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The Oligo-Miocene Asmari Formation in SW Iran represents sedimentation on a carbonate platform. Thin-section analysis
allowed distinguishing 26 microfacies, which can be grouped into twelve microfacies associations that represent four main
depositional environments: open-marine, outer-ramp, middle-ramp and inner-ramp settings. The carbonates have under-
gone a complex diagenetic history, from penecontemporaneous shallow-marine consolidation to deep-burial diagenesis.
The most important processes that affected the carbonates are dolomitization (in different stages), cementation (by
anhydrite and calcite), dissolution (fabric-selective and fabric-destructive), fracturing, stylolitization and neomorphism. Minor
diagenetic processes that modified the sediments are pyritization, silicification, glauconitization, micritization and bio-
turbation. Diagenetic processes such as dolomitization, dissolution and fracturing improved the reservoir quality, whereas
cementation and compaction have reduced the reservoir quality of the Asmari Formation. Whole-rock oxygen and carbon
isotope analyses of limestone samples show that the isotopic composition of the carbonates was hardly affected by
diagenesis and that the carbonates remained roughly in isotopic equilibrium with the Paleogene seawater. Some samples
have, however, been affected significantly by diagenesis during deep burial in a closed to semi-closed diagenetic system.
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INTRODUCTION chemical characteristics during alteration and lithification. Com-
pared to the parent solution (the seawater), such minerals are,

when precipitated from seawater at low temperatures, more en-

The most important applications of geochemical studies in
carbonate rocks are identifying the precursor carbonate miner-
alogy, sedimentary environment, and the evaluation of palaeo-
temperature and palaeoclimate. In addition, such studies are
currently used for palaeosalinity reconstruction, demonstrating
diagenetic alteration rates, distinguishing between various
diagenetic environments (marine, meteoric, burial), and recog-
nizing diagenetic trends (e.g., Rao, 1996; Immenhauser et al.,
2002; Vincent et al., 2006; Adabi and Mehmandosti, 2008).

Carbonate minerals in marine settings are potentially ideal
targets for geochemical studies (Hood et al., 2018) because of
the commonly limited influence of detrital components, and be-
cause carbonates tend to preserve their petrographical and geo-
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riched in *®0 than minerals formed at higher temperatures. This
leads to a higher §'20 value. This parameter is therefore not only
important because it makes it possible to distinguish marine car-
bonates from minerals precipitated from meteoric water (which
generally show lower values of §'®0), but also because sta-
ble-isotope and elemental data of carbonate rocks can be used
to evaluate palaeotemperature and palaeoclimate by recon-
structing the chemical and isotopic content of the ancient seawa-
ter and/or diagenetic fluids (e.g., Tucker and Wright, 1990; Lear
et al., 2000; Crowe et al., 2013; Swart, 2015; Fallah-Bagtash et
al., 2020). The various geochemical (including isotopic) data are
commonly interpreted with the help of cross-plot diagrams, as
these facilitate detection of diagenetic signals.

The present contribution deals with the Oligocene-Miocene
Asmari Formation, a stratigraphic unit which hosts numerous
supergiant and giant hydrocarbon accumulations that contain
>90% of the recoverable oil of Iran (Ghazban, 2007). Integrated
geochemical analyses (stable isotopes of carbon and oxygen,
as well as trace elements) and petrographic studies have been
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carried out to increase the insight into carbonate diagenesis
(e.g., Swart, 2015; Hood et al., 2018). Such studies show that
diagenetic processes in carbonates may include modifications
of texture, mineralogy, chemistry, and porosity, and thus signifi-
cantly affect reservoir quality. The present study of the Asmari
Formation is based on a combination of core analysis, thin-sec-
tion petrography and trace-element and stable-isotope analy-
sis. The main objective of the study is to recognize the effects of
diagenetic processes that affected the Oligo-Miocene carbon-
ates on their quality as oil reservoirs.

GEOLOGICAL SETTING

The Shadegan Oil Field is located in the southwestern part
of the Dezful Embayment, within the Zagros Basin (Fig. 1A).
The Zagros region is one of the important tectono-stratigraphic
domains in southwestern Iran. Its approximate length is
>1600 km and its width is 200-250 km (Sherkati and Letouzey,
2004; Heydari, 2008). The main trend in this huge geotectonic
structure, which forms part of the Alpine-Himalayan orogenic
belt (Alavi, 2004), is NW-SE, starting in SE Turkey and extend-
ing to the Hormuz Strait (Sherkati and Letouzey, 2004).

The Zagros Basin was formed due to the closure of the
Neo-Tethys Ocean during convergence and eventual collision
between the Arabian Plate (from the north-east) and the Central
Iran/Eurasian Plate (Alavi, 2004; Navabpour and Barrier,
2012). The present-day morphology of the Zagros Mountains is
the result of two main compressive phases: a first phase with
subduction to the NE and obduction in the Late Cretaceous
(Saura et al., 2011), and a second phase with collision during
the Neogene (Sherkati and Letouzey, 2004; Lashgari et al.,
2020). The Oligocene-Miocene Asmari Platform was formed
mainly during the final stage of the closure of the Neo-Tethys
Ocean and the beginning of a foreland development (Sherkati
et al., 2006).

Based on its tectonic activity and depositional history, four
tectono-stratigraphic zones can be distinguished in the Zagros
Basin. They are, from NW to SE (Fig. 1A), Lurestan, the Dezful
Embayment, the Izeh Zone and Fars (Heydari, 2008). The
present study deals with a region in the Dezful Embayment,
which covers ~7000 km? and is surrounded by three major
faults: the Mountain Front Fault, the Balarud Fault, and the
Kazerun Fault (Sepehr and Cosgrove, 2004; Saura et al., 2015;
Fig. 1A). This embayment hosts almost all major Iranian oil
fields (Bordenave and Hegre, 2010).

The subject of the present study, the Shadegan Oil Field, is
located in the south-western part of the Dezful Embayment,
~60 km SE of the city of Ahwaz. It is a high-relief, asymmetric
anticline of 23 km long and 6 km wide, situated at 30°05" to
31°00°N and 49°06" to 49°15°E (Fig. 1B). The petroliferous
Oligocene-Miocene Asmari Formation in the Shadegan Oil
Field consists mainly of cream- to brown-coloured limestones
and porous dolostones alternating with shales (Fig. 2). It con-
formably overlies the marly and shaly Pabdeh Formation and is,
in turn, conformably overlain by the evaporites of the Gachsa-
ran Formation.

MATERIAL AND METHODS

The present study is based mainly on the analysis of rock
samples from the Asmari Formation, collected at core intervals
from five boreholes (SG-4, SG-7, SG-8, SG-11 and SG-12) in
the Shadegan Oil Field (Fig. 3). The thickness of the formation
ranges in these boreholes between ~363 and 390 m. The lime-

stone types have been classified according to the schemes of
Dunham (1962), and Embry and Klovan (1971), and the dolo-
mites have been classified following Sibley and Gregg (1987).
From the core samples, 1123 thin-sections were prepared;
these were stained with potassium ferricyanide and Alizarin
Red S to distinguish the various types of carbonate minerals (cf.
Dickson, 1965).

Forty-eight limestone and thirty-two dolomite samples from
the cores were carefully powdered, using a small drill, and the
powdered samples were analysed for several major and trace el-
ements. Elemental analysis was performed by atomic absorption
spectrophotometry (AAS) at the central lab of Ferdowsi Univer-
sity of Mashhad, Iran. The accuracy of these analyses was better
than 5 ppm for Mn, Fe, Sr, and Na, and 0.5% for Mg.

