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Article history: One of the most important carbonate gas reservoirs in the Zagros and Persian Gulf sedimentary
Received: 2023 September 23 basins is the Dalan Formation. This research investigates the microfacies, lithostratigraphy, and
Accepted: 2024 January 20 sequences of carbonate-evaporite deposits in the Lower member of the Dalan and the Nar member
Available online: 2024 June 21 belonging to the Guadalupian series with a total thickness of 2402 meters in four wells namely A,
D, E, and G located in the eastern part of the Qatar-Persian arc in the Persian Gulf. The study of 340
Keywords: thin sections prepared from the drilling cutting pieces with 2-meter intervals of well E, and a review
Biostratigraphy of documents related to other wells led to the identification of 20 species belonging to 14 genera of
Sequencestratigraphy foraminifera and the foraminiferal assemblages consisting of 65 species belonging to 25 genera. A
Sediment environment foraminiferal biozone was recognized in well E, assigned to the Wordian? - Capitanian: Pachyphloia-
Lower Dalan Globivalvulina- Hemigordius, Assemblage Zone. Additionally, 11 microfacies were determined,
Nar mainly distributed in five environments (sabkha, intertidal, lagoon, shoal, and shallow marine).
Persian Gulf Based on the stacking patterns facies and the gamma-ray log trends, two 3rd-order transgressive—

regressive (T-R) sequences were determined. These sequences correspond to the sequences of the

reservoir unit’s equivalent formations in the southern and eastern Tethyan basin including Saudi
Arabia, UAE, Oman, Iraq and South China.

1. Introduction

The Persian Gulf'is located on the eastern edge of the Arabian Plate
between latitudes 20 to 30 degrees North and longitudes 48 to 57
degrees East. The Qatar-Persian arc with a width of more than
100 km, a length of about 300 km, an outcrop with 150 km height

and a north/northeast-south/southwest trend, is one of the most
important tectonic structures of the Arabian Plate, which divides
the Persian Gulf into two sub-basins, eastern and western. The
Dalan Formation belongs to the Dehram Group and is considered
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the oldest gas carbonate reservoir in the southern and southwestern
regions of Iran in the Zagros and Persian Gulf basins (Taheri and
Hadadi, 2020). The Dalan Formation lies between the strata of
the Faraghan Formation (Cisuralian- Guadalupian/ Lower-Middle
Permian) and the base of the Kangan Formation (Induan/ Lower
Triassic). It is mainly composed of dolomitized shallow marine
carbonates with evaporate compounds and consists of three
carbonate-evaporite parts, the lower carbonate, the Nar Member,
and the upper carbonate (Szabo and Kheradpir, 1978). In terms of
reservoir quality, the Dalan Formation contains three main units (in
ascending order): K5, K4 and K3 (Figure 1). The reservoir unit K5
belongs to the Lower member of the Dalan Formation and the Nar
Member is the boundary between K5 and K4 units (Insalaco et al.,
2006; Koehrer et al., 2010; Al-Husseini and Koehrer, 2013; Knaust,
2014; Kakemem et al., 2023).The K5 reservoir unit is considered
equivalent to the lower part of the Khuff Formation (unit D)
in Saudi Arabia, the Saiq Formation in Oman, the Chia Zairi
Formation in Iraq, and the Bih Formation in the UAE (Sharland
et al., 2001; Insalaco et al., 2006; Ghazban, 2007; Knaust, 2014;
Walz et al., 2013). Few detailed studies of the microfacies and
depositional environment have been conducted about the Lower
member of the Dalan Formation and the Nar Member, especially
in the Persian Gulf, due to lack of deep drilling in some fields
or diagenetic conditions and poor reservoir quality. However,
matching the stratigraphic data of Persian Gulf basin with other
studies in the southern Persian Gulf in establishing the stratigraphic
correlation, predicting the reservoir, and identifying stratigraphic
traps in some areas with limited information will play an important
role in understanding the geology of the region. Meanwhile, the
Lower member of the Dalan Formation may contain hydrocarbons
in some areas due to the quality of the reservoir. The specific aims
of this study are: identifying the foraminiferal species, describing
the microfacies characteristics, and depositional environment, and
determining the third-ordered sequence which provides a reference
for the gas exploration in the Persian Gulf basin and comparison
with other regions of the Tethyan basin.

The studied area with about 35,000 square kilometers is located
between 26 to 27 degrees’ north latitudes and 52 to 55 degrees’
east longitudes in the east of the Qatar-Persian arc (Figure 2) and
includes 4 wells, A, D, E, and G, which are drilled deep in the Dalan
Formation. The overall thickness and the percentage of minerals
that make up the Lower member of the Dalan and the Nar Member

strata are listed in Table 1.

2. Research methodology

This research has been done by examining 340 thin sections
prepared from the sub-surface drilling cutting pieces with2 meter
intervals belonging to well E, which were stained with Alizarin
Red in some parts, the well logs data such as Gamma-ray (GR),
neutron porosity (NPHI) and density (RHOB) compared with delta
sonic (DT) log, review of available petrophysical reports such as
reservoir zoning and also the paleontological and lithological data
belong each wells from unpublished reports, all of which were
obtained from the Research Industry Institute of Iran (RIPI). The
Petrophysical well logs were clustered using Cyclolog software.
This was done by analyzing the deviations of neutron, density, and

(DINPEFA) of gamma values and the amount of increasing and
decreasing trends of the gamma-ray log. The analysis took into
account the rock and biological facies. Based on this analysis, the
sequence boundaries and flood maximum were determined. The
information regarding the paleontology and microfacies of well
G was obtained from a report, based on the observation of thin
sections prepared from 200 meters of the drilling core. The drilling
core was continuously observed in the lithological boundaries of
the Lower Dalan Faraghan, the Lower Dalan-Nar, and the Nar-
Upper Dalan. The carbonate rocks and lithofacies were classified
following the Dunham classification (Dunham, 1962), description
of facies following Flugel’s method (Flugle, 2010), classification
and identification of foraminifera were based on (Vachard et al.,
2005) studies and methods of Hunt and Tucker (1995), Posamentier
and Allen (1999) and Catuneanu’s definitions (2006) have been
used in sequence stratigraphy.

3. Results

The Lower member of the Dalan Formation can be divided
into three separate facies LDI-1, LDI-2, and LDI-3, and the Nar
Member is divided into two facies MDI-1 and MDI-2. Although the
identification of accurate biozones based on foraminifera has been
impeded by intensive diagenetic effects, 65 species of foraminifera
and algae belonging to 25 genera were identified in all wells
mentioned. Among these, 20 species of foraminifera from 14 genera
were identified in well E, and a foraminiferal assemblage biozone
was identified in well E called the Pachyphloia-Globivalvulina-
Hemigordius Assemblage Zone (Figure 3). Also, at the depth of
4025-4100 m in well E, there is an abundance of Pseudoamodiscus
spp. among foraminifera species. This occurrence is attributed to
the Wordian? stage according to Altiner and Payne (2017), Nestell
and Nestell (2006) and Pronina (1990). Additionally, Hemigordius
irregulariformis sp. can be observed at the depth of 3820 m on top of
the Nar member. Therefore, it can be concluded that the Lower Dalan
and Nar member’s deposits belong to the Guadalupin (Wordian?
-Capitanin), which can be similar to specimens of the foraminiferal
biozones introduced by Baghbani (1993), and Shahinfar er al.
(2020). Some pictures of foraminifera have been presented in the
foraminifera Plate, and the correlation of biozones has been shown
in Figures 3 and 4. Facies analysis led to the identification of five
association microfacies groups including 11 microfacies in all
wells (Table 2 and Figure 5) which are mainly distributed in five
environments of a homoclinal carbonate ramp as follows: sabkha,
intertidal, lagoon, shoal complex, and shallow marine (Figure 6).
The Lower Dalan group facies consist of five types: MFT (Sabkha
and Tidal flat), MFL (Lagoon), MFS (Shoal), and MFO (Open
marine). These represent a sedimentary environment on an inner
ramp to the edge of the middle ramp (from sabkha to shallow marine)
with water depths ranging from 10 to 40 meters. The Nar evaporate
Member facies also includes MFT to MFL group facies, showing
the deposition of an inner ramp environment from sabkha to the
open lagoon, with a depth of about 5 to 10 meters. The Lower Dalan
and the Nar member’s fauna and flora habitat can be compared
with the habitat of the seven foraminifera biofacies cluster by Peng
et al. (2022) in Guadeloupian Series and estimate the ecological
water depth based on Flugel (2010), Vachard et al. (2010) and
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Peng et al. (2022) (Table 3). The depositional environment of the
Lower Dalan and the Nar members indicates a homoclinal carbonate
ramp model based on microfacies and the accumulation of fauna
and algae (Figures 6 a-c). In addition, two main long-term (3rd-
order) transgressive-regressive (TR) sequences were determined in
all wells based on the stacking pattern facies change and the trends
of Gamma-ray log. Clustering of well logs was done with Cycolog
software and based on the deviation of Neutron porosity (NPHI),
Density (RHOB), and Sonic and Gamma-ray log values. By using
the Cyclolog software, the deviation errors of the real values of
the log from the predicted values are analyzed and corrected, and
the combined prediction filter error analysis (INPEFA) chart,
which is the total amount of error between the actual values and
the predicted values, is drawn. The increasing trend is a sign of the
increase of the sedimentation space compared to the sedimentation
rate and the progressive sequence, and the decreasing trend shows
the regressive sequence (Wang et al., 2022). During the Wordin? to
Capitanin time interval, the first sequence of deposits begins with
those from the lower Dalan member, extending to the lower part of
the Nar Member. The second set of deposits falls within the time
interval of the upper Capitanin and belongs to the upper part of the
Nar. The first sequence the maximum flooding (MFS P20) in the
Lower Dalan member with the predominance of open marine facies
and in the Nar Member (MFS P25) with the abundance of deep
lagoon (Figure 7-a-b). The correlation of the sequences in all wells
is shown in Figure 8 (Al-Husseini and Koehrer, 2013; Insalaco et
al., 2006; Walz et al., 2013; Qiu et al., 2013; Cohen et al., 2023).
These two sequences correspond to the sequences of the reservoir
units KS5 and KS6 of the lower part of the Khuff Formation (the
unit D in Saudi Arabia) (Al-Huseini and Koehrer, 2013) and also
its equivalents in the southern and eastern parts of the Tethyan area
including UAE, Oman, Iraq and South China (Figure 9).

4. Discussions

Comparison of wells clearly showed decreasing depth and expansion
of evaporite minerals (anhydrite and gypsum) in the deposits of the
Lower Dalan member and especially the Nar Member due to the
effect of active salt domes in the Permian. The changes in basin
conditions have also affected the living environment. Meanwhile,
the microfacies and fossils content changes showed a general
deepening of the basin toward the northeast part of the basin.
The signs of the extinction event at the end of the Guadalupian
in different wells (range chart Figure 3) with the disappearance of
some larger benthic foraminiferal species such as sp., Verbeekinia
sp., Schwagerina sp., and small foraminifers such as Shanita
sp., Cribrogenerina sp. and Okimurites (Discospirella)? sp.
are observed about 150 to 200 meters below the Guadalupian-
Lopingian boundary in the deferent wells (according to the reports
of REPI) which are probably attributed to the sea level drop and
reduced habitat area, especially in the inner carbonate ramp. Apart
from conditions which certain crucial elements that could aid in
identifying the foraminifera shell have been destroyed due to
diagenesis or inadequate sampling, these species had not seen in
upper Dalan member in well E and not reported in paleo logs of
other e.g., well G where a more extensive sampling was conducted.

The correlation of the studied sequences with the Khuff Formation
sequences and other equivalents (Figures 1 and 9) in the southern
part of the Persian Gulf basin (Oman, UAE, and Saudi Arabia) and
China (Eastern of Tethyan basin) indicates that there are two T-R
(Transgressive- Regressive) sequences in the region. In addition,
the Dalan Formation belongs to the inactive southern margin of the
Neo-Tethys Ocean and its sediment accumulation coincided with
a relative decline in sea level on a global scale on the AP6 and
MFS P20 tectonostratigraphic scales (Sharland ez al., 2001; Haq
and Schutter, 2008; Walz et al., 2013, Qiu et al., 2013).

5. Conclusions

The total investigations of the microfacies, bio and sequence
stratigraphy led to the following conclusions:

20 species belonging to 14 genera of foraminifera were identified in
well E. In the four studied wells, a total of 65 species belonging to 25
genera of fusulinid and non-fusulinid foraminifera were introduced.
This led to the introduction of a biozone from Wordian? - Capitania
namely Pachyphloia-Globivalvulina-Hemigordius ~ Assemblage
Zone, comparable to the biozones of Baghbani (Baghbani, 1993)
and Shahinfar et al. (Shahinfar et al., 2020).

-Identification of five facies groups including 11 types of
microfacies belonging to five facies belts of sabkha, lagoon, shoal
complex, and, open marine, deposited in a homoclinal carbonate
ramp.

- Based on the microfacies type and biological components such
as algae and foraminifera, it is estimated that the Lower member
of the Dalan Formation was deposited at a depth ranging from 1 to
40 meters approximately. Similarly, the Nar Member is believed to
have been deposited at a depth between 1 to 10 meters.

- The facies changes of the Lower Dalan member deposits and the
Nar in well E appears a greater depth or possibly more subsidence
rate compared to other wells. Well D on the active salt dome, and
the location of well A (South Pars filed) along the paleo high of the
Qatar-Persian arc probably have caused less sediment depth also
may cause to deposited more evaporates sediments during Wordin?
—Capitanine.

- Two relatively long sedimentary sequences were determined in the
Persian Gulf basin. The first one is equivalent to the KS6 reservoir
unit and the second one is consistent with the sequence of the KS5
reservoir unit of the lower part of the Khuff Formation (D reservoir

unit) and its equivalents in the southern and western Persian Gulf.
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Figure 3. The lithology, facies and range of fossils in well E and the correlation of Wordin? -Capitanin biozones in the studied well deposits
with those in the outcrops of Abadeh region (Baghbani, 1993 and Shahinfar et al., 2020).
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(Baghbani, 1993).
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Table 2. Microfacies and facies belts identified in the Lower Dalan and Nar members.

Formation Skeletal / Non-Skeletal Facies belt /Sedimentary Facies group
Diagenetic Factors Microfacies Features
Member Elements Environment Wilson(1975) Flugel (2010)
Nar Crystalline mass, needle and Supratidal/ Sabkha
Crystallization | - MFT1
Lower Dalan layer Gypsum and Anhydrite (FZ9)
o Dolo-Mudstone with fenestral
Dolomitization,
N . . structure
Crystallization and Microbial filaments of ) MEFT2
Nar ol . Stromatolitic Tidal flat
dissolution, presence Cyanobacteria and
Lower Dalan ) ) Dolo-Bondstone (FZ9)
of iron oxide, Mud Cracks
Dolo-madestone with
hydrocarbon stains MFT3
Anhydrite nodules
Milliolides and
Palacotextularids foraminifera,
o Bioclastic to Peloidal
Dolomitization, algae, skeletal fragments of MFL1
. Mudstone- Wakestone
Nar Cementation, the Gastropods and Bivalves, Lagoon
Lower Dalan | Dissolution, Stylolite Peloid and Bioturbation (FZ7)
and Anhydritization Algal ancoids, Ostracods,
MFL2
Gastropods and small Bioclastic Packstone
Foraminifera
Leeward
L Small Foraminifera, Bivalvs
Dolomitization, Bioclastic Ooidal Grainstone Shoal MFS1
o and Gastropods
Anhydritization, (FZ7)
Nar Dissolution, Shoal
Ooids Ooidal Dolo-Greenstone Shoal MEFS2
Lower Dalan Stylolites and (FZ6)
Fractures, Small Foraminifera with Seaward
Cementation abundance of hyaline tests, and Bioclastic Grainstone Shoal MFS3
crinoid stem (FZ5)
Brachiopods, Bryozoans,
Micritization,
Small Foraminifera and Bioclastic Wackstone MFO1
Fracture, Dissolution
Ostracods carapace
Bryozoan and Echinoid
skeletal fragments and
Cementation Bioclastic Packstone MFO2
Intraclasts with Texture Open Marine
Lower Dalan
orientation (FZ5)
Very small Bryozoan,
Dolomitization,
Brachiopods Echinoid,
Crystallization
Ammonoied skeletal Bioclastic Packstone MFO3
and dissolution,
fragments, small marine
hydrocarbon stains
Foraminifera

VY
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Figure 5.The microfacies of the sedimentary environment of the Lower part of the Dalan Formation and the Nar
Member. MFT1-a. Anhydrite crystals in Sabkha environment, XPL light- MFT1-b. Gypsum crystals in Sabkha
environment with zonation, MFT2-a. Bird -eye structure (F) mudstone with stylolite (St) and hydrocarbon (H),
MET?2-b. Microbial dolomitic mudstone facies containing filaments of cyanobacteria, MFT-3. Stromatolitic boundstone,
MFL-1a. Peloidal mudstone with bioturbation (B), MFL-1b. Bioclastic mudstone with Foraminifer (Miliolid),
MFL-2a. Bioclastic packstone with gastropod (G), bivalves and Mizzia sp.(M) fragments, MFL-2b. Bioclastic mudstone
with algal fragments and Climacammina sp. (Cl), MFS-1a. Ooidal dolomitic grainstone with moldic porosity, anhydrite
replacement and foraminifera, MFS-1b. Bioclastic mudstone with crinoid stem (C) and Neodiscus? sp. (N), MFS-1c.
Bioclastic packstone with bryozoan (Br) and crinoid stem (C), MFS-2a. Ooidal dolomitic grainstone , shoal facies, MFS-
2b. Ooidal dolomitic grainstone with green algae, MFS-3. Bioclastic grainstone with hyaline (bright) test foraminifer

and brachiopod shell (B), MFO-1a., Bioclastic wackestone with ostracod shell (O) and other skeletal fragments,
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Continued from Figure 5.The microfacies of the sedimentary environment of the Lower part of the Dalan Formation
and the Nar Member. MFO-1b. Bioclastic wackestone-packstone with Pachyphloia sp. (P). MFO-2. Wave dominated
bioclastic packstone facies with textural orientation and skeletal fragments (red arrow). MFO-3a. Bioclastic mudstone

with foraminifer cast. MFO-3b. Fossiliferous mudstone with an echinoid spine.
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Figure 6-a) Schematic model of location of wells and extent of deposits studied
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Figure 6- b) Map model of the carbonate ramp of the Nar Member (Capitanian)
(The legend discribed in the map-b)
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Figure 6- ¢c) Map model of the carbonate ramp of the Lower Dalan member (Wordian? -Capitanian)
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Table 3. The approximate depth of the lower Dalan member and the Nar Member deposits based on the bio association of foraminifera and their

accompanying organisms (Insalaco et al., 2006; Vachard et al., 2010; Flugel, 2010; Peng et al., 2022).

Benthic foraminifera biofacies
This study
(Peng et al., 2022)
Order/ Superfamily Associations Ecological
Biofacies Ecological Depth . Depth
Foraminifera Foraminifera genera /distribution
code distribution (meter) Other organisms (meter)
Association (Microfacies)
Palacotextularioidea +
Uniserial Nodosariids + Geinitzina/ Lagoon-Shoal
Marginal Bivalves,
Globivalvalina Pachyphloia/ Langella+
1 shallow 10 Ostracods, Mizzia 5-10
Nodosaria+Globivalvulina+ (MFL-1,2)
shoal algae
Globivalvalina + Climacammina/ Cribrogenerina (MFS-1-3)
Uniserial Nodosariids
Uniserial Nodosariids + Crinoids,
Globivalvalina Dolomitized 20~ Ostracods Lagoon- Shoal
Geinitzina, Pachyphloia, 5-10~
Shoal
2 Langella+ Nodosaria
Uniserial Nodosariids 100> Brachiopods, Open Marine
+Hemigordius 40-50
+ Hemigordius/ Open marine 40-50~ Echinoeids (MFO2, 3)
Lasiodiscids Ammonoieds
10
Shoal Brachiopods Shoal 10
Uniserial Nodosariids
3 Geinitzina, Pachyphloia Echinoeids
um 600> 100>
Open marine Ammonoieds Open Marine 40-50
40-50~
Fusulinids + Bioclastic
Tubothalamea Shoal-Open Globivalvulina Ostoracods
Lagoon- Shoal 5-10
(Miliolida, Spirillinida, marine + Geinitzina
4 20-50~
Ammodiscidae)+ few Hemigordius+ Glomospira Brachiopods
Open Marine 40~
uniserial Nodosariids+ SMF 17.) Eotuberitina+ Nodosaria Echinoeids
Tuberitinoidea (Flugel, 2010
Brachiopods,
Palaeotextularioidea
Brachiopod
Endothyrida+ Fusulinids+ | Shoal- Open Climacammina Shoal-
5 10-50~ spines, Bryozoans, 10-40~
uniserial Nodosariids Marine Cribrogenerina Open Marine
Gymnocodium
Nodosaria
algae
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Continued from Table 3. The approximate depth of the lower Dalan member and the Nar Member deposits based on the bio association of

foraminifera and their accompanying organisms (Insalaco et al., 2006; Vachard et al., 2010; Flugel, 2010; Peng et al., 2022).

Benthic foraminifera biofacies
This study
(Peng et al., 2022)
Order/ Superfamily Associations Ecological
Biofacies Ecological Depth Depth
Foraminifera Foraminifera genera /distribution
code distribution | (meter) Other organisms (meter)
Association (Microfacies)
Tubothalamea + uniserial
Fragments of
nodosariids Marginal Glomospira / Hemigordius +rare
Gastropods 5-10
shallow +Fusulinids Lagoon-
6 10-20 Ostracods
Miliolida + uniserial shoal /Grain Globivalvulina Shoal
Bryozoans 10-20
Nodosariids+ . shoal Nodosaria
Echinoderms
Globivalvulininae
Marginal
shallow 10 Mizzia algae Lagoon 5-10
Fusulinida>200 pm Nankinella
7 Shoal
Globivalvulininae+ Globivalvulina
10-20 Crinoids Shoal 10-20
Biclastic Shoal
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Figure 7- a) Stratigraphic 3rd order sequences of the Lower member of the Dalan Formation and the Nar Member in well

E, according to the changes of Gamma ray and INPEFA Gamma diagram, RHOB and NPHI curves.
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Figure 7- b) Stratigraphic 3rd order sequences of the Lower member of the Dalan Formation
and the Nar Member in A and D wells, according to the changes of Gamma ray and INPEFA
Gamma diagram, RHOB and NPHI curves.
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Continued from Figure 7- b) Stratigraphic 3rd order sequences of the Lower member of the

Dalan Formation and the Nar Member in G well, according to the changes of Gamma ray

and INPEFA Gamma diagram, RHOB and NPHI curves.
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