.

in the carbonate reservoirs is an important challenge for hydrocarbon exploration and
production (Lavenu et al., 2015; Kosari et al., 2017; Tavani et al., 2018); as they are extremely
heterogeneous from pore to field scale (Barbier et al., 2012).

Understanding the spatial distribution of fractures in the reservoirs is necessary to identify
potential pathways of fluid flow and hydrocarbon migration (Barbier et al., 2012). Fracture
organization is essential for understanding the fluid flow in the carbonate rocks, as they act as
key parameters in tight, non-porous carbonate intervals (Lavenu et al., 2015). Fluid
accumulation and flow in the fractured reservoirs could occur in two systems, including
fractures and matrix; as a result, characteristics of the both media must be evaluated (Kosari et
al., 2017). The physical characteristics of fractures are controlled by their generation,
mechanical characteristics and diagenetic processes of the host rock, because they could
enhance or decrease the porosity and permeability (Nelson, 2001).

Inspecting the fractures on the outcrops could facilitates to achieve a better understanding of
their 3-D patterns, and distribution (Lavenu et al., 2015). Subsurface data i.e., core plugs, and
well loges do not provide sufficient information neither for describing the fracture network and
geometry, nor for their spatial pattern (Angerer et al., 2003; Lynn, 2004). Limitations arise from
relatively small scale, and low resolution, thus they do not enable us to establish a relationship
between one-dimensional and 3-D models and to predict a realistic 3-D model (Angerer et al.,
2003; Peacock, 2006). Whereas, in the outcrops, the factors controlling the pattern of fractures
can be easily investigated.

Despite the vital role of natural fractures on the reservoir quality of the carbonate reservoirs,
it is still an emerging task. A plenty of literature are available discussing about the distribution
of fractures in the Zagros Basin (e.g., Wennberg et al., 2006; 2007; Ahmadhadi et al., 2008;
Cassinietal., 2011; Awdal etal., 2013; Carminati et al., 2013, 2014; Kothari et al., 2017; Tavani
et al., 2018). Yet, their genesis and development and their contribution to the reservoir
performance are less understood. The main goal of this research is to inspect natural fractures
and understand their possible role on the reservoir performance of the Sarvak Formation in the
Lurestan Zone in the Zagros Basin.

Geological setting

The Zagros Mountain range is the consequence of a complex multi-stage geodynamic evolution
that affected the eastern margin of the Arabian Plate since late Cretaceous (Vincent et al., 2015).
These stages include the platform setting during the Paleozoic; the Tethys widening stage in
Permian-Triassic; formation of passive continental margins followed by a prolonged period of
stable, shallow marine environments (with the see floor spreading towards the northeast) during
Jurassic-early Cretaceous, the Neo-Tethys oceanic crust subduction in the late Cretaceous; and
finally, the closure of the Neo-Tethys and the deformation of the foreland in the late Miocene
(Berberian and King, 1981; Alavi, 1991; 2007; Agard et al., 2005; Verges et al., 2011). By
closure of the Neo-Tethys back-arc basins, the remnant of Neo-Tethys Ocean persisted as a
relatively narrow fore-arc basin, where the upper Cretaceous to upper Miocene sediments were
deposited (Kordi, 2019).

The ZFTB is located on the northern margin of the Arabian Plate (Berberian and King, 1981).
It was divided into several morphotectonic zones (Falcon, 1961; Berberian, 1995), which are
bounded by deep basement faults (Falcon, 1974; Berberian, 1995). Among them the simple fold
belt has a chain of folds comprising thick Paleozoic to Cenozoic sediments (about 10-13 km)
accumulated on the northern margin of the Arabian Plate (Farzipour-Saein et al., 2009). They
are limited by the high Zagros Fault and the Mountain Front Fault toward NE and SW
respectively (Casciello et al., 2009). The ZFTB includes several sub-basins including the Dezful
Embayment and the Lurestan Zone (Motiei, 1993) (Fig. 1).
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Figure 1. Location and geological map of the study area, A: Subdivision zones of the ZFTB (modified
after-Saein et al., 2009), B: location map of Lurestan zone with its main structures with location of the
study sections. HZF=High Zagros Fault, MZRF=Main Zagros Reverse Fault, KZF=Kazeron Fault,
BF=Bala roud Fault, MFF=Mountain Front Fault

A succession of shallow-marine carbonates with subordinate evaporites were accumulated in
the basin from late Triassic to late Cretaceous that are intercalated with siliciclastics (Heydari,
2008). The organic-rich deep-water deposits of the Gadvan and Garau formations were
deposited during relative sea level rise (Setudehnia, 1978). Probably, a short relative sea level
fall occurred at the end of the sedimentation of the Dariyan Formation, succeeded by a relative
sea level rise, which promoted the accumulation of organic rich marine sediments of the
Kazhdumi Formation; followed by the Sarvak Formation (Heydari, 2008).

The Sarvak Formation was inspected in the Lurestan Zone (Kuh-e-Charmi and Surgah
anticlines) (Figures 1B and 2). In this zone, the Mesozoic-Cenozoic succession consists of about
4-5 km of pre-orogenic and 4-5 km of syn-orogenic sediments (Homke et al., 2009). The pre-
orogenic Mesozoic succession is mainly composed of carbonate units, which includes the
Garau, Sarvak, Surgah, Ilam, Gurpi and Pabdeh formations and syn-orogenic sediments
includes the Amiran-Kashkan clastic succession, Shahbazan-Asmari shallow marine
carbonates, the Gachsaran evaporitic Formation and the Aghajari and Bakhtiari siliciclastics
(Homke et al., 2009). The Lurestan Zone has a long history of hydrocarbon exploration and
production, (Farzipour-Saein et al., 2009); where effective source rocks, seals and carbonates
reservoirs were accumulated of which the Sarvak Formation is of a particular interest (Motiei,
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1993).
Materials and methods

A total of 205 samples of the Upper Sarvak Formation in the Lurestan Zone of the Zagros Basin
in west of Iran, were collected from two outcrops for facies analysis, pore typing and
petrographic analysis. In the both of inspected outcrops, only the upper part of the Sarvak
Formation is exposed that experienced identical tectonic events and diagenetic processes. In
each outcrop, thickness of the layers was measured and sedimentary textures were described
(Dunham, 1962). A further 40 samples (plugs) were also examined for petrophysical
measurements (P-wave velocity and porosity). P wave velocity was measured on plugs with a
diameter of 5.08cm (2in.). The pulse transmission method (Birch, 1960) was used to determine
the P wave velocity for dry samples under atmospheric pressure and temperature conditions.
The P-wave velocity calculation was based on equation 1:

Vp=d/ At (1)
where d is the length of the plug (in cm) and At is the P-wave interval travel time measured
through the plug (us).

The plugs, porosity (40 sample) was measured by using helium pycnometry method (in APEX
Technologies Co. Arak, Iran) which was based on gas expansion principles (Boyle-Mariotte
law) and could be calculated using the equation 2:
Vp= Vb- Vg (2)
where V) is the plug pore volume, Vb is the plug bulk volume, V¢ is the plug matrix volume.
Fracture attitudes including strike, height, spacing, opening, fracture density, type of
appearance or complication (seams, veins and stylolite), infill materials (e.g., calcite or
dolomite) and abutting relationships with bedding and cross-cutting relationships between the
fracture sets were recorded. The fracture spacing was calculated based on the fracture density
by using Terzaghi's (1965) rules. Fracture frequency were recorded per length unit along a line
perpendicular to each fracture set and orientation. The cross-cutting relationships, texture and
nature of fracture filling were also recorded for each individual fracture and fracture set. The
fracture density refers to the linear density that was measured based on the number of fractures
per unit length. The height of fractures was measured for the studied sections and also in each
layer. Fracture orientations were measured with a compass and were plotted on a stereograph
to prepare rose diagrams.

Results
Fracture characteristics

Three main types of natural fractures, including tectonic, pressure solution and dissolution
fractures were identified, among which tectonic fractures are more common than the other ones.

Tectonic fractures

Statistical analysis of tectonic fractures of the studied surface sections revealed that they were
are developed in two main sets with NW-SE and NE-SW strikes (Fig. 3); and their pattern and
occurrences are relatively constant. Their trend and high dihedral angle (i.e., 90°-110°) suggest
that the two sets are actually inherited joints (Tavani et al., 2018). On the cross-section, tectonic
fractures may pass through the layers of Sarvak Formation and have a height of the several
meters height (Figure 4A). Although, many of these tectonic fractures with up to less than a
few decimeters and are limited to the bedding planes (Fig. 4B). On the horizontal plane, tectonic
fractures show mutual cross-cutting relations with each other (cut through or arrest each other)
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and their length varies from several centimeters to a few tens of centimeters (Fig. 4C).
More than 60% of the tectonic fractures are open-mod (Figs. 4 and 5D), while the rest are
completely or partially filled with calcite and dolomite (Figs. 5A-C).
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Figure 2. Location and geological map of the studied sections, A: Surgah anticline in the Ilam province,
B: Kuh-e-Charmi section in the Kermanshah province
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1 i
Figure 3. Rose diagrams showing the orientations of tectonic fractures in the outcrops of the Sarvak
Formation in the Lurestan Zone, A: in the Kuh-e-Charmi section and B: in the Surgah anticline

Figure 4. Tectonic fractures in studied outcops, A: Fractures with a height of several meters, B:
fractures with a height of several decimeters through layers, C: a set of fractures with cross-cutting
relationships, note where the set ¢ offsets the set d

Microscopic examination of thin sections showed that tectonic fractures are widespread in
the Sarvak Formation (Fig. 6). Two sets of tectonic fractures cut across or join together (Fig.
6A) to make a mesh network (Fig. 6B) are common.
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Fiéure 5. Outcrps iage tectonic racture A and B: fractures filled with calcite (yellow arrow), C
and D: a mesh of network of the fractures filled with calcite (yellow arrow) and an open-mod fracture

(red arrow)

Figure 6. Tectonic fractures in thin sections, A: fractures that cut each other, B: fractures that formed a
network, C: parallel fractures and D: Fractures that arrest each other (B type terminates A type)
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Less than 40% of tectonic fractures are open on thin section observations (Fig. 6B). Their
aperture is different, most have a range of 60 to 100um. Some sets of fractures are parallel (Fig.
6C), whereas the others, arrest each other (Fig. 6D).

Pressure solution fractures

These types of fractures were developed under burial diagenesis and tectonic processes caused
by pressure solution (Dunham and Larter, 1981). They are important in various aspects
including: 1; they indicate the degree of chemical compaction or shortening of a rock (Petit and
Mattauer, 1995), 2; they can be used to calculate the overburden or tectonic stress (Ebner et al.,
2010; Beaudoin et al., 2016), 3; they can act either as fluid flow unit or barrier and therefore
can drastically control the permeability distribution of rocks (Al-Sharhan and Sadd, 2000).
Stylolites are the most obvious product of the pressure solution in the carbonates. At the outcrop
scale, stylolites are rough planes that collect relatively insoluble materials with different
characteristics compared to the host rock and cause the anisotropy of the host rock (Koehn et
al., 2016). Diagenetic stylolites that are parallel to the bedding plane (Koehn et al., 2016), and
can be identified by features that bending, discontinuity, and branching (Liu et al., 2020), in
contrast to the, tectonic stylolites are normal to the bedding plane (Kohen et al., 2016).

Both types of parallel to the bedding plane and the tectonic stylolites were observed in the
Sarvak Formation. The amplitudes of the bedding-parallel stylolites are perpendicular to the
bedding plane, which indicates their were originated by the maximum paleo-stress direction
perpendicular to the bedding (Nelson, 1981). This feature was likely developed during burial
diagenesis and is very common in the Sarvak Formation (Fig. 7). On the other hand, tectonic
stylolites are perpendicular or oblique to the bedding and have horizontal crests (Fig. 7), that
indicate their development due to maximum horizontal stress (Liu et al., 2020). Although, this
type is uncommon and was exclusively observed in the fine-grained facies, particularly in the
mud matrix.

Figure 7. Stylolites in the outcrop, bedding plane (red arrow), bedding-parallel stylolites (yellow
arrows) and perpendicular to bedding plane stylolites (black arrow)
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Dissolution fractures

Once the dissolution fractures are formed, their walls are rough and uneven (Fig. 8). Dissolution
fractures, which are formed by connecting several pores like a string of beads, are expected to
act as reservoir effective storage spaces for hydrocarbons (Liu et al., 2020). Sometimes the
remnants of the original pore spaces could be recognized. Additionally, mineral-filled fractures
can also evolve to dissolution fractures, when unstable infill minerals are completely or partially
removed due to reaction with acidic fluids or groundwater leaching (Fig. 8C). In general,
dissolution fractures have an irregular shape, often spiral-like and anastomosing (Rustichelli et
al., 2012).

4

Figure 8. Dissolution fracture, A: in outcrop scale, B and C in thin section. The yellow arrows show the
dissolution fracture and the red arrow shows the bedding plane

Geometric parameters of the fractures

About 752 measurements of fractures and stylolites were collected for further statistical
analysis. The fracture pattern consists of two sets with approximately orientations of N120°E
and N40°E in the Kuh-e-Charmi section (Fig. 4A) and N140°E and N50°E in the Surgah section
(Fig. 4B) which are perpendicular to the bedding plane.

The fracture height was measured as the intersection between the fracture plane and the
outcrop surface. Therefore, the value represents the minimum possible vertical extension of the
fracture. Accordingly, 38 fractures have more than 500cm height, while height of the most of
the fractures is less than 120cm (Figs. 9A and B).



374 Esfandyari et al.

40

30

Ferqunoy
=

20

Frequney

' )

0

1 2 3 4 5 6 7 8 9 10 | ) 3 4 5 6 ) 3 9 10
Frequncy Fracture Height (cm) Fracture Height (cm)

=

B 60
é‘ 40
: '
20
0 -7
QT‘v‘b 5 Qj}\ Tg\:\\ @3}\ U\G‘\ RO IR R QT"“ b‘&b Qf@ Q(@ I T - R
SO N TN E @
Fracture Spacing (cm) Fracture Spacing (cm)

Figure 9. Bar chart of the fracture’s geometric parameters, A and B the fractures height vs. frequency
in Kuh-e-Charmi and Surgah anticline respectively, C and D: fractures spacing vs. frequency in Kuh-e-
Charmi and Surgah anticline respectively

The fracture spacing was measured as perpendicular distance between two fractures of the
same set. The range of fracture spacing varies between 10 and 360cm, but spacing of less than
100cm is more common (Figs. 9 C and D). In general, in both of the sections, two fracture sets
were identified that are perpendicular or nearly perpendicular to the bedding plane.

Spatial distribution of fractures is controlled by several parameters including lithology,
facies, early diagenesis and relationship of mechanical units with tectonic structures
(Ahmadahdi et al., 2008; Barbier et al., 2012; Pireh et al., 2015). Among them, facies are the
main factors controlling fracture density and spatial distribution, and their association with
porosity. Furthermore, early diagenesis controls the distribution of mechanical properties of a
sedimentary sequence (Barbier et al., 2012). Indeed, cement proportion can also affect the
rock’s mechanical properties namely tensile strength, elasticity and brittleness (Rijken, 2005).

Fractures are significantly dependent on the thickness and lithology of the layers (McClay,
1987). Layer thickness is inversely correlated by the fracture density (e.g., Underwood et al.,
2003), in general, the thicker the layer, the lower the fracture density. Increasing the strength
and decreasing the flexibility of the rock could lead to more closer fractures (Nelson, 2001).
The lithology of the upper part of the Sarvak Formation in the study area is mainly limestone
including mudstone, wackestone, packstone and grainstone facies (Esfandyari et al., 2023). The
density of fractures along with lithology, texture and bed thickness in each of the inspected
surface sections are given in Table 1.

In the two studied sections, longer fractures are more prominent in the coarse grain facies.
The length of fractures systematically increases from mudstone to wackestone, wackestone to
packstone, and packstone to grainstone (Fig. 10). Evidently, increasing the grain size causes
longer fractures.

Diagenetic sequence

Interpretation of diagenesis and deducing the paragenetic sequence can facilitate a better
understanding of the petrophysical attributes of a reservoir.
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Table 1. Fracture parameters of the study sections

Outcrop . Mean bed . Fracture density
section Formation thickness (cm) Texture  Lithology (spacing) (Fr/m)
25 M LM 24.3
Surgah 35 W L 11.6
anticline 50 P L 5.8
Sarvak 75 G L 3.7
arva 20 M LM 15.8
. 40 A\ L 7.9
Kuh-e-Charmi 30 P L 56
150 G L 3.9
*Texture; M: mudstone, W: wackestone, P: packstone, G: grainstone Lithology; L: limestone, M: marl
G
=15 122
o 130 :
-2
o100 e FEA
] [~
= 32
§ 30 rL j FL
5 0 '
§ M W P G
Facies

Figure 10. Bar chart of the fracture’s height vs. facies of the Sarvak Formation. M=mudstone,
W=wackestone, P=packstone, G=grainstone

Thin-section petrography and field observations were used to inspect the diagenetic processes,
that revealed a wide spectrum of diagenetic processes including micritization, neomorphism,
dissolution, physical compaction, fracturing, pressure solution, and cementation (Fig. 11).

Micritization

Micritization can partially or completely convert the margins of a grain or the entire grain and/or
the constituents of a facies into micrite that could obliterate the original texture. Benthic
foraminifera, rudist and echinoderm fragments, bivalves, and gastropods are among the skeletal
constituents that were selectively micritized (Fig. 12A). In some cases, extensive micritization
overprinted the original internal structure of skeletal and/or non-skeletal grains and transformed
them into peloids with no relic of their original structure. This process occurs during the early
stage of eogenesis (Bathurst, 1975; Tucker et al., 1990).

Neomorphism

This is mostly limited to the mudstone-wackestone-packstone facies, and caused the
transformation of micrite to microspar and coarsening of the crystal size (Fig. 12B). A meteoric
and/or burial realm is plausible for neomorphism.

Dissolution

Allochems were often dissolved out and left intergranular and intragranular (hybrid) pore spaces.
Dissolution vugs are sub-spherical or irregular in shape, and are up to several millimeters wide.
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Figure 11. Paragenetic sequence of the diagenesis processes of the Sarvak Formation in the studied area
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Figure 12. Thin section photomicrographs illustrating the diagenetic process in the Sarvak Formation,
A: micritization and micrite envelop (black arrow), B: neomorphism, C: dissolution, D: fracture, E:
pressure-solution and F: overgrowth rim cement around an echinoid grain and large blocky pore filling
calcite spar

The vugs were partially or completely filled with calcite at the earlier stage (Fig. 12C),
whereas the persisted open pores were likely filled during the burial stage.

Fracture

Some of the observed fractures were filled with coarse and blocky calcite spar, which were
most likely deposited during the burial stage. In some cases, the fractures are still open and
share their porosity with the formation (Fig. 12D).

Compaction

Physical compaction is common in the grain-supported facies, while it shares with chemical
compaction in the mud-supported facies. Physical compaction significantly reduced the primary
intergranular porosity of the grain-supported facies, which is evident from rearrangement and
breakdown of brittle grains.
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Stylolites were developed in both grain-supported and mud-supported facies. Dissolution
seams and stylolites are evidences of chemical compaction (Fig. 12E). They are associated with
compressional or shear strains during burial stage. They attest reduce in the volume of the
succession and may appear as parallel and/or sub-parallel to the bedding plane (compactional
strain) (McClay,1987).

Cementation

The calcite spar is common (Fig. 12F) and resembles as transparent passive void filling of the
biomoldic porosity and the fractures. The large size (> 0.5mm) inclusion free crystals, imply
that they were most likely precipitated during the burial stage. Chemical compaction was
presumably the supplying mechanism that provided the necessary carbonate ions for the
precipitation of calcite from local orogin. Primary dissolution by undersaturated fluids could
incorporate the calcite into pore waters. This fluid gradually would be supersaturated and thus
play a significant role to precipitate the calcite spar that passively occluded the preexisting pore
spaces.

Petrophysical characteristics

The cross-plot of porosity versus sonic P-wave velocity (Vp) is shown in Fig. 13 and their
numerical values are given in Table 2. The measured helium porosity values of the samples
have an average of 2.01% and a variation range of 0.13-8.18%. The V) values of the samples
are high, with an average of 6311 m/s and the variation range is 5488-6531 m/s. The cross-plot
of V; versus porosity shows a negative linear trend in which P-wave velocity decreases with
increasing porosity. In the ancient carbonates, sonic P-wave velocity is dependent on the
porosity and pore types, with an inverse porosity/sonic velocity correlation (Eberli et al., 2003).
Petrographic observations on the thin sections revealed different pore types in the Sarvak
Formation (Fig. 14), which include microporosity, intergranular, moldic and fracture-stylolite
related porosities (Table 2).

Discussion
In order to unravel how the diagenesis and depositional facies may have controlled the fracture

development during burial stage, attempts were made to figure out the diagenetic sequence and
relationships between the fractures and the physical characteristics of the country rocks.
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Figure 13. Cross-plot of porosity versus sonic P-wave velocity for the Sarvak Formation
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The partially open fractures (either due to diagenetic precipitation of sparry calcite or later
opening due to tectonic forces); have a considerable control on the permeability of carbonate
reservoirs (Van der Voet et al., 2020).

Table 2. The measured petrophysical parameters of the Sarvak Formation including the porosity, P wave
velocity and observed pore types

Sample No. Facies Porosity (%) P- Wave Velocity (m/s) Pore Type
H-54 Mudstone 1.97 6317 Microporosity+ Moldic
H-58 Mudstone 0.9 6468 Microporosity+ Moldic
S-8 Mudstone 6.85 5488 Microporosity
T-96 Mudstone 0.91 6487 Microporosity+ Fracture
T-97 Mudstone 1.22 6452 Microporosity+ Stylolite
T-118 Mudstone 1.14 6503 Microporosity+ Vuggy
H-15 Wackestone 1.04 6357 Moldic
H-24 Wackestone 1.08 6321 Moldic
R-1 Wackestone 0.97 6459 Moldic
S-18 Wackestone 1.63 6346 Moldic
H-1 Packstone 2.64 6408 Moldic
H-18 Packstone 1.13 6341 Moldic+ Fracture
H-22 Packstone 3.06 6363 Moldic
B-8 Packstone 1.75 6370 Microporosity+ Moldic
B-11 Packstone 0.94 6411 Microporosity+ Moldic
B-13 Packstone 1.07 6388 Microporosity+ Moldic
B-23 Packstone 2.34 6354 Intergranular macropores
A-15 Grainstone 4.44 6112 Intergranular macropores
A-25 Grainstone 8.18 5614 Intergranular macropores
A-26 Grainstone 3.87 6132 Intergranular macropores
B-9 Grainstone 3.93 6101 Intergranular macropores
B-15 Grainstone 332 6126 Intergranular macropores
B-23 Grainstone 4.17 6082 Intergranular macropores
B-26 Grainstone 1.04 6413 Microporosity+ Moldic
T-84 Grainstone 0.13 6509 Microporosity+ Moldic
T-120 Grainstone 0.69 6407 Microporosity
B-29 Grainstone 4.61 6096 Microporosity+ Fracture
B-25 Grainstone 0.61 6435 Microporosity+ Stylolite
T-121 Grainstone 0.83 6468 Microporosity+ Vuggy
U-97 Grainstone 0.84 6313 Moldic
T-R Floatstone 1.11 6411 Moldic
T-9a Packstone 0.91 6371 Moldic
T-64 Packstone 0.83 6365 Moldic
T-75 Packstone 2.61 6243 Moldic
T-21p Packstone 1.54 6331 Moldic+ Fracture
Ku-2 Packstone 1.03 6332 Moldic
T-47 Wackestone 1.16 6501 Microporosity+ Moldic
T-83 Wackestone 0.28 6531 Microporosity+ Moldic
T-86 Wackestone 3.13 6222 Microporosity+ Moldic

T-94 Wackestone 0.53 6510 Intergranular macropores
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Figure 14. Thin section photomicrographs illustrating the main pore types in the Sarvak Formation, A:
microporosity, B: stylolite porosity (black arrow); C: fracture porosity, D: tight sample in which the
porosities are filled with calcite spar); E: Biomoldic porosity either filled or left open (black arrows), F:
Vuggy porosity (black arrows)

To inspect the possible effect of diagenesis on the rock mechanics, the diagenetic sequence
and petrophysical characteristics were examined. Petrophysical measurements show that the
samples have low porosity (74% of the measured samples have only less than 3% porosity) and
high Vp (96% of the samples more than 6000 m/s, Table 2). Therefore, the carbonates of the
Sarvak Formation can be classified as “tight”. The paragenetic sequence (Fig. 11), revealed
evidences of early to burial diagenetic history, during which the fracture sets and the stylolites
were developed. In general, carbonates are prone to early and rapid diagenetic alteration
(Anselmetti and Eberli, 1993) that makes them susceptible to the development of brittle
deformation (i.e., fracturing) during later stages.

Fine-grained carbonates with large specific surface area most likely promoted the
precipitation of early calcite cements in the early stages of burial (sensu Lavenu et al., 2015).
Early cementation could increase the stiffness of rocks (Eberli et al., 2003). Rocks with low
porosity are susceptible to brittle fractures and pressure solution (Rustichelli et al., 2012). In
the studied carbonates, micritic matrix and early cements filled the pore spaces and reduced the
original porosity, that possibly enhanced the rock mechanical strength. The studied carbonates
have low porosity and high micrite matrix and a frequent fracture-stylolite were observed on
the logged outcrop sections. Therefore, high content of micrite and the filling of fractures by
calcite, presumably increased the bulk density of the rocks, consequently increased the P wave
interval transit time, which is well documented by high V, measured in the studied samples.

The fracture pattern depends on the mechanical properties of the host rock at the time of
fracturing and also on the pre-fracturing diagenetic events (Lavenu et al., 2013, 2015). The
Sarvak Formation consists of carbonate facies with 0.2 to 1.4m average bed thickness. In the
outcrops, fractures and stylolites are perpendicular to each other and the bedding-parallel
stylolites cut across those tectonic fractures that are perpendicular to the bedding plane (Fig.
15). Thus, it is reasonable to conclude that the stylolites of the Sarvak Formation postdate the
bedding-perpendicular fractures with NE-SW, and NW-SE trend.

The fractures might have originated after tectonic events, and are related to the maximum
compressive 61 and weak differentiated extensional 62 and o3, which is well demonstrated by
the simple geometry of two perpendicular fractures sets.
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Figure 15. Bedding lane of the Sarvk Formation shows the cross-cutting relationship between the
stylolites (black arrows) and bedding-perpendicular veins (red dotted lines) and fractures.

During bed parallel shortening, the maximum compressive stress (c1) was oriented nearly
parallel to the bedding plane and perpendicular to the main trend of the Zagros fold and belt,
whereas the minimum compressive stress (63) might be either parallel to bedding and/or to the
main trend of the Zagros belt (Tavani et al., 2018).

Tectonics stylolites may form at high angles to bedding planes during folding and indicate a
layer-parallel shortening. Stylolites could normally develop perpendicular to 61 (Ameen et al.,
2010). The observed fractures are perpendicular to the bedding plane, whilst most of the
stylolites are parallel to the bedding plane. Hence, the fractures correspond to the maximum
stress o1.

Arabia-Eurasia convergence commenced in the Late Cretaceous, caused the development of
a NW-SE elongated foredeep basin (Homke et al., 2009; Saura et al., 2015). NE-SW and NW-
SE trending structures were developed during this stage in the Cretaceous strata, due to the
foreland flexure and along-foredeep stretching (Quinta and Tavani, 2012) from Maastrichtian
to Eocene, Miocene and Pliocene in the Lurestan (Cassini et al., 2011).

Conclusions

Genetic types of the natural fractures including tectonic, pressure-solution, and dissolution
fractures were identified in the Sarvak Formation, among which the tectonic fractures are the
dominant type. These fractures include two sets with NE-SW and NW-SE trends and are
mostly perpendicular or nearly perpendicular to the bedding plane. Macroscopic fractures vary
in height and length from several centimeters to a few meters, with a wide range of densities.
Diagenetic stylolites (bedding plane parallel) and tectonic stylolites (perpendicular to bedding
plane) were also observed. The fracture density is inversely correlated with the bed thickness.
The fracture density and spatial distribution were mainly controlled by facies types. Height of
the fractures are inversely correlated mud matrix content of the facies. Shift from mud-
supported to grain-supported texture caused the development of much longer fractures. There
is also a direct correlation between grain size and the fracture’s height. Indeed, the depositional
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facies controls the initial mechanical properties and susceptibility to the diagenetic processes.
Petrophysical measurements revealed that the carbonates of the Sarvak Formation could be
classified as tight carbonates. Helium porosity and Vp values have an average of 2.01% 6311
m/s respectively. The P-wave velocity and porosity are inversely correlated.

The outcomes of the present study provide a key framework for a better understanding of the
fracture development and spatial distribution in the Sarvak carbonate reservoir and its analogues
elsewhere in the Zagros Basin.
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