The forty-eight powdered limestone samples were first ana-
lysed for their major and trace elements, and subsequently for
their oxygen and carbon isotopes at the G.G. Hatch Stable Iso-
tope Laboratory, University of Ottawa; this was done with a VG
STRA Series Il apparatus. The samples were weighed in con-
tainers, and 0.1 mL of H3PO, (specific weight 1.91) was added
to the side. Then the containers were capped, placed in a hori-
zontal position, and flushed with helium. The resulting reaction
of calcite (at 25°C) during 24 hours was followed by extraction in
continuous flow. The measurements were performed with a
Delta XP and a Gas Bench II, both from Thermo Finnegan. The
analytical precision (2 ) was £0.1%.. The oxygen and carbon
isotope values are reported relative to the Vienna PeeDee Bel-
emnite (VPDB) standard.

DEPOSITIONAL ENVIRONMENTS
AND MICROFACIES

Thin-section analysis of the carbonate samples, following —
but adapting where necessary — the method introduced by
Fligel (2010) resulted in the distinction of 26 microfacies. The
detailed description of these microfacies, as well as their fossil
content, is the subject of other studies (Avarjani et al., 2015;
Omidpour et al., 2021). The present study focuses on the inter-
pretation of the depositional environment and its sub-environ-
ments.

The 26 microfacies can be grouped into 12 facies associa-
tions, which represent specific depositional conditions that re-
flect depositional sub-environments. These sub-environments,
in turn, represent four main environments: open-marine, outer
ramp, middle ramp and inner ramp. The ramp was most proba-
bly of a homoclinal type as indicated by the absence of large
barrier reefs (Avarjani et al., 2015; Omidpour et al., 2021), al-
though small reefs are present, commonly as patches. The
microfacies, which are distinguished and interpreted for a con-
siderable part on the basis of their bioclast content, pass gradu-
ally into each other.

OPEN-MARINE ENVIRONMENT

The open-marine environment is represented by only one
microfacies, formed by alternations of marls and shales. They
represent low-energy conditions that are interpreted, also on
the basis of their wide, continuous extent, as formed by settling
in an open-marine environment. Trace fossils such as Cylen-
drichnus, Thalassinoides, Rosselina, and Nereites indicate a
low sedimentation rate. In spite of the overall quiet conditions,
some (probably slow) bottom currents may have been present
considering the occasional presence of small, rounded dolo-
mite grains.
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Fig. 1. Location maps of the study area

A — regional map showing the main structural elements in SW Iran (after Sharland et al., 2004);
B — location of the Shadegan Oil Field in the Dezful Embayment of the Zagros Basin
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Fig. 3. The Asmari reservoir

A — contour map showing the depth (in m) of the top of the Asmari reservoir and locations
of the five boreholes in the Shadegan Oil Field mentioned in this study; B — cored intervals of the five
boreholes (SG-4, SG-7, SG-8, SG-11 and SG-12) in the Shadegan Qil Field

OUTER RAMP

The outer ramp shows the gradual transition from the truly
open-marine setting to a platform realm. This is expressed in
the form of two sub-environments: a distal outer ramp and a
proximal outer ramp. Both sub-environments had a moderate
energy level.

The distal outer-ramp sub-environment is characterized by
a facies association constituted by two microfacies with a fauna
consisting mostly of planktonic foraminifers and bryozoans.
The two facies of this association are:

— alternations of bioclastic wackestones and mudstones,
— alternations of wackestones and floatstones that also con-
tain large benthic foraminifers.

The presence of framboidal pyrite indicates that reducing
conditions existed, at least occasionally, at or within the bottom,
probably due to the high rate of accumulation of organic re-
mains of planktonic fauna.

The proximal outer-ramp sub-environment is characterized
by a facies association that also contains two microfacies, con-
sisting of bioclastic rudstones with a matrix of wackestone, in
which the fauna is dominated by large benthic foraminifers. The
difference between the two microfacies of this association is
that in one of them the large benthic foraminifers consist mainly
of Operculina, whereas Eulepidina dominates the other micro-
facies.

MIDDLE RAMP

The middle ramp can be subdivided into three sub-environ-
ments (deep subtidal, shallow subtidal, and patch reefs), which
represent the further transition from open-marine (with a transi-
tion to the outer ramp) to the inner ramp. The energy level was,
as a result of the shallower setting and the consequently larger
influence of waves, higher than on the outer ramp, ranging from
moderate to high.

The deep subtidal part of the middle ramp is characterized
by a microfacies association consisting of carbonates with a
highly dolomitized matrix and significantly less dolomitized
grains. The fauna was dominated by large benthic foraminifers.
Moderate- to high-energy conditions prevailed. Two micro-
facies are present:

— alternating wackestones, packstones, and rudstones in
which the large foraminifer Lepidocyclina dominates,
— packstones in which Rotalia viennoti prevails.

The shallow subtidal sub-environment, with its moderate to
high energy level, consists of micrites, a muddy matrix, and
syntaxial and isopachous rim cement. Benthic foraminifers
(particularly miliolids) and gastropods are the most common
fauna. Two microfacies can be distinguished:

— alternating wackestones, packstones and floatstones with
echinoderms, red algae, and Rotalia viennoti,

— alternating wackestones and packstones with both imperfo-
rated and perforated foraminifers.
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The patch reefs (and their erosional products) were built by
corals, in addition to common echinoderms, coralline algae and
the large benthic foraminifer Rotalia viennoti. The texture of the
sediment is obviously controlled by the coral growth, but the
high original porosity has been reduced by chemical compac-
tion and cementation, commonly by dolomitic micrite. The en-
ergy level in the sub-environment was high. Three microfacies
can be distinguished:

— grainstones (representing reef talus) with algae, echino-
derms and Rotalia viennoti,

— alternations of boundstones and rudstones with echino-
derms, algae and coralline algae,

— boundstones consisting of corals.

INNER RAMP

The inner ramp is the most varied depositional environment
in the study area, with six sub-environments representing, re-
spectively, shoals, an open lagoon, a restricted lagoon, the proxi-
mal part of a restricted lagoon, intertidal and supratidal settings.
The energy levels range from low to high, depending on the
sub-environment. These sub-environments thus represent the
outer end of the total spectrum from open-marine (see open-ma-
rine environment) to the supratidal setting dealt with here.

The microfacies association representing the shoals re-
flects high-energy conditions; the sediments are, as a rule,
strongly cemented, and they commonly contain micritized
specimens of ooids and bioclasts. Three microfacies can be
distinguished:

— grainstones consisting mainly of ooids,

— grainstones consisting mostly of ooids and common speci-
mens of Faverina,

— bioclastic grainstones.

The open-lagoon microfacies association consists of two
microfacies that were deposited under low- to moderate-energy
conditions; they contain numerous micritized bioclasts. The two
microfacies are:

— bioclastic packstones with red algae and echinoderms,
— packstones with a large diversity of imperforated foraminifers.

The microfacies association representing the restricted la-
goon has three microfacies that are all characterized by low-en-
ergy depositional conditions, the common presence of micri-
tized bioclasts and biogenetic structures created by organisms
that produced burrows and borings. The three microfacies are:

— alternating wacke- and packstones with miliolids,

— alternating wacke- and packstones with the miliolid fora-
minifer Dendritina rangi,

— bioclastic wackestones.

The association representing the proximal part of the re-
stricted lagoon, where also low-energy conditions prevailed (as
indicated by the imperforated foraminifers), consists of two
microfacies:

— peloidal wackestones with miliolids and Dendritina rangi,
— peloidal bioclastic wackestones with mainly imperforated
foraminifers.

The intertidal part of the inner ramp represents low- to mod-
erate-energy conditions, and the sediments consist largely of
silt. They are commonly bioturbated, and peloids are commonly
present. Two microfacies can be distinguished:

— peloidal wackestones with common intraclasts,
— mudstones which only show some roughly horizontal lami-
nation.

The last microfacies association, representing the supra-
tidal part of the inner ramp, is characterized by low-energy con-
ditions. Two microfacies can be distinguished:

— fine (<2 um) dolomicrites,
— anhydrites with a nodular or laminated appearance.

DEPOSITIONAL ENVIRONMENT

The depositional environments of the 26 carbonate micro-
facies differ, apart from their fossil content, mainly from each
other by the high- to low-energy conditions and their depth (which
determines the light penetration). The environmental interpreta-
tion is, obviously, also largely based on the fossils (including
ichnofossils) that indicate specific conditions of their habitat.

The overall environment of the Asmari Formation is best de-
scribed as a homoclinal ramp (Omidpour et al., 2021). This in-
terpretation is supported by:

— high frequency of porcelaneous foraminifers,

— dominant faunal genera and, most importantly,

— gradual facies change from a tide-dominated low-energy en-
vironment to oolitic/bioclast-rich high-energy shoals with a
high carbonate-mud production and pervasive marine ce-
mentation (cf. Rowlands et al., 2014; Jafari et al., 2020).
Additional evidence for the environmental interpretation is

provided by the lack of tempestites/turbidites, and by the ab-
sence of a large, laterally continuous barrier reefs (Avarjani et
al., 2015; Fig. 4). The wide tidal flat with evaporites and dolo-
micrite facies suggests a marine setting with a hot and arid cli-
mate. Evaporitic carbonate ramps generally form at passive
continental margins with very gentle slopes (Badenas and
Aurell, 2001).

The lower part of the Asmari Formation contains abundant
planktonic foraminifers and large benthic foraminifers (such as
Operculina sp. and Eulepidina sp.) within a homogeneous,
massive micrite. This indicates low-energy conditions in the
quiet, deep waters (below storm wave base) of an outer-ramp
setting with normal salinity (cf. Brigaud et al., 2009; Flugel,
2010). The open-marine sediments are mainly composed of
pelagic shales/marls.

The middle part of the Asmari Formation is characterized by
the presence of both imperforate and perforate foraminifers
(Rotalia viennoti sp. and Lepidocyclina sp.), echinoids, bryo-
zoans, coralline red algae and coral colonies, which suggests an
oligophotic zone with good oxygen circulation in a middle-ramp
setting (cf. Corda and Brandano, 2003; Asprion et al., 2009).

The upper part of the Asmari Formation contains, as main
biogenic and non-biogenic components of the inner-ramp set-
ting, imperforate foraminifers (such as the miliolids, Dendritina
rangi sp., Peneroplis thomasi Henson; Austrotrillina sp., Mean-
dropsina sp., Quinqueloculina sp. and Pyrgo sp.), and red algae
together with ooids, peloids, and intraclasts. Miliolina sp. is the
dominant genus in all studied microfacies; it is an indicator of
warm to temperate, shallow water (Gonera, 2012). Peneroplis
sp., Quinqueloculina sp., Triloculina sp., Elphidium sp. and
Dendritina rangi are widely developed in the lagoonal sub-envi-
ronment of the Persian Gulf (Amao et al., 2016). Miliolina-domi-
nated benthic foraminifer assemblages reflect a decreased cir-
culation and probably low-oxygen or euryhaline conditions
(Geel, 2000). The shoal microfacies association is character-
ized by well to moderately sorted ooids and rounded bioclasts,
with pervasive evaporites (anhydrite) and calcite cement indi-
cating high-energy conditions (cf. Sim and Lee, 2006).
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For other explanations see Figure 2

DIAGENETIC PROCESSES

The most important diagenetic processes in the Asmari
Formation are micritization, compaction, cementation, dolo-
mitization, dissolution, neomorphism and fracturing.

MICRITIZATION

Micritization represents the first diagenetic process affect-
ing the limestones of the Asmari Formation. It occurred in sev-
eral lithofacies, but particularly in mud-supported sediments.
Complete micritization of grains led to the creation of peloids
which preferentially occurred on foraminifers and algae,
whereas micrite envelopes are common on shell fragments
(Fig. 5A). These micritic envelopes are more resistant to disso-
lution than the grains, so they tend to be preserved after the to-
tal dissolution of grains. Subsequently, moulds were filled to
varying degrees by coarse sparry calcite and later anhydrite ce-
ment.

Another process was the formation of accretionary micritic
envelopes on large benthic foraminifers, particularly Lepido-
cyclina and Operculina, mainly in the lower part of the Asmatri
Formation (Fig. 5B).

COMPACTION

The compaction process strongly affected the characteris-
tics of the Asmari reservoir rocks by reducing their porosity.
During progressive burial of the formation, the increase in
lithostatic pressure reduced the thickness of the sedimentary
succession and resulted in a compact texture.

Evidence of this mechanical compaction is most distinct in
lithofacies with a grain-supported texture (i.e., packstones and
grainstones). Features indicating compaction are:

— broken allochems (Fig. 5C) and micrite envelopes (Fig. 5D)
that show flattening, elongation, and re-orientation from
their original positions to horizontal (Fig. 5E),

— squeezing of organic matter (Fig. 5F),

— concave/convex contacts of closely packed grains (Fig. 5G),

— ductile deformation and fracturing (Fig. 5H, ).

Moreover, grainstones may have formed by compaction of
packstones by a closer packing of the grains (changing the ratio
between framework grains and matrix), thus creating a grain-
-supported framework.

In addition to mechanical compaction, also chemical com-
paction took place, mostly in mud-dominated microfacies. The
most common features are fitted fabrics, solution seams, and
stylolites. Fitted fabrics are present as sutured contacts be-
tween skeletal fragments and between grains in fitted grain-
stones, mudstones, and wackestones (Fig. 6A). The stylolites
developed parallel or sub-parallel to the bedding.

There are at least two stages of stylolitization. Stage | stylo-
lites cross-cut muddy limestones, calcite cement, and dolomicrite
(Fig. 6B). Stage Il stylolites cross-cut coarse crystalline dolomites
but not saddle dolomite (Fig. 6C). The amplitudes of the stylolites
vary from a few mm to a few cm; the contacts contain an insolu-
ble residue of clay, organic matter, pyrite and hydrocarbons,
which are opaque to translucent brown in thin-section. Solution
seams occur in mudstones, wackestones and packstones,
where they occur around and between patrticles (Fig. 6D).

CEMENTATION

The cements in the Asmari Formation are represented by
aragonite, calcite and anhydrite.

Aragonite cement occurs as acicular (isopachous) rims in fi-
brous to radial forms (Fig. 6E), and as bladed isopachous rims.

Calcite cement occurs as peloidal micrite, meniscus (Fig.
6F), syntaxial overgrowths (Fig. 6G), and as equant (Fig. 6H),
drusy (Fig. 6l), blocky, poikilotopic (Fig. 6J), and coarse sparry
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Fig. 5. Micritization and mechanical compaction of the carbonates

A — Peloids (PI) along with micrite envelopes (Me) on a shell fragment; some bioclasts are impregnated with iron oxide (Hem) (borehole
SG-11, depth 3040 m); B — accretionary micritic envelope (yellow arrows) (borehole SG-11, depth 3303.34 m); C — broken allochem (yellow
arrow) (PPL; borehole SG-04, depth 3232 m); D — broken micrite envelopes (yellow arrow) (XPL; borehole SG-04, depth 3207.3 m); E —re-
orientation of Lepidocyclina specimens within a packstone (PPL; borehole SG-11, depth 3296.7 m); F — compaction of organic matter (yel-
low arrow) and Lepidocyclina (PPL; borehole SG-11, depth 3295.57 m); G — close packing of foraminifers with a convex/concave contacts
(yellow arrow) (PPL; borehole SG-11, depth 3109 m); H — anhydrite (Anh) filling a fracture (arrow) during late burial (borehole SG-11, depth
3026.4 m); | — fracturing (borehole SG-11, depth 3016.6 m); thin-sections under plane polarized light (PPL) and crossed polars (XPL)

calcite. These forms may occur in all samples except for the
most dolomitized microfacies. Some of the cements are Fe-
-bearing.

Anhydrite cement occupies a much larger part of the pore
spaces than calcite cement. Anhydrite cementation was even
the second most important diagenetic process after dolomiti-
zation. The first phase of anhydrite precipitation, in the form of
replacement and cementation, took place during early diage-
nesis in upper intertidal and supratidal settings. A second
phase of anhydrite formation, in the form of pervasive and frac-
tures-filling cement, occurred during shallow to deep burial due
to the infiltration of calcium-sulphate-bearing solutions that re-
sulted from the migration of brines from the Gachsaran Forma-
tion into the porous, permeable Asmari Formation. These pro-
cesses led to different types of layered anhydrite cement (Fig.
7A); thus cement may consist of sparse crystals (Fig. 7B), or be
poikilotopic, pervasive (Fig. 7C), pore-filling, fracture-filling (Fig.
5H, 1), vein-filling, or stylolite-filling.

DOLOMITIZATION

Dolomitization is the most significant diagenetic process
that has affected the Asmari carbonates; it occurred in all
microfacies, though to varying degrees. Four types of dolomite
crystals are present (for a detailed overview of the stratigraphic
distribution of the various types of cement the reader is referred
to Omidpour et al., 2021). The first type consists of very fine- to
fine-crystalline dolomite (D1), which occurs mainly as anhedral
crystals, commonly <10 um in size, in the upper part of the suc-
cession (Fig. 7D, E). The second type is represented by fine- to
medium-crystalline and mimic-replaced dolomite (D2), i.e. dolo-
mite that preserves the precursor morphology (the primary mor-
phology of bioclasts or non-skeletal grain) of replaced particles;
it is present as planar, euhedral to subhedral crystals ranging
from 30 to 50 um, with a commonly unimodal crystal size distri-
bution. This type is particularly present in the upper part of the
succession, which most commonly formed in an inner-ramp en-
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Fig. 6. Chemical compaction and calcite cementation

A — sutured contact between large benthic foraminifers (PPL; borehole SG-11, depth 3316.70 m); B — stage | stylolite (RS; borehole SG-04,
depth 3207.75 m); C — solution seams (RS; borehole SG-04, depth 3109.75 m); D — stage |l stylolite cross-cutting a coarse-crystalline dolo-
mite, and containing an insoluble residue of clay, organic matter and hydrocarbons (PPL; borehole SG-04, depth 3285.57 m); E —acicular rim
(isopachous) cement (yellow arrows) (PPL; borehole SG-08, depth 3088.45 m); F — meniscus cement (yellow arrow) (PPL; borehole SG-11,
depth 3201.01 m); G — syntaxial overgrowth cement (XPL; borehole SG-11, depth 3207 m); H — equidimensional (granular mosaic) calcite ce-
ment (XPL; borehole SG-12, depth 3198 m); | — drusy calcite spar cement (XPL; borehole SG-12, depth 3222 m); J — poikilotopic calcite ce-
ment (PPL; borehole SG-11, depth 3205 m); thin-sections under plane polarized light (PPL) and crossed polars (XPL), and rock slabs (RS)

vironment (Fig. 7F, G). Some of them are Fe-bearing dolomite.
The third type consists of medium- to coarse-crystalline dolo-
mite with a destroyed fabric (D3), i.e. a dolomite with non-mimic
replacement texture, resulting in destruction of the primary sed-
imentary structures, so that relicts of the original micrite and
bioclasts are present only as ghost structures. The crystals are
subhedral to anhedral with planar, non-planar, curved, lobate,
or serrated intercrystalline boundaries (Fig. 7H). The crystals
are 80—200 um large and show a weak undulatory extinction.
They occur scattered all over the succession. The fourth type,
coarse-crystalline saddle dolomite (D4), is present as a creamy,
white, or red cement. The crystals are non-planar, with partially
or completely occluded vugs, moulds, and fractures (Fig. 71).
They range in size from 250 um to 3 mm. Volumetrically, this
type is fairly insignificant.

DISSOLUTION

Dissolution started during shallow burial and continued dur-
ing the deep burial of the carbonates. The dissolution was com-

monly selective, and occasionally completely destroyed the
original fabric of the sediment. Bioclasts of gastropods and
foraminifers (originally composed of aragonite and high-Mg cal-
cite) were selectively dissolved already during penecontempo-
raneous diagenesis, leaving voids that were later filled with
sparry calcite, pore-filling anhydrite, or dolomite cement (Fig.
8A, B) that formed under either meteoric or shallow to interme-
diate burial conditions.

Micrite envelopes around bioclasts helped to preserve their
original structures (Fig. 5D). Most dissolution occurred during
burial diagenesis, destroying the original fabric. This enhanced
the reservoir quality (Fig. 8C).

NEOMORPHISM

Thin-section analysis shows that the most common type of
aggrading neomorphism is the transformation of micrite into
microspar (Fig. 8D), and pseudospar (Fig. 8E). This occurred
mainly in mudstones and wackestones.
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Fig. 7. Main anhydrite and dolomite types

A — supratidal anhydrite layer (XPL; borehole SG-11, depth 3034.25 m); B — sparse anhydrite crystals (yellow arrow) in dolomitic mudstone
(XPL; borehole SG-07, depth 3031.5 m); C — pervasive anhydrite cement (XPL; borehole SG-11, depth 3299.05 m); D — very fine- to
fine-crystalline dolomite (D1) with borehole-preserved precursor texture (yellow arrow) (PPL; borehole SG-12, depth 3222 m); E — very fine-
to fine-crystalline dolomite (D1) (SEM); F — fine- to medium-crystalline fabric-retentive dolomite (D2) (PPL; borehole SG-11, depth
3035.12 m); G —fine- to medium-crystalline fabric-retentive dolomite (D2) (SEM); H — medium- to coarse-crystalline, fabric-destructive dolo-
mite (D3) (PPL; borehole SG-11, depth 3225 m); | — large crystals of saddle dolomite (D4) (XPL; borehole SG-12, depth 3176 m); thin-sec-
tions under plane polarized light (PPL) and crossed polars (XPL), and SEM images (SEM)

The degrading neomorphism was caused mainly by recry-
stallization in a shallow subtidal setting (see section: MICRITI-
ZATION). Therefore, this process occurred more frequently
with decreasing distance to anticlinal axes. It is a rare diage-
netic process in the Asmari Formation (Fig. 8F).

OTHER DIAGENETIC PROCESSES

Several other diagenetic processes have taken place, but
they played only a minor role in the diagenetic alterations of the
sediment.

Pyritization occurred through the replacement of dolomite
with pyrite. The pyrite occurs as framboidal and cubic forms
within dolomite. Glauconite was newly formed as light green
euhedral crystals in the sediments of the middle and outer ramp
(Fig. 8G). Authigenic quartz is a volumetrically minor compo-
nent; it occurs mainly as a replacement of micrite matrix and
early calcite cement (Fig. 8H), where it occludes pores.

In addition to the above-mentioned diagenetic processes,
bioturbation also affected the sediments at the sedimentary

surface and in the form of burrowing; this occurred pene-
contemporaneously. This process occasionally obscured pri-
mary structures, particularly in the low-energy fine-grained la-
goonal and open-marine microfacies. Borings into skeletal
grains are also present (Fig. 8l).

INFLUENCE ON RESERVOIR
QUALITY

The quality of the hydrocarbon reservoirs in the Asmari For-
mation depends largely on porosity and permeability. These pa-
rameters are largely controlled by diagenesis, rather than by
sedimentology. Variations in porosity depend significantly on
the presence (or absence) of dolomite.

Primary porosity is present in the limestones as fenestral,
interparticle, and intraparticle porosity. Most pores have been oc-
cluded by early calcite cement, pore-filling anhydrite or lime mud.

Secondary porosity developed diagenetically after deposi-
tion. The secondary pores are by far the most abundant type of
porosity and account for all reservoir porosity. More importantly,
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Fig. 8. Dissolution, neomorphism and other diagenetic features

A —fabric-selective dissolution during meteoric diagenesis (XPL; borehole SG-11, depth 3095.20 m); B — fabric-selective dissolution and do-
lomite cement (Dol cem) filling pores (SEM); C — fabric-destructive dissolution during late burial diagenesis (XPL; borehole SG-11, depth
3245.50 m); D — microspar (XPL; borehole SG-04, depth 3114.30 m); E — pseudospar (PPL; borehole SG-04, depth 3201 m); F — degrading
neomorphism (yellow arrows) (PPL; borehole SG-12, depth 3198 m); G — authigenic glauconite (yellow arrows) (PPL; borehole SG-04, depth
3298.20 m;) H — silicification (yellow arrows) (XPL; borehole SG-11, depth 3167.04 m); | — destruction by a boring organism (yellow arrows)
(PPL; borehole SG-12, depth 3254.20 m); thin-sections under plane polarized light (PPL) and crossed polars (XPL), and SEM images (SEM)

secondary porosity is found in dolomitized limestones (Fig. 7F,
G) as mouldic types (Fig. 8A, B), intercrystalline spaces (Fig.
7F, G), vuggy types, and fractures (Fig. 5H, I).

GEOCHEMISTRY
OF THE CARBONATES

Both the concentrations of some trace elements (strontium,
sodium, iron and manganese) and the stable-isotope composi-
tions of the oxygen and carbon in the carbonates have been in-
vestigated (Tables 1 and 2) with the objective to get a better in-
sight into the diagenetic processes that affected the sediments.

The recognition of the original carbonate mineralogy of
limestones in the sedimentary record based on petrographic
studies is difficult: during meteoric and/or burial diagenetic con-
ditions, aragonite and high-magnesium calcite are unstable and
metastable carbonate phases, and they will be transformed into
low-magnesium calcite and dolomite. These processes thus

change the texture and composition of the original (precursor)
rocks (Veizer, 1983). Isotopic and elemental analyses of car-
bonates help overcome this problem by identifying the precur-
sor mineralogy of limestones (Veizer, 1983; Fallah-Bagtash et
al., 2020).

TRACE ELEMENTS

Trace elements in the carbonates become mixed with those
from the diagenetic fluids and then are repartitioned during
recrystallization, mineral precipitation, and stabilization (Veizer,
1983). The most important of the processes that result in the in-
corporation of these elements in the limestone is substitution for
Ca (Veizer, 1983).

The strontium concentrations in the investigated 48 lime-
stones of the Asmari Formation range from 17 to 1402 ppm,
with an average value of 709.5 ppm (Table 1 and Fig. 9A). This
is lower than in recent warm-water aragonite carbonates, which
tend to show concentrations in the range of roughly
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Table 1
Elemental and isotopic composition of the investigated
48 limestone and 32 dolomite samples from the Asmari Formation
Rock type {\/Io/% Mn Fe Na Sr 3'°0%o 3"°C%o
0 [ppm] [ppm] [ppm] [ppm] [V-PDB] | [V-PDB]
max 3.1 290 10307 4499 1402 —-0.85 1.56
limestone min 0.04 2 28 275 17 —8.96 -5.86
average 0.9 146 5167 2387 709.5 -2.99 -0.74
max 12.23 100 2702.8 1632.6 347.2 - -
D1 min 9.96 33.2 749.7 987.4 55.26 - -
average 11.18 50.7 1273.7 1262.5 131.1 - —
max 11.16 288.7 7872.8 3447 2414.9 - —
D2 min 4.01 47.7 1404.2 581.9 45.2 - —
average 7.46 136.5 4220.7 1694.8 598.1 - -
max 10.9 190.3 3616.4 2789.9 1402.3 - —
D3 min 4.05 30.6 1019.5 746 107.1 - —
average 7.96 94.39 1911 1585.7 448.3 — -

8,000-10,000 ppm (Milliman, 1974). The strontium concentra-
tion of the 32 investigated dolomites ranges from 45 to 757 ppm
with a mean value ranging from 131 ppm (D1) to 448 ppm (D3)
(Table 1). Itis relevant in this context that the strontium content
is larger in aragonite than in high-magnesium calcite because
Sr?* cations are larger than Ca®* and therefore preferentially en-
ter into the orthorhombic crystal lattices of aragonite (e.g.,
Veizer, 1983; Morrison and Brand, 1986). The low levels of
strontium in the carbonates under study suggest that the pre-
cursor aragonite of the Asmari carbonates was depleted in
strontium, which reflects the diagenetic equilibration that fol-
lowed the exposure of the unstable aragonitic precursor sedi-
ment to meteoric water (Brand and Veizer, 1980). The Sr con-
tent in aragonite is usually high, while the Mn content is low
(Cantrell, 2006). Therefore, the weak negative correlation be-
tween Mn and Sr in the studied samples reflects a limited
diagenetic equilibration under the meteoric phreatic conditions
(Fig. 9A). The relatively high concentration of Sr in the Asmari
dolomites may be due to the formation of these dolomites by re-
placement of carbonates with an original aragonite mineralogy
or precipitation of dolomite from saline dolomitizing fluids.

The Na concentrations in the limestones range from 275 to
4499 ppm with an average value of 2387 ppm. The amount of
Na in these limestones thus is higher than in recent warm-water
aragonitic sediments (2,700 ppm; Miliman, 1974) and their
calcitic (270 ppm: Veizer, 1983) counterparts (Fig. 9B). The rel-
atively large amounts of sodium in the Asmari limestones must
be ascribed to the high salinity of the depositional setting with
warm to temperate shallow water in the hot and arid Oligo-Mio-
cene climate.

The sodium content in the dolomites ranges from 582 to
3447 ppm, with average values ranging from 1262 ppm (D1) to
1663 ppm (D3) (Table 1).

Iron and manganese are dealt with together here because
of their similar origin and behaviour in solution, and because of
their similar distribution coefficients (D >1) in carbonates (Vin-
cent et al., 2006). In the Asmari limestone samples, the manga-
nese values are between 2 and 290 ppm, with a mean average
value of 146 ppm (Table 1 and Fig. 9C, D). In contrast to the rel-
atively small range of the manganese concentrations, the Fe
content varies largely, viz. from 28 to 10,307 ppm, with an aver-
age value of 5167 ppm (Table 1 and Fig. 9C). These Fe values
are significantly higher than in modern aragonite (20—30 ppm),

where the presence of iron is negligible (\Veizer, 1983). The high
values of Fe in some samples is most probably due to associ-
ated minerals such as pyrite and iron oxides.The iron concen-
tration in the dolomites varies from 750 to 7873 ppm with aver-
age values ranging from 1273.7 ppm (D1) to 1911 ppm (D3),
and the manganese concentration varies between 31 to 289
ppm, with average values ranging from 51 ppm (D1) to 94 ppm
(D3) (Table 1).

In addition to the low Mg values, the Asmari limestones
have relatively high Sr/Mn values (Fig. 9E).

OXYGEN AND CARBON ISOTOPIC COMPOSITION
OF THE LIMESTONES

The bulk-rock oxygen and carbon isotopic analyses of the
Asmari limestones are presented in Table 2 and Figure 10,
where they are compared with similar analyses of the Asmari
Formation in the Dezful Embayment (Agrawi et al., 2006) and of
other Paleogene-Neogene carbonates (Veizer et al., 1999).
The §'0 values of the Asmari limestones range from —8.96 to
—0.85%0 VPDB (mean —2.99%.), whereas the §'*C values range
from —5.86 to +1.56%. (mean —0.74%o). It can be deduced from
Figure 10 that the §'®0 and 8"C values correlate well with those
found by Agrawi et al. (2006) for the Asmari Formation, but
show slightly lower 80 and §'*C values than those mentioned
by Veizer et al. (1999) for the Paleogene-Neogene carbonates.

INTERPRETATION
OF THE GEOCHEMICAL DATA

The geochemical and isotopic data (Tables 1 and 2) allow,
in combination with the petrographic data obtained from X-ray
diffractometry, thin-section analysis and SEM images, recog-
nition of the primary aragonite mineralogy and the evolution of
the rock fabric, as well as a reconstruction of the diagenetic
evolution, which, in turn, may provide insight into the various
conditions that influenced the mineralogy of the sediments
during deposition and diagenesis. This regards in particular
the temperature, the nature of the percolating fluids, and the
water/rock ratio.
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Table 2
Elemental and isotopic composition of selected limestone samples
Sample . Depth 5"°0%o 5"*C%o Fe Mn Na Sr z
No. Rock type (mineralogy) [m] | [V-PDB] | [V-PDB] | [ppm] | [ppm] | [ppm] | [ppm] | value
S-2 100% calcite 3329.34| -1.18 -2.23 - - - - 122.15
S-4 100% calcite 332287 | -1.34 0.31 3378 41 2171 589 127.27
S-5 80% calcite, 20% clay 3318.84 -1.12 -0.39 7747 53 2015 507 126
S-5QCD 80% calcite, 20% clay 3318.84 | -1.11 -0.41 - - - - 126
S-6 85% calcite, 15% clay 3315.72| -1.59 -2.46 873 222 | 1459 374 121.5
S-8 80% calcite, 20% dolomite 3311.32 -0.85 -0.65 3210 40 2514 341 125.5
sS-9 100% calcite 3303.34 | -1.4 0.48 1778 28.2 | 1402 | 4098 127.6
S-11 95% calcite, 5% clay 329557 | -1.71 -0.37 4096 41 1799 380 125.7
$-12 90% calcite, 10% anhydrite 329319 | -1.73 -0.21 1996 31 730 - 126
S-14 80% calcite, 20% dolomite 329219 | -1.67 0.2 2340 35 1435 381 126.9
S-16 90% calcite, 10% dolomite 3288.5 -1.74 1.04 2378 46 2790 757 128.6
S-19 85% calcite, 15% dolomite 3280.32 | -3.02 0.2 - - - - 126.2
S-22 80% calcite, 20% dolomite 327317 | -2.49 -0.55 912 312 | 1445 199 125
S-24 85% calcite, 15% dolomite 3264.15 -3.2 -0.66 405.5 42 3202 240 124.4
S-25 100% calcite 326251 | -4.66 -0.8 411 36 455 121 123.3
$-25QCD 100% calcite 3262.51| -4.66 -0.81 - - - - 123.3
S-27 100% calcite 3260 35 -1.37 4535 32 4499 227 122.8
S-28 100% calcite 3257.5 -2.66 -0.82 824 58 2521 234 124.3
S-29 100% calcite 325344 | -3.41 -0.97 367 40 1348 181 123.6
S-31 100% calcite 32445 -5.01 -1.37 832 37.4 899 623 122
S-32 100% calcite 3237.75| -2.78 -0.55 823 50 1947 190 124.8
S-35 100% calcite 3233.08| -2.28 0.28 6410 127 3015 - 126.7
S-36 100% calcite 3231.3 -2.63 0.44 603.3 45 2069 314 126.9
S-39 100% calcite 322274 | -1.12 0.82 3616 141 2051 158 128.4
S-40 100% calcite 321824 | -2.22 1.32 770 82 2112 202 128.9
S-42 100% calcite 321473 | -1.93 1.4 618 104 1900 195 129.2
S-47 100% calcite 3197.74| -1.59 1.56 1275 88 1433 227 129.7
S-49 100% calcite 319355| -1.83 0.8 1038 101 931 289 128
S-50 100% calcite 3180.56 | -1.87 0.23 2141 146 1556 276 126.8
S-51 Essentially no peaks - 100% quartz? | 3180.3 -1.23 0.44 164 2 275 | 1402 127.6
S-52 100% calcite 317822 | -2.18 0.1 904 171 779 243 126.4
S-54 50% calcite, 50% quartz 315249 | -8.21 5.86 1247 100 531 177 111.2
S-55 90% calcite, 10% quartz 3135.95 -7.97 4.54 2955 240 544 | 3342 114
S-56 100% calcite 3133.94 | -8.96 5.41 2405 261 722 349 111.8
S-57  |20% calcite, 20% dolomite, 60%quartz| 3112.3 -1.27 0.32 5438 154 1336 201 127.3
S-59 98% calcite, 2% anhydrite 3108.83 -5.03 -2.77 2181 290 986 347 119.1
S-59 QCD 98% calcite, 2% anhydrite 3108.83 -5.06 -2.79 - - - - 119
S$-62  |70% calcite, 15% dolomite, 15% quartz| 3090.75 | -2.86 0.88 2433 183 1717 401 127.7
S-63 100% calcite 3082.65| -4.2 -2.37 2639.4| 111 883 434 120.4
S-65 100% calcite 3070.12 | -4.87 -1.59 966 2392 | 602 404 121.6
S-68 100% calcite 3052.73 | -2.37 -1.12 1645.3| 111 627 1073 123.8
S-70 100% calcite 3050 -3.43 -1.58 1384 87 486 247 1224
S-75 100% calcite 304039 | -4.4 0.17 385 72 556 | 1215 125.5
S-77 90% calcite, 10% dolomite 3015.89 | -3.36 -1.49 552 84 1066 267 122.6
S-77 QCD 90% calcite, 10% dolomite 3015.89 | -3.36 -1.51 - - - - 1225
S-80 65% calcite, 35% quartz 2999.15| -3 -1.95 750 79.2 118 247 121.8
S-84 100% calcite 2965.22 | -2.89 0.51 412 10.1 654 452 126.9
S-87 100% calcite 2959.19 | -2.51 0.48 476 13 620 402 127

PRECURSOR MINERALOGY

OF THE ASMARI FORMATION

The studied limestones show warm-water characteristics,
such as abundant algae, diverse skeletal and non-skeletal
grains, evaporites (Fig. 7A) and early diagenetic dolomites (Fig.
7D, E). Also the composition of the carbonates with a high fre-
quency of dissolved originally aragonitic bivalve and gastropod
shells (Fig. 8A), selective dolomitization, occurrence of iso-
pachous rim cement (Fig. 6E), shattered micritic envelopes
(Fig. 5D) and extensive fabric-selective dissolution of originally
aragonitic grains (Fig. 8A) suggests that aragonite was the orig-
inal carbonate mineral of the formation.

Selective dolomitization of matrix and some particles can be
related to the original aragonite mineralogy of the Asmari car-
bonates (Fig. 6E), because aragonite mineralogy acts as a cat-
alyst and accelerates dolomitization (Adabi and Rao, 1991,
Adabi, 2009). Moreover, aragonite is replaced by dolomite with
a retentive and/or destructive texture during progressive diage-
nesis. Acicular and bladed isopachous rim cement in the form of
aragonite crystals (now replaced by dolomite) is the dominant
marine cement around framework grains of the Asmari micro-
facies (Fig. 6E); this has also been reported from numerous
modern, warm and shallow seas (Sandberg, 1985; Adabi and
Rao, 1991; Fallah-Bagtash et al., 2020). Acicular and bladed
isopachous rim cement can be best maintained when the wa-
ter/rock interaction is low and when the diagenetic system is
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Fig. 9. Relationships between the concentrations

of the investigated major elements
in the Asmari limestones

closed to semi-closed (Adabi et al., 2008). Shattered micritic
envelopes indicate aragonite dissolution during meteoric dia-
genesis, as observed in both our lagoonal microfacies (Fig. 5D)
and elsewhere (Adabi and Rao, 1991).

DIAGENETIC STABILIZATION

Incorporation of trace elements into carbonate minerals is
controlled by: (1) the concentration of trace elements in perco-
lating fluids, (2) the water/rock ratio of the diagenetic system,
and (3) the distribution coefficient of the trace element for a par-
ticular mineral/fluid system (Tucker and Wright, 1990), precur-
sor carbonate mineralogy, temperature, dolomitizing fluids and
reduction or oxidation state (Hou et al., 2016; Fallah-Bagtash et
al., 2020; Table 1).

The strontium concentration in carbonates is used to study
both the precursor mineralogy of ancient limestones and their
diagenetic conditions and evolution (Veizer and Demovic,
1973; Veizer, 1983; Winefield et al., 1996; Khatibi-Mehr and
Adabi, 2014). The low levels of strontium in the studied lime-
stones indicate that the precursor aragonite was depleted in
strontium, which reflects the diagenetic equilibration that pro-
ceeded following the exposure of the unstable aragonitic pre-
cursor sediment to meteoric water (Brand and Veizer, 1980).
The weak negative correlation between Mn and Sr in the stud-
ied samples reflects limited diagenetic equilibration in the mete-
oric phreatic zone (Fig. 9A). The Sr content tends to decrease
with increasing water depth and temperature (Morse and Mac-
kenzie, 1990; Cantrell, 2006).

The relatively high concentration of Sr in the dolomites may
be ascribed to replacement of carbonates in which the original
aragonite was replaced by dolomite under the influence of sa-
line dolomitizing fluids (Azomani et al., 2013; Table 1). Dolomite
usually has a lower Sr concentration than calcite due to a lower
distribution coefficient of Sr in dolomite, as well as a lower Sr
content in dolomitizing fluids (Huang, 2010).

Salinity, biological fractionation, kinetics, mineralogy, and
water depth control the concentration of Na in carbonates
(Land and Hoops, 1973; Morrison and Brand, 1986). The en-
riched Na values of the Asmari carbonates may be related to

limestone samples of Asmari
Formation, Dezful Embayment 5-
(Agrawi et al., 2006)

Paleogene-Neogene
carbonates (Veizer et al., 1999)

5'80 [%o PDB]

this study

313C [%o PDB]

Fig. 10. Comparison of the carbon- and oxygen-isotopic com-
positions of the Asmari limestones samples in the study area
with the Paleogene-Neogene carbonates investigated by
Veizer et al. (1999) and the Asmari Formation limestones in the
Dezful Embayment investigated by Aqrawi et al. (2006)
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the high salinity of the depositional environment. Aragonite
was the original mineral and reflects a limited diagenetic equi-
librium in the meteoric phreatic setting and the presence of
iron-bearing clay minerals (cf. Swart, 2015; Fallah-Bagtash et
al., 2020). Na and Sr both have a distribution coefficient of <1,
so that their concentration in the meteoric fluids is very low
(Adabi and Rao, 1991). The weak correlation between Na and
Sr in the samples from the Asmari limestones may be due to
high Na concentrations incorporated in aragonite during high-
salinity conditions (Fig. 9B).

Iron and manganese with a similar origin show a similar be-
haviour in solution; this results in similar distribution coefficients
(D >1) in carbonates (Vincent et al., 2006). Variations in Fe**
and Mn?* concentrations in carbonates, which depend on Eh
and pH conditions, are commonly used to trace the diagenetic
pathways of carbonates (Tucker and Wright, 1990; Rouxel et
al., 2005; Herndon et al., 2018). The poor correlation between
Fe and Mn is most probably due to insignificant diagenetic alter-
ation by non-marine fluids during meteoric diagenesis (Fig. 9C)
as such diagenesis and reducing conditions increase the
amount of these elements in carbonates (Rouxel et al., 2005;
Herndon et al., 2018). The positive correlation between iron and
manganese values in the Asmari dolomites indicates the alter-
ation of the dolomites by diagenetic fluids in a reducing setting
(Fallah-Bagtash et al., 2020). The somewhat negative trend for
Mn and Na proves that the low Mn values (Fig. 9D) in the lime-
stone samples of the Asmari Formation can be related to both
the composition of the original aragonite minerals and the
closed to semi-closed diagenetic system (Fig. 11).

The D3 dolomites (with high concentrations of iron and man-
ganese) were more affected by diagenetic alteration than the D1
dolomites. Due to oxidizing conditions, the iron and manganese
values in the (near-surface) S1 dolomites are lower than in the
(burial) D3 dolomites which formed under more reducing condi-
tions during deeper burial (cf. Tucker and Wright, 1990; Hou et
al., 2016). The very fine- to fine-crystalline dolomites with low iron
and manganese contents may consequently have formed during
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Fig. 11. Relationship between the §'®0 value
and the Mn content

The data from the present study are indicated by coloured triangles;
the 8'%0 value on the vertical axis is a measure for the degree of
rock/water interaction and/or the openness of the system; the Mn
content on the horizontal axis is a measure of the redox conditions
of the system during precipitation

early diagenesis in an oxidizing setting. Sabkha evaporation of
supratidal muddy sediments and seepage reflux through subtidal
sediments resulted in the formation of D1 and D2 in carbonate
microfacies with different textures (cf. Agrawi et al., 2006). The
higher Fe and Mn content in the coarse-crystalline dolomites
(D3) must be ascribed to precipitation in a reducing environment
during shallow to relatively deep burial.

SOURCES OF THE DIAGENETIC FLUIDS

The relationship between the values of the oxygen and car-
bon isotopes is a powerful tool for determining the diagenetic
evolution, because oxygen and particularly carbon isotopes are
very sensitive to diagenetic processes and conditions (Immen-
hauser et al., 2008; Vincent et al., 2010). The values for the
Asmari samples show that these limestones, which have a low
content of organic matter, were partially affected by burial
diagenesis (Fig. 10). Because of the geothermal gradient, the
oxygen isotopes are more affected during burial than the car-
bon isotopes (Adabi, 2004). The bulk-rock 8'0 and §*°C values
of the Asmari limestones and the corresponding values for the
limestone samples from the Asmari Formation in the Dezful
Embayment (Agrawi et al., 2006) and for the Paleogene-Neo-
gene carbonates (Veizer et al., 1999) cover fairly comparable
values (Fig. 10). This indicates that the stable-isotope composi-
tion of the Asmari limestones is fairly original and that this com-
position was in quite good isotopic equilibrium with the Paleo-
gene seawater. Some samples were affected, however, by later
diagenetic processes during burial depth in a closed to semi-
closed diagenetic system (see section: WATER/ROCK RATIO
and Fig. 11).

It must be concluded from the above that seawater was the
main fluid that was involved in the diagenetic modifications of
the sediments. This is supported by the Z-value of the sedi-
ments, a parameter that is commonly used to distinguish be-
tween marine (seawater) and meteoric (rainwater) as the main
diagenetic fluid (Keith and Weber, 1964; Zhang et al., 2000;
El-Shazly et al., 2011). On this basis, it is possible to differenti-
ate the influence of marine and fresh-water environments in
the various parts of the Asmari Formation using this salinity
factor.

There is a direct connection between the salinity (Z-value)
and the oxygen-isotope composition (5*°0) of the seawater
(Epstein and Mayeda, 1953). Evaporation and fresh-water in-
flow are the two main factors influencing the salinity of seawa-
ter. Due to evaporation, salinity and heavy oxygen isotopes in-
crease in saline water. On the other hand, fresh-water runoff
and direct precipitation into the ocean have negligible salinity
and are depleted in heavy isotopes because of fractionation
during initial evaporation in the hydrological cycle (Railsback et
al., 1989). In the present study, the salinity index (Z-value) was
estimated from the isotopic values (V-PDB) using the following
equation proposed by Keith and Weber (1964):

Z = 2.048(5'*C+50) + 0.498(5'°0+50)

Limestones with a Z-value >120 indicate marine conditions,
whereas those with a Z-value below 120 represent fresh water,
and limestones with a Z-value close to 120 indicate an environ-
ment intermediate between fresh and marine (Keith and Weber,
1964). All Asmari samples show mean Z-values >130.07, i.e.,
they indicate a dominantly marine depositional and diagenetic
environment (Table 2).
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SEAWATER TEMPERATURE

The oxygen isotopic composition can be used for determin-
ing the temperature of the seawater at the time of deposition
(Anderson and Arthur, 1983; Veizer and Mackenzie, 2014;
Fallah-Bagtash et al., 2020) as well as its salinity (Keith and
Weber, 1964; Madhavaraju et al.,, 2004; Narayanan et al.,
2007). The isotopic composition of the diagenetic fluids (i.e., not
evaporitic fluids but, for instance, meteoric fluids) is typically de-
pleted in 0 relative to coeval marine water except for fluids of
evaporitic origin. In general, 820 values for carbonate minerals
decrease with time (Veizer and Hoefs, 1976). Veizer (1983) ex-
plained this by diagenetic modification of the carbonates by
3'®0-depleted meteoric water, changes in §'%0 and §"°C of the
seawater; and increase in seawater temperature.

The range of the §'®0 values in the samples from the
Asmari Formation indicates a sedimentary temperature from 23
to 68.8°C (average 33°C) following the equation of Anderson
and Arthur (1983):

T = 16-4.14 (8c—8w) + 0.13 (Sc—8w)?

where: T is the seawater temperature (in °C), dc is the oxygen-iso-
tope value in the limestone samples, and dw is the oxygen-isotope
value of Paleogene marine water, i.e., 0.8% SMOW (Standard
Mean Ocean Water), as measured by Veizer et al. (1999).

The input of the Asmari values in the Anderson and Arthur
(1983) formula gives a remarkable result: one of the §*%0-de-
pleted samples (—8.96%o.) yields a temperature of 68.8°C,
which must, obviously, represent a temperature during burial
diagenesis. One of the 5'0-enriched samples (-0.85%o) gives
a syn-sedimentary temperature of only 23°C. This latter tem-
perature is consistent with the presence of the fauna, including
large benthic foraminifers, corals, and red algae, and also with
the non-biogenic contents such as peloids and ooids. It also is
a reasonable outcome considering the latitude of the Zagros
sedimentary basin during the Oligo-Miocene (30°N) (Heydari,
2008).

WATER/ROCK RATIO

The diagenetic trends for low-magnesium calcite (LMC),
high-magnesium calcite (HMC), aragonite (A) in recent sedi-
ments (R), the Mississippian Burlington Limestone in Missis-
sippi (CM), and the Silurian Read Bay Limestone in Alabama
(CS) are shown by rectangles in Figure 11, based on Milliman
(1974) and Brand and Veizer (1980). Their diagenetic trends
are indicated by the drawn and dashed lines. This shows the
type of diagenetic system (open or closed), the water/rock ratio
or interaction, and the oxidation/reduction conditions of the
depositional carbonate system involved. Most limestone sam-
ples of the Asmari Formation (which are shown by blue dia-
monds in Fig. 11) are found to be positioned within the field of
recent sediments (R) and the Burlington Limestone (CM),
which have undergone little alteration and indicate a low wa-
ter/rock interaction in a closed to semi-closed diagenetic sys-
tem. A low Mn concentration in a diagenetic stage is an indica-
tor of a closed diagenetic system (Brand and Veizer, 1980; Fig.
11). Repeated alternations of dissolution and precipitation pre-
vent diagenetic fluids to leave the diagenetic system. Conse-
quently, there is little water/rock interaction in a closed diage-
netic system, even though the diagenetic fluids may change
constantly (Knorich and Mutti, 2006). It is therefore the distribu-

tion coefficient that controls the relative enrichment or depletion
of the major and trace elements in the diagenetic fluid (Knorich
and Mutti, 2006; Caron and Nelson, 2009).

Plotting the Sr/Mn ratio versus Mn helps estimating the dis-
solution rate of limestones (Rao, 1991). The relatively high
Sr/Mn values (Fig. 9E) indicate a closed to semi-closed diage-
netic system for the carbonates of the Asmari Formation. Sam-
ples with a high Mn content have been exposed to relatively
long-lasting diagenetic alteration by meteoric water and thus
have undergone the strongest dissolution (Fig. 9E).

DIAGENETIC EVOLUTION

The Asmari Formation has undergone a complex diage-
netic evolution, from penecontemporaneous shallow-marine
consolidation to deep-burial diagenesis (Fig. 12). The various
stages that can be distinguished are marine diagenesis (early
diagenesis), meteoric diagenesis (middle diagenesis), and
shallow and deep burial diagenesis (late diagenesis).

MARINE DIAGENESIS

In the syndepositional diagenetic stage, the Asmari Forma-
tion developed along a homoclinal ramp-type carbonate plat-
form. The limestones were deposited as mudstones, wacke-
stones, packstones, grainstones, rudstones, and floatstones.
The diagenetic processes that occurred during and shortly after
deposition are micritization of grains, bioturbation, and precipi-
tation of acicular rim aragonite, bladed isopachous rims, pelo-
idal micrite, and rarely marine vadose meniscus calcite cement.

Micritization and bioturbation commonly occur in relatively
low-energy shallow-marine environments and indicate intense
microbial activity (Fligel, 2010). These two early-diagenetic
processes hardly affected the reservoir quality.

Acicular and bladed isopachous rim cement types are char-
acterized by fairly thin layers lining intra- and intergranular pores
in grainstones and rudstones (Fig. 6E). These early-diagenetic
cements were later covered by calcite cement during late
diagenesis (Fig. 61). Scoffin (1987) placed these cement types
in the group of marine cements. Meniscus or crescent cements
(Fig. 6F) are essentially formed in the marine vadose zone
(James and Choquette, 1990; Tucker and Wright, 1990). The
micritic fabric of this cement and possibly its high-magnesium
calcite mineralogy are characteristic of a marine vadose setting.

The anhydrite (or former gypsum) crystals in the form of
nodular, layered, sparse, and isolated anhydrite crystals precip-
itated within fenestral and pore spaces in micrite and dolo-
micrite of a supratidal/sabkha environment (Fig. 7B). The anhy-
drite originated from supersaturated brines and by evaporation
in the hot and arid climate.

The high-Mg calcitic matrix was preferentially dolomitized
by slightly modified seawater (in the sabkha), producing very
fine- to fine-crystalline dolomite in the muds (Fig. 7D). Replace-
ment of dolomite before the onset of chemical compaction is
shown by the early low-amplitude stylolites that cross-cut the
dolomite (Fig. 6B), the very fine-crystalline texture, the high Sr
and low Fe and Mn content (Table 1), the well-preserved pre-
cursor-limestone texture (Fig. 7D; Agrawi et al., 2006) and the
presence of nodular anhydrite and sparse evaporite crystals
(Fig. 7B). Rahimpour-Bonab et al. (2010) suggest that the very
fine- to fine-crystalline dolomite formed during a very early
diagenetic stage in an oxidizing setting.



Armin Omidpour et al. / Geological Quarterly, 2021, 65: 27

Diagenetic Events

Diagenetic Sages

Process

Features

Marine

Meteoric

Shallow Burial

Deep Burial

Microbial micritization

Accretionary micritic envelopes

Biologic

Bioturbation

Boring

Burrow

Fabric selective

Dissolution

Fabric destructive

Karstification

Acicular isopachous rim

Bladed isopachous rim cement

Peloidal micrite cement

Meniscus cement

Cementation

Equant calcite cement

Drusy calcite cement

Syntaxial overgrowth cement
Poikilotopic calcite cