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Abstract

The Upper Arab reservoir in the central Persian Gulf was examined for depositional, diagenetic, sequence stratigraphic
and petrophysical features. This succession is composed of eight sedimentary facies that deposited on a carbonate ramp.
Three-third-order sequences prograded across the Late Jurassic Arab Platform. This interval was complicated by multiple
diagenetic phases including eogenesis and mesogenesis that strongly influenced reservoir properties. Dolomitization, dissolu-
tion, cementation and compaction are major diagenetic processes which played an essential role in increasing or decreasing
reservoir quality. Four hydraulic flow units (HFU) were determined by flow zone indicator approach for evaluation of the
reservoir quality. In addition to depositional features, diagenetic alterations have changed general HFUs characterizations such
as porosity, permeability and pore-throat size. Likewise, via Lucia classification, HFUs of the Arab reservoir were grouped
based on the integration of geological and petrophysical attributes in detail. Among diagenetic processes, dolomitization
and dissolution have positive effects while cementation and stylolitization have a negative effect on HFUs characteristics in
the studied reservoir. Put another way, since diagenetic alterations lead to the intensification of heterogeneity in carbonate
reservoir, prediction of the relationship between pore type and pore throat size is a problematic issue. Recognition of the
hydraulic flow units considered as a practical tool for grouping reservoir rocks and characterizing heterogeneity using poros-
ity and permeability relationship. Finally, specifying of the contribution of various diagenetic imprints in each hydraulic
flow unit in a sequence stratigraphic framework results in a conceptual reservoir model that could predict reservoir quality
variations across the field.
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Introduction the geological heterogeneity, reservoir quality and perfor-

mance (Chilingarian et al. 1992; Jodry1992; Wardlaw 1996;

Carbonate reservoirs show extreme heterogeneity resulted
from various parameters including depositional and post-
depositional processes. Categorically, diagenetic modifica-
tions of the primary (depositional) characteristics lead to the
higher heterogeneity and shaping the final reservoir geome-
try and properties (Mazzullo 1994; Massonnat and Pernarcic
2002; Ahr 2008; Hollis 2011). Thus, the recognition of dia-
genetic processes and their distribution is necessary for bet-
ter understanding of the reservoir quality evolution (Moore
2001; Ahr 2008; Rahimpour-Bonab et al. 2012). Mean-
while, the key point is to identify the critical link between
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Serag et al. 2010; Aliakbardoust and Rahimpour-Bonab
2013; Hamada et al. 2013). Carbonate rocks are specified
by the complexity in pore type and pore size distribution,
which results in wide permeability variations for the same
porosity, making it difficult to predict their production ability
(Rahimpour-Bonab 2007; Nazemi et al. 2018). Commonly,
most variations are the results of the diagenetic alterations.

As defined (Porras and Campos 2001; Soto et al. 2001;
Perez et al. 2005), a hydraulic flow unit is an interval with
specified properties which has noticeable development in
the reservoir. These units are controlled by both geological
and petrophysical attributes which are able to predict res-
ervoir characterization. Accordingly, diagenetic imprints
in the carbonate successions are the essential parameter
controling the hydraulic flow units. Therefore, detangling
the complex diagenetic history of carbonate reservoirs
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(i.e., paragenetic sequences of the diagenetic events) aids
to accomplish comprehensive reservoir modeling.

The Arabian Plate hosts numerous prolific hydrocar-
bon reservoirs. Accordingly, the well-known carbonate-
evaporite of Arab succession is an important hydrocarbon
reservoir in the Middle East (Bates 1973; Alsharhan and
Nairn 1997; Marchionda et al. 2018). Reservoir quality
of the Arab Formation has been studied in various parts
of the Arabian Plate (e.g., Clark et al. 2004; Nader et al.
2013; Daraei et al. 2014; Beigi et al. 2017; Assadi et al.
2018; Sfidari et al. 2018; Sharifi-Yazdi et al. 2019). While
these studies mainly focused on the impact of sedimen-
tological and diagenetic factors on the reservoir quality,
few studies emphasized on untying the reservoir hetero-
geneity by petrophysical rock typing. Generally, it is dif-
ficult to identify homogenous units, using the integration
of petrophysical rock types (flow zone indicator method
or FZI), but considering geological attributes makes it
possible. In fact, the FZI method is considered as one of
the well-known methods to specify hydraulic flow unit
on the basis of petrophysical data (porosity and perme-
ability).The recognition of the depositional features and
diagenetic modifications is an indispensable part of the
description of heterogeneity in the carbonate reservoir.
Diagenesis predominantly induced by warm and arid
climate pervasively influenced the carbonate Arab reser-
voir, and the significance of diagenetic modifications in
reservoir characterization of this succession is creation,
destruction and preservation of reservoir quality (Morad
et al., 2012; Assadi et al., 2018). Since sequence stratig-
raphy illustrates the temporal and spatial distribution of
sedimentological and diagenetic characteristics, it can be
a useful manner in the prediction of reservoir characteriza-
tion. In other words, these characteristics have a direct or
indirect relationship with sea-level fluctuations; in turn, by
this approach (known as a correlatable approach) all data
are correlated within the sequence stratigraphic framework
of the field. Thus, the analogous characteristics among
various exploration wells in the Upper Arab Formation are
correlated. The aims of this study include (1) recognizing
the impact of diagenetic evolution on the heterogeneity
of the Arab reservoir, (2) establishing a sequence strati-
graphic model for distribution of diagenetic processes, (3)
determination of hydraulic flow units and their relationship
with the geological attributes and sequence stratigraphic
framework. These could lead to a better understanding of
reservoir property distribution, resulted from the heteroge-
neity of carbonate reservoirs. Constructing a two-dimen-
sional model provides a predictable scheme of geological
aspects (especially diagenesis), which depicts the reservoir
characteristics variation (Rahimpour-Bonab et al., 2012;
Enayati-Bidgoli et al., 2014; Mehrabi et al., 2015).
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Geological setting and stratigraphy

The studied area is situated in the central Persian Gulf in the
northeastern of the Arabian Plate, bounded by Zagros fold
belt. This field is located in the eastern part of the South
Pars Gas Field (Fig. 1). Orogenic activities, including Amar
Collision (636-626 million years ago) and then Najd Rift
System (570-530 million years ago) (Al-Husseini 2000),
are the major tectonic phases which caused Zagros trending,
so that led to the northwest-to-southeast trend. The Najd
rift faults resulted in the establishment of the Qatar-Fars
Arch and salt diapirism. These two structural elements have
influenced the formation of the Persian Gulf fields such
as the studied region (Alsharhan and Nairn 1997; Perotti
et al. 2011). Formation of the Neotethys passive margin as
the basin in the Late Permian promoted the accumulation
of thick successions (Sharland et al. 2001; Ziegler 2001).
The basin had experienced several tectonic events includ-
ing uplift and subsidence during a geological time, which
play a vital role in the depositional style. Following that,
tectonic movements during the Jurassic caused the creation
of sub-basins containing Gotnia, Arabian and Rub-Alkhali
separated by Rhimthan and Qatar-Fars Arch, respectively.
The Arab succession was deposited in the Rub-Alkhalisub
basin which was impressed by salt and the Qatar-Fars Arch
activities.

During the Late Jurassic (Kimmeridgian to Tithonian),
Arab carbonate developed in an epiric sea on the Arabian
Platform due to sea-level fluctuations, under warm and arid
climate (Alsharhan and Nairn 1997; Handford et al. 2002;
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Fig. 1 Location map of studied fields in the central Persian Gulf
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Lindsay et al. 2006).The paleoclimatic changes in the Ara-
bian Plate caused complicated diagenetic processes, in turn.
Furthermore, in terms of paleogeographic location, the Ara-
bian Plate was situated in approximately 10—15° south of the
equator that was surrounded by the continental margin and
the Neotethys Ocean (Handford et al. 2002).

This formation is overlain by the evaporite Hith Forma-
tion. The carbonate-evaporite Arab Formation (equivalent
to Upper Surmeh Formation) subdivided into four reservoir
units, comprising A, B, C (Upper Arab Formation) and D
(Lower Arab Formation) (Fig. 2). Evaporite deposits are
responsible for separating different units. In this study, A,
B and C units were considered which are recognized as the
Upper Arab Formation. Dolomite is the main lithology in
these units, and then anhydrite is the prevalent lithology.

Materials and methods
Data for this research were obtained from two cored wells

containing B-01 (100 m-thick) and B-02 (100 m-thick) on
B-Field and one well including C-01(68 m-thick) on R-Field

located in the central Persian Gulf (Offshore Iran). The
number of 500 thin sections from core plugs at a spacing
that ranges from 30 cm to 100 cm were examined in this
study. For petrographic analysis of core samples, all thin
sections were stained with Alizarin red S based on Dick-
son (1965) method. For sedimentary facies classification,
Dunham (1962) and Embry and Klovan (1971) methods are
considered. For depositional modeling, models suggested
by Buxton and Pedley (1989) and Fliigel (2004) were used.
Different data such as facies analysis and petrophysical logs
(standard gamma-ray (SGR) and density (RHOB)) were
employed for sequence stratigraphic studies. The oxygen
and carbon stable isotopes were analyzed for 28 bulk sam-
ples from one well (B-01). A total of 500 porosity and per-
meability data from core plugs were selected for reservoir
quality evaluation. Porosity measurement was conducted by
the Boyle’s law with helium gas, and permeability meas-
urement was conducted by Darcy’s law with air. Rock typ-
ing was carried out using hydraulic flow unit determination
according to the FZI method. The results of 80 mercury
injection pressure tests were also considered. High-pres-
sure mercury intrusion tests were carried out to a maximum
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Fig.2 Stratigraphy column of the Jurassic successions including the Arab Formation
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pressure of 60,000 psi to attain pore-throat size distribution  studies, eight sedimentary facies were recognized in the

and distribution of pressure against saturation. studied intervals (Upper Arab Formation). These facies were
grouped in four facies belts, including supratidal, intertidal,
lagoon and shoal settings (Fig. 3, Table 1).

Results and discussion

Depositional framework F1: Anhydrite
Since the diagenetic events and reservoir quality are pri-  This facies encompasses anhydrite minerals which have

marily controlled by depositional attributes, the sedimentary =~ massive, layered and chicken wire forms (Fig. 4a). The crys-
facies must be investigated in details. Based on petrographic  tals of this facies reflect various sizes, ranging from 2 cm to
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Fig. 3 Depositional model of the Arab Formation reveals the lateral distribution of facies accompanied by diagenetic processes
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Table 1 Main facies and their properties of the Arab Formation in the studied area

Facies code Facies name Components Size Sorting Roundness Energy level Facies belt
F1 Anhydrite - - - - Low Supratidal
F2 Dolomudstone - - - - Low Intertidal
F3 Peloidalstromatolite bound-  Peloids Fine Poor Poor Low Intertidal
stone
F4 Peloidal ooid packstone- Peloids, ooids, gastropods, Fine tomedium Good Good Medium Intertidal
wackestone bivalves
F5 Bioclast peloid Gastropods, bivalves, Fine to Poor Poor Low Lagoon
peloids, oncoids
packstone-wackestone medium
F6 Peloidal oncoid bioclast Peloids, oncoids, gastropods, Medium Medium Medium Medium Shoal
packstone bivalves, ooids
F7 Ooid oncoid grainstone Ooids, gastropods, oncoids, =~ Medium to coarse Good Good Good Shoal
bivalves, peloids
F8 intraclast grainstone Oncoids, gastropods, Coarse Medium Medium  High Shoal

bivalves, intraclasts

several meters. This facies occurs in the upper part of each
unit of the B-01, B-02 and C-01 wells.

Interpretation The presence of various structures of this
facies assigned to supratidal or sabkha setting where crystals
are shaped by hypersaline fluids (Fig. 3). Also, this facies
does not show reservoir potential.

F2: Dolomudstone

Dolomudstone facies consists of micrite in addition to fine
crystals dolomite (Fig. 4b). The most significant of this
facies is the absence of fossil contents. This facies is domi-
nant in the B-01 well and unit B of the C-01 well.
Interpretation The development of micrite illustrates a
low-energy environment. Intertidal is a realm to the precipi-
tation of carbonate mud under stagnant condition (Fig. 4).
Besides, mud-dominated facies has low reservoir potential.

F3: Peloidal stromatolite boundstone

This facies chiefly is composed of algal filaments, peloids
and fine intraclasts (Fig. 4c). The grains of this facies have
poor sorting and roundness. This facies is mainly observed
in unit B of three wells (B-01, B-02 and C-01).

Interpretation Algal fragments usually suggest a low-
energy environment situated in intertidal section (Fig. 3).
The predominance of micrite has a negative impact on res-
ervoir characterization.

F4: Peloidal ooid packstone-wackestone
The significant components of this facies include small

size (<1 mm) ooids and peloids that are embedded in a
muddy matrix (Fig. 4d). The fragments of this facies are

characterized by well-soring and roundness. This facies is
dominant in units A and B of the B-01, B-02 and C-01 wells.

Interpretation Based on the kind of textural maturity
and the existence of muddy matrix, there is a textural inver-
sion in this facies that can be ascribed to the intertidal zone
(Fig. 3). In terms of reservoir quality, micrite occludes pore
throats in this facies.

F5: Bioclast peloid packstone-wackestone

Peloid beside fossil grain-like gastropods and bivalves
account for the vast majority grains of this facies (Fig. 4e).
These fragments are distributed in carbonate mud. This
facies is found in unit A of the B-01 well and throughout
the B-02 and C-01 wells.

Interpretation This mud-dominated facies containing
fossil contents depicts restricted low-energy lagoon that is
restricted by shoal crests (Fig. 3). This facies reveals low-
reservoir characterization similar to F2.

F6: Peloidal oncoid bioclast packstone

This facies consists of peloids, oncoids and bioclastic parti-
cles accompanied by some mud content (Fig. 4f). The most
remarkable attribute of the grains this facies that grains are
highly sorted and rounded. This facies is seen in units A and
B of the B-01, B-02 and C-01 wells.

Interpretation The existence of the depositional compo-
nents with a high level of maturity reflects a leeward shoal
setting which is considered a relatively high-energy circum-
stance (Fig. 3). The paucity of micrite leads to the enhance-
ment of reservoir quality in this facies.
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Fig.4 Thin sections photo-
micrographs illustrating main
facies from the Arab Formation
in the central of the Persian
Gulf. a F1: anhydrite, b F2:
dolomudstone missing bioclast,
¢ F3: stromatolite boundstone,
d F4: peloid ooid packstone/
wackestone accompanied

with anhydrite nodule, e F5:
bioclastic peloid wackestone/
packstone, f F6: peloidaloncoid
bioclastic packstone, g F7: ooid
oncoid grainstone, h F8: oncoid
bioclastic intraclast grainstone

F7: Ooid oncoid grainstone
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absence of micrite. This facies is prevailing in the whole
interval of three wells (B-01, B-02 and C-01).

Very well-sorted and rounded ooids and oncoids make Interpretation The deposition of the very well-sorted
up this facies (Fig. 4g). This facies is highlighted by the  allochems suggesting a high-energy shoal realm (Fig. 3).
Regarding the identified characteristics, this facies has
high-reservoir potential.
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F8: Oncoid bioclast intraclast grainstone

This predominantly includes bioclasts, peloids and intra-
clasts (Fig. 4h). These allochems are highlighted by mod-
erate sorting and roundness with grain-dominated fabric.
This facies has a low frequency in all wells (B-01, B-02
and C-01).

Interpretation Respecting the abundant broken grains
such as intraclasts and textural maturity, this facies was
deposited in a seaward shoal with high-energy situation
(Fig. 3). This high-energy facies similar to F7 has high
potential of reservoir quality as a result of its textural
maturity.

Depositional model

Recognition of depositional facies aids to reconstruct the
sedimentary environment and also exhibit a depositional
model. The Arab carbonate ramp (Handford et al. 2002;
Lindsay et al. 2006; Morad et al. 2012; Daraei et al. 2014;
Sharifi-Yazdi et al. 2019) was developed under hot and arid
climate (Alsharhan and Magara 1995; Hollis et al. 2017) on
the Arabian Plate. This carbonate-evaporite platform was
constructed from multiple sedimentary facies that laterally
and vertically developed (Fig. 3).

These facies primarily have low reservoir potential,
although diagenetic features such as dissolution led to
reservoir improvement. Shoal facies (Fig. 4f, g, h) mainly
includes grain-dominated facies which represents a high-
energy condition. The highest porosity and permeability
were found in the shoal facies (Daraei et al. 2014; Hollis
et al. 2017) showing remarkable propagation toward the
Northeast (Cantrell 2006). Even though grainstone facies
shows better reservoir quality, diagenetic effects caused
higher heterogeneity, as well (Assadi et al. 2018).

Depositional sequences

According to the petrographic studies and petrophysical
logs (GR and RHOB), sequences and stratigraphic surfaces
(maximum flooding surface and sequence boundary) were
recognized. The sequence boundaries were highlighted
by evaporite deposits, along with decreasing GR log and
increasing RHOB log.

Sequence C

This depositional sequence (almost 28 m) contains TST
and HST. The TST with 15 m thickness includes high-
energy shoal facies (F7) possessing retrogradational pat-
tern. The MFS is characterized by seaward shoal facies (F8)
and rise in GR logs. HST with 13 m thickness is chiefly
made up of mud-dominated facies (F5 and F6) that indicate

progradational geometry. The sequence boundary is recog-
nized by anhydrite layer and an increase in RHOB logs.

Sequence B

Sequence B is approximately 38 m and is composed of TST
and HST. The TST (13 m-thick) starts with low-energy
facies (F2, F3 and F4) and is retrogradationally followed
by grainstone facies (F7) in B-01 and B-02 wells. By con-
trast, this systems tract contains central shoal facies (F7) in
the C-01 well. The MFS is highlighted by oncoid bioclastic
intraclast grainstone facies and increased GR logs in this
sequence. Also, the HST (25 m thick) includes mud-domi-
nated facies (F2-F6) progradationally continues with anhy-
drite facies (F1) as the sequence boundary that is associated
with an increase in RHOB logs.

Sequence A

This depositional sequence (about 26 m) has two systems
tracts including TST and HST. Mud-dominated facies (F2,
F5 and F6) make up the TST (17 m-thick) that converts to
grainstone facies (F7) with retrogradational pattern. Oncoild
bioclastic intraclast grainstone facies is identified as the
MES which is along with rise in GR logs. The HST (9 m
thick) contains ooidal oncoid grainstone facies which pro-
gradtionally ends up in the Hith Formation that is considered
as the sequence boundary with rose RHOB logs.

Interpretation Other studies on the Upper Arab succes-
sions (Azer and Peebles 1995, 1998; Daraei et al. 2014,
Sharifi-Yazdi et al. 2019) also represented three-third-order
sequences. Each sequence comprises a different sedimentary
facies (low-energy to high-energy facies) at various posi-
tions. Early transgressive system tract (T'ST) and late high
stand tract (HST) contain low-energy facies (intertidal and
lagoon facies) while the late TST and early HST composed
of high-energy facies (shoal facies). Consequently, energy
increases from the peritidal facies (located near the sequence
boundary) to the shoal facies, located in maximum flooding
surface.

Diagenetic processes

According to petrographic studies (Fig. 4), the Upper Arab
Formation displays several diagenetic processes such as mic-
ritization, marine cementation, dolomitization, dissolution,
anhydrite cementation and compaction (Fig. 5).

Dolomitization
This process followed by generating fine-crystalline (< 20

microns) and medium-crystalline (20-100 microns) and
coarse-crystalline (20—400 microns) dolomites. This type of
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dolomite is prevailing in sequence B of B-01 and C-01 wells.
Fine-crystalline dolomites formed in low-energy facies (F2
to F5) in the vicinity of evaporite deposits (Fig. 6a). In con-
trast, high-energy facies (F6, F7,and F8) had the potential
to form medium-to-coarse-crystalline dolomites (Fig. 6b).
Medium-to-coarse-crystalline dolomites predominantly
make up sequence A and sequence C in the B-01 and B-02
wells as well as the large majority of B-02. In the studied
successions, euhedral (planar-e) to subhedral (planar-s)
(sensu Sibley and Gregg 1987) dolomite shapes are preva-
lent. The dolomites of the Arab Formation have values for
oxygen isotope that range from —2 to —0.8%0 PDB and
carbon isotope that range from 1.2 to 3% PDB (Fig. 7).

The dolomite cement as overgrowth appeared in the form
of limpid rims on the coarse-crystalline dolomite in the stud-
ied interval (Fig. 6¢). Among different sequences of this
formation, the sequences A and C are more severely affected
by the dolomite cementation in all wells.

Interpretation Dolomitization pervasively influenced the
Upper Arab Formation and dolomite crystals replaced car-
bonate successions during the early stages of diagenesis by
reflux of hypersaline fluids (Fig. 5) (Cantrell et al. 2001;
Swart et al. 2005; Morad et al. 2012). The dolomite crystal
shape is another factor controlling the reservoir properties.
As a result of variations in the crystal size, pore spaces and
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pore connectivity are variable in these facies. Likewise,
fine-grained crystals show low pore connectivity while the
formation of large crystalline dolomite leads to the enhance-
ment of porosity and permeability network (Fig. 6a, b). Most
dolomites in the Arab Formation show euhedral shape seem-
ingly are primary (e.g., Sharifi-Yazdi et al. 2019). Generally,
the morphology of dolomite depends on temperature so that
planar dolomite belongs to low-temperature conditions and
by increased temperature, early dolomite boundaries would
be destroyed. The relatively heavy 8'%0 values suggest these
dolomites formed in the near surface diagenetic conditions
(low-temperature conditions) (Fig. 7). This mechanism is
correlatable with the other studies in the Arabian Platform
(Azer and Peebles 1995; Morad et al. 2012; Sfidari et al.
2018). Incidentally, relatively heavy 8'3C values are an indi-
cator of the absence of durable exposure (Swart et al. 2005;
Esrafili-Dizaji and Rahimpour-Bonab 2013).

Dolomite cement that formed in shallow burial condi-
tions (Fig. 5) has a remarkable role in decreasing reservoir
quality (Clark et al. 2004; Assadi et al. 2018). In addition
to pore spaces occluding by this type of cement (Jones and
Xiao 2005; Kordi et al. 2016), pore-throat was also plugged
(Fig. 6¢). In the Upper Arab carbonate, while dolomite
cements are mainly intact, the dolomite crystals are largely
dissolved out leading to reservoir improvement.
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Fig.6 Diagenetic features in the Arab successions. a Fine-crystal-
line dolomites were formed in mud-dominated facies, b medium-to-
coarse-crystalline dolomites were formed in grain-dominated facies,
¢ dolomite cementation in grain-dominated facies, d moldic disso-

Dissolution

Dissolution in the Arab dolomites occurs as moldic and
vuggy porosity. An increase in abundance of moldic porosity
is visible at the sequence B and less commonly in sequence
A, whereas it is almost absent in sequence C. Some of these
pores were plugged by anhydrite cement (Fig. 6d). Vuggy
dissolution, as non-fabric selective, occurs in dolomites of
the Upper Arab Formation (Fig. 6¢e). This diagenetic fea-
ture pervasively cross-cut different facies and even previous
diagenetic events (such as dolomite and dolomite cement).
This dissolution occurs as two types including separate- and
touching-vug pore spaces.

Interpretation Moldic dissolution as a primary diagenetic
phase (Fig. 5) (Clark et al. 2004; Morad et al. 2012; Daraei
et al. 2014; Beigi et al. 2017) occurred by dissolution of
metastable components and led to the porosity enhancement
in the grain-dominated facies (Fig. 6d). Concurrently, fine-
crystalline dolomite precipitated as intergranular cement in
these facies. Customarily, the separate-vugs increased poros-
ity, whereas touching-vug pores improved both porosity and

lution, e vuggy dissolution, f pore-filling anhydrite cementation, g
poikilotopic anhydrite cementation, h pervasive anhydrite cementa-
tion and i stylolitization in mud-dominated facies

permeability of the Arab dolomites (Fig. 6e). Therefore,
touching-vug which accompanied by the intercrystalline
porosity is crucial parameters that have controlled the Upper
Arab Formation reservoir quality. Apart from this, vuggy
porosity was created by basinal fluids in mesogenetic realm
(Fig. 5) (Sharifi-Yazdi et al., 2019).

Anhydrite cementation

The Arab Formation lacks calcite cement, and the most
substantial cement is various types of anhydrite cement.
Common forms of anhydrite cement include pore-filling,
poikilitopic and pervasive (Fig. 6f, g, h). In some cases,
anhydrite cement dissolved similarly to vuggy pores and
caused reservoir improvement. Anhydrite cement is com-
mon in sequences A and B in the B-Oland B-02 wells and
sequence A in the C-01 well.

Interpretation Anhydrite cementation is one of the most
prevalent diagenetic processes in the Arab carbonate that
significantly influenced reservoir properties (Clark et al.
2004; Assadi et al. 2018). Pore-filling cements plugged
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Fig.7 Cross plot 5'30 vs. 8!3C shows near-surface precipitation of
dolomite

moldic porosity and generally reduced porosity and perme-
ability values during hypersaline diagenesis (Figs. 5, 6f).
Late-stage anhydrite cementsas poikilotopic and pervasive
occluded vuggy pore spaces (Fig. 6g). Considering this
type of cement occluded the vuggy pore spaces, its forma-
tion could be ascribed to the late burial conditions (Fig. 5).
Poikilotopic cement is responsible for the diminution of
porosity values, and pervasive form exerts a destructive role
in reservoir quality (Fig. 6h) (Lucia 2007).

Compaction

Low-amplitude stylolite overprints the diagenetic features
(such as dolomites and anhydrite cements). Obviously, stylo-
lites are seen in mud-supported facies (F2 to F5) along with
fine-crystalline dolomite (Fig. 61). This diagenetic feature is
prevalent in sequence C of the B-01 and B-02 wells and the
total interval of the C-01 well.

Interpretation Compaction characterized by stylolite that
is chiefly observable in mud-dominated facies in this for-
mation (Fig. 61) (Alsharhan and Whittle 1995; Al-Emadi
et al. 2009; Morad et al. 2012). Indeed, overburden pressure
induced the Arab reservoir and brought about the forma-
tion of stylolites in late burial stage (Fig. 5). It has played
a barrier in the Arab carbonate so that is the main factor
in permeability reduction. Despite its impact on reducing
reservoir quality, open stylolites have occasionally led to
reservoir improvement.
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Diagenetic model

Considering diagenetic history, the Arab Formation experi-
enced eogenetic and mesogentic realms (Alsharhan and Whit-
tle 1995; Morad et al. 2012; Daraei et al. 2014; Sharifi-Yazdi
et al. 2019) (Fig. 5). Eogenetic events include micritization,
marine cementation, early dolomitization and fabric-selective
dissolution. Diagenetic processes such as dolomite cementa-
tion, anhydrite cementation and chemical compaction occurred
in the burial diagenetic realm. Here, the main diagenetic pro-
cesses that influenced the Arab reservoir are detailed. Nev-
ertheless, micritization has not had an explicit and momen-
tous effect on reservoir characterization. Moreover, although
marine cementation took place in the Arab interval and created
a firm framework for allochems as a positive reservoir charac-
teristic (Daraei et al., 2014), this diagenetic feature is not vis-
ible in the studied area as a result of the existence of dolomite
crystals which imprinted on marine cement.

Reservoir quality

Generally, heterogeneity in carbonate reservoir is forged by the
geological context including depositional, diagenetic and pore
characterizations which influenced FZI values (Burrowes et al.
2010; Enayati-Bidgoli et al. 2014; Sfidari et al. 2014; Nabawy
2015). Here, using the normal cumulative probability of log
FZI, numbers of hydraulic flow units could be determined
(Abbaszadeh et al. 1996).

FZl approach
FZI (flow zone indicator) method was suggested by Amaefule

et al. (1993) by modification of Kozeny (1927) and Carman
(1937) equation:

[k < D, > 1
0.03144/ — = (1)
(De 1_(De \/FS'T'Sg

RQI is reservoir quality index (um):

- k
RQI = 0.0314\/; @)

@z is normalized porosity:

#=[755] o

FZI (um) is flow zone indicator:

1
FZl= | ——
7=
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Then, by taking logarithm from Eq. (1) below equation is
gain:

log (RQI) = log (@z) + log(FZI) (5)

here based on inflection points, four HFUs were recognized
in which reservoir quality elevated from HFU4 to HFU1
(Fig. 8). Geological and petrophysical features of each HFU
catalog are indicated (Table 2).

HFU4 with an average 0f18.09% porosity and 1.14 mD
permeability, this unit mainly contains mud-dominated
facies (F2, F3,and F5) belonging to intertidal and lagoon
settings (Fig. 9a). The most important pore type in this
unit is vuggy porosity that mainly occluded by cementa-
tion along with stylolitization. This unit has been devel-
oped in early TST at sequence A, TST at sequence B and
early TST/late HST at sequence C.

HFU3 here the average porosity and permeability val-
ues are 17.84%, 13.71 mD, respectively. The predominant
facies are lagoon (F5) and leeward shoal facies (F6) as
well as mudstone and grainstone facies with high fre-
quency (Fig. 9b). Moldic and then vuggy porosity are
prevalent pore types in this unit. This HFU is frequent in

Fig. 8 Probability plot of FZI 1
reflects four hydraulic flow units
in the studied wells 0.9

Probability

0.2

0.1

-16 -14 -1.2 -1 -08 -06 -04 -02 O

the middle TST at sequence A, middle HST at sequence B
and late TST/early HST at sequence C.

HFU?2 this hydraulic flow unit has 16.94% porosity and
75.4 mD permeability and with grain-dominated facies
assigned to shoal environment (F7, F8), which are the
major constituent of HFU2 (Fig. 9c¢). Intercrystalline and
then vuggy porosity (touching-vug) are the most significant
pore spaces. HFU2 is partly developed in early HST/late
TST at sequence A, early HST at sequence B and HST at
sequence C.

HFUI with 17.73% porosity and 393.53 mD permeability
consists of grainstone facies belonging to shoal setting (F7,
F8) with high porosity and permeability (Fig. 9d). Vuggy
porosity (touching-vug) and then intercrystalline poros-
ity are predominant in this unit. This flow unit is observed
in early HST at sequence A and partly at the sequence, B.
Porosity is dominated by vuggy pore spaces in this reservoir
unit that caused reservoir improvement.

Lucia classification
Although the hydraulic flow unit is known as a homoge-

nous interval, high heterogeneity within the Arab carbonate
reservoir resulted in variations in the reservoir properties.

22 24 26

02 04 06 08 1

Log FZI

1.2 14 16 18 2

Table 2 Depositional, diagenetic, sequence positions, pore type and petrophysical attributes of hydraulic flow units

HFUs Depositional features Diagenetic processes

Sequence position Pore type

HFU1 Mainly grain-dominated facies Coarse-crystalline dolomitizationvuggy

dissolution

HFU2 Mainly grain-dominated facies Coarse-crystalline dolomitization

HFU3 Wacke-pack facies
tion, dolomite cementation

HFU4 Mud-dominated facies
dissolution

Moldic dissolution, anhydrite cementa-

Anhydrite cementation, stylolitization,

Mainly late TST, early HST Intercrystalline, Touching-Vug

Mainly late TST, early HST Intercrystalline

Early TST, late HST Moldic, Intercrystalline

Mainly early TST, late HST Moldic
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Fig.9 The frequency of various a HFU4 11

facies in each HFU including i b HFU3
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Hence, it is essential to classify each HFU using geologi-
cal and petrophysical features in detail. Lucia classification
(sensu Lucia 1995, 2007)is assigned to carbonate succession
for classifying them based on the same fabric in a petro-
physical framework. This approach is helpful for grouping
samples that have analogous geological features, especially
diagenetic processes. Recognized hydraulic flow units with
similar depositional and diagenetic characters demonstrate
specified position on this diagram (Fig. 10). The Lucia clas-
sification scheme could illustrate diagenetic evolution and
sedimentary fabric which is a useful approach for the predic-
tion of reservoir improvement or deterioration. Accordingly,
four HFUs were plotted on the Lucia diagram, reflecting var-
ious positions of HFUs because of variations in pore spaces
and pore-throat size. Class 3in Lucia diagram mainly com-
prises HFU4 and HFU3 with mud-dominated nature. Class
2 contains a part of HFU3 with grain-dominated nature and

Fig. 10 Lucia classification
scheme used as a template to
illustrate the identified HFUs
in this study. As shown, groups
of facies which belong to a
specific HFU could be justified

+ HFU4 4 HFU3

HFU?2 facies. Class 3 chiefly encompasses HFU1 that com-
prises grain-dominated facies. In spite of depositional fab-
ric effects on different HFUs, diagenetic evolution caused
alterations of porosity and permeability values. Thus, dia-
genetic alterations are the basic controls in the positions of
the Lucia classes.

Mercury injection capillary pressure (MICP) analyses

Pore-throat size distribution

Pore-throat radius obtained using the Laplace equation after
the differentiation gives pore-throat size distribution (PTSD)
(Hosseini et al. 2018; Nazemi et al. 2019). For each pore-
throat size, the numbers obtained from PTSD are between
0 and 1.0. In fact, PTSD is a fractional graph of the pore
volume injected (v) against pore-throat radius (Fig. 11).

HFU2 x HFUI

Touching-vug increased
permeability in

by Lucia’s scheme, considering
their depositional features and
diagenetic imprints

grain-dominated facies

Anhydrite and dolomite
cementation led to
reduction of pore throat sizg

Permeability (mD)

Moldic dissolution or
separate-vug resulted in
increasing porosity

Touching-vug led to
enhancement of permeability|
in mud-dominated facies

Porosity (fractional)
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PTSD = do/d log () )

where r is the pore-throat size in micron and v is pore vol-
ume injected (fractional). The pore-throat size is divided into
macropore throats (> 1.5 pm), mesopore throats (1.5-0.5)
and micropore throats (< 0.5 pm) groups using the normal-
ized pore-throat size distribution function. The PTSD is nor-
malized using the equation:

Smoothing : PTSDi = (PTSDi — 1 + 2PTSDi + PTSDi + 1)/4
(N
PTSD normalized = PTSDi/PTSD max 8)

HFUs characterization and interpretation

For assessment of heterogeneity in the carbonate reser-
voir, the FZI method by the establishment of a relationship
between porosity and permeability introduces homogenous
units (Hearn et al. 1984; Tavakoli et al. 2011). These units
are controlled intensely by the geological context includ-
ing depositional and diagenetic attributes. These geological
attributes led to improvement or reduction in pore connec-
tivity. Although the primary properties of reservoir rocks
determined by the depositional background, reservoir evolu-
tion is governed by the diagenetic processes. Owing to the
occurrence of multiple diagenetic phases, reservoir evolution
was dictated by factors that increase or decrease the porosity
and permeability.

Among other hydraulic flow units, HFU4 is predomi-
nantly composed of mud-dominated facies (Fig. 9). Dia-
genetic features such as fine-crystalline dolomitization,
stylolitization and drastic anhydrite cementation led to a
reduction in porosity and permeability at Class 3 of Lucia
(Fig. 10). Cemented grain-dominated facies (F7, F8) with
low frequency occluded by the pervasive anhydrite cement
shows low reservoir quality because this type of cement
plays a vital function in occluding both pore spaces and
pore throat size (Lucia, 2007). Wackestone-packstone
facies (F4, F5,and F6) has chiefly low porosity and perme-
ability (Fig. 8); however, moldic pores caused increasing
porosity, occasionally. Indeed, the greatest contribution of
moldic porosity in reservoir quality is the enhancement of
isolated pore types has only a positive influence on poros-
ity. Although dolomite crystals are replaced in these facies,
fine-crystalline dolomite in the form of cement-filled inter-
granular spaces reflecting decreasing the permeability. Mud-
stone facies (F2) in this HFU has not significant diagenetic
features in line with the improvement in reservoir characteri-
zation such as dissolution. According to the mercury injec-
tion capillary pressure data, one of the main characteristics
of this HFU is a drastic dispersion of the pore-throat size
and pores. Despite the low slope of the injection curves and
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the presence of the flat part at the middle, the pressure of
the mercury entering the permeable network is the highest
level compared to other HFUs (Fig. 11). The pore-throat
size distribution diagram exhibits a high expansion and ten-
dency toward smaller radius. Diagenetic imprints contribute
largely to destruction reservoir quality especially permeabil-
ity in HFU4. However, some diagenetic events like leaching
led to an increase in porosity. HFU3is mainly composed of
wackestone-packstone facies (F4, F5 and F6) (Fig. 9) in a
various range of permeability at Class 2 of Lucia. Pervasive
anhydrite cement is a prevalent diagenetic attribute that has
a negative effect on both parameters including porosity and
permeability (Fig. 8). Dolomite cement in grain dominated
facies is less important that also plays the same role as the
anhydrite cement. These diagenetic modifications led to
the destruction of the pore connectivity (lesser 1 mD) in
facies that are similar to HFU4. In comparison with HFU4,
facies with permeability from 1 to 10 mD endured pore-
filling anhydrite cementation in which porosity values are
reduced. The dissolution influenced wackestone-packstone
facies in this HFU by the creation of touching-vug pores that
increased the permeability from 10 to 100 mD (Fig. 10).
The mercury injection curves of HFU3 illustrate a higher
pressure than HFU1 and HFU?2 at the entrance point of mer-
cury into the porous network (higher pressure displacement)
(Fig. 11). In other parts of the capillary pressure—satura-
tion curves, the gradient reflects the pore-throat connection
with low conjunction, radius and poor sorting. Based on the
pore-throat size distribution curve, the pore-throat radius of
more than 1 micron is rare in this class and pore-throats are
more likely to have a lower radius. The pore-throat radius
of HFU3 is smaller than the other introduced HFUs (HFU1
and HFU2). Consequently, this HFU has low reservoir qual-
ity due to the presence of micrite and diagenetic imprints
such as pervasive anhydrite cement and dolomite cement.
Despite this, dissolution brought about the formation of
vuggy porosity in mud-dominated facies and improved per-
meability. Apart from pore space, this pore type has a posi-
tive effect on pore-throat connection.

In HFU2 grainstone facies (F7, F8) have a higher fre-
quency (Fig. 9) and are protected from dissolution and anhy-
drite cementation locating at class 2 of Lucia (Fig. 10). Inter-
crystalline porosity (due to the presence of coarse-crystalline
and euhedral dolomite) is predominant in these facies with
permeability between 10 and 100 mD. Influence of coarse-
crystalline dolomite on reservoir improvement in the Arab
dolomites was also introduced from the other Arabian Plate
areas (Al-Saad and Sadooni 2001; Cantrell et al. 2001;
Daraei et al. 2014). The presence of high-energy grainstone
facies provided a proper circumstance to induce coarse-
crystalline dolomitization through the hypersaline diagenetic
fluid (Morad et al., 2012; Sharifi-Yazdi et al., 2019). In addi-
tion to the function of such dolomites in the improvement in
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porosity, the large size of them (100-500 microns) dramati-
cally enhanced permeability of grainstone facies. Generally,
in this HFU, the mercury-injection curves illustrate higher
pressure at the entrance point of mercury into the porous
network and at different points of saturation, compared to
the introduced HFU1. These features exhibit a lower porous
network quality, weaker continuity, smaller radius of pore-
throats and inferior sorting than HFU1. The middle part of
the mercury injection curves in this category shows a slope
(Fig. 11). According to the pore-throat size distribution dia-
gram, some increase in the sorting and decrease in the pore-
throat radius distribution in the facies of this category are
concluded. The presence of touching-vug accompanied by
coarse-crystalline dolomite led to an increase in pore throat
size and permeability values more than 100 mD in HFU1
(Fig. 8). Dissolution caused touching-vug porosity in grain-
dominated facies (F7, F8), and these are located in class 1
Lucia (Figs. 8, 10). In other words, touching-vug dissolution
boosted pore-throats size of grainstone facies. The MICP
studies in this HFU (comparing to the other HFUs) indicat-
ing that the curves of this category are characterized by a
much lower pressure at the mercury entering point and in
contrast higher saturation levels at similar pressures. These
features demonstrate greater connectivity, larger grain size,
more sorting and generally higher quality pore-throat net-
work than the other HFUs (Fig. 11). The middle part of
the mercury injection curves in the HFU1 displays a slight
slope. By examining the pore-throat size distribution curve,
the great increase in sorting and the decrease in the pore-
throat radius distribution in this HFU can be observed.

HFUs in a sequence stratigraphic framework

Morad et al. (2012) concluded that the reservoir quality of
Arab-C was controlled by the dolomitization and dissolu-
tion of anhydrite cement. Clark et al. (2004) revealed that
dolomitization has a striking influence on permeability and
capillary pressure properties in the Upper Arab Formation.
Daraei et al. (2014) and Assadi et al. (2018) in their studies
display high reservoir quality belongs to high-energy shoal
facies in HST.

In this study, sequence stratigraphic framework is used as
a conceptual model for reservoir characterization (Fig. 12).
Owing to the sensitivity of HFUs to multiple diagenetic
stages in various wells, correlation is a complicated process.
Sequence stratigraphy is known as an approach which is able
to identify correlatable units. In spite of the importance of
the vertical distribution of HFUs, considering their lateral
distribution also has critical significance. It results in the
identification of factors governing reservoir quality in inter-
field and intra-fields scales.

The sequence A in early HST and late TST mainly encom-
passes HFUT, because of the presence of coarse-crystalline

dolomite and intense vuggy dissolution. The most impor-
tant factor in the reduction in reservoir quality is dolomite
cementation, and to a lesser extent anhydrite cementation
in this sequence. Dolomite cement is the most considerable
factor in the pore connectivity decline in B-01 well, whereas
anhydrite cements have been developed as a negative major
factor in the other wells. Early TST and late HST developed
with poor HFUs and low thickness.

Sequence B that containing various facies (mud-dom-
inated to grain-dominated facies) has considerable HFU3
and HFU4 at late TST and early HST. This facies diversity
led to the distribution of various HFUs. However, touching-
vug resulted from dissolution along with coarse-crystalline
dolomite, caused local permeability increase in Field-R. A
similar condition in terms of depositional and diagenetic
features is seen at late HST of sequence C and early TST
in sequence B. Accordingly, it governed by low reservoir
quality HFUs.

Sequence C chiefly composed of coarse-crystalline dolo-
mite but it does not represent high reservoir quality. In this
sequence, anhydrite cementation is a major factor in occlud-
ing pore-throats. Dolomite cement also performed as a
minor factor in the reduction in reservoir properties. In terms
of sequence stratigraphy, HFU4 with poor reservoir quality
principally belongs to late HST and early TST. The HFU3
with moderate-to-poor reservoir quality has been found at
the middle TST and middle HST. Conversely, HFUI and
HFU?2 with high reservoir quality are assigned to late TST
and early HST that includes high energy facies. In general,
the lateral distribution of hydraulic flow units reveals that
high HFUs (HFU1 and HFU?2) have an increasing trend
from Field-B to Field-R. This is due to the development
of touching-vug dissolution in C-01 well. Sedimentological
log in a sequence stratigraphic framework belongs to B-01
well as illustrated in Fig. 13. Correlation between the studied
wells based on stratigraphic properties and hydraulic flow
units within the third-order sequence stratigraphic scheme
is shown in Fig. 14.

Conclusions

Based on the integration of microfacies analysis, diagenetic
history, sequence stratigraphy and petrophysical properties,
a basic model established for the Arab reservoir. Accord-
ingly, eight sedimentary facies were recognized that depos-
ited in a ramp-type platform during the Late Jurassic. Dolo-
mitization, dissolution, cementation and compaction are
major diagenetic phases that have significantly influenced
the Arab reservoir. In order to reduce the heterogeneity of
the reservoir, HFUs were determined using the FZI method.
Then, recognized HFUs (HFU1 to HFU4) are integrated
with geological, petrophysical (Lucia’s classification)
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Fig. 12 Sequence position of various HFUs. a HFU1: vuggy grain-
stone facies at late TST or early HST, b HFU2: grainstone facies at
late TST or early HST, ¢ HFU3 with mudstone facies has perme-
ability 10-100 mD at early TST or late HST, d HFU3 and HFU4:
cemented grainstone facies has permeability lesser 10 mD at late TST

within the sequence stratigraphic framework of the field.
HFUTI includes the higher reservoir quality intervals with
high pore connectivity and composed of grain-dominated
facies (coarse-crystalline and euhedral dolomite) that was
subjected to vuggy dissolution. This HFU is predominantly
found at the late TST and early HST. Depositional features
of HFU2 show similarity with the previous HFU, but encom-
pass grain-dominated facies with lesser diagenetic altera-
tions at the late TST and early HST. HFU3 mostly includes
mud-dominated facies with fine-crystalline dolomite with
weak permeability located in the middle TST and mid-
dle HST sequence positions. Factors such as compaction
and cementation diminished pore connections. However,
touching-vug was a positive feature for increasing perme-
ability in mud-dominated facies. Tight grainstone facies
influenced by cementation is included in this HFU. HFU4
has the lowest reservoir quality because of the domination
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or early HST, e HFU3and HFU4: mudstone facies has permeability
lesser 10 mD at late TST or early HST, f HFU4: wackestone-pack-
stone facies with high porosity and low permeability at middle TST
or middle HST, g HFU4: cemented wackestone-packstone facies with
low porosity and permeability at middle TST or middle HST

of mud-dominated facies, cementation and/or stylolitiza-
tion. Moldic dissolution is the principal factor in increasing
porosity in the wackestone-packstone facies within HFU3
and HFU4. Incidentally, sequence stratigraphic position of
HFU4 is mainly observable at the early TST and late HST.
Generally, dolomitization and dissolution (touching-vug)
have major impacts on reservoir improvement in the studied
area. In conclusion, this research reflects the importance of
diagenetic history reconstruction to deduce the heterogeneity
of the Arab reservoir. Accordingly, by integrating various
approaches, including petrophysical methods in a sequence
stratigraphic framework, a conceptual reservoir model is
produced. In fact, although depositional facies builts the
internal and external architecture of the Arab carbonate, dia-
genetic fluids created under the warm and arid climate has
brought about a wide range of modifications that determine
reservoir quality of this succession.
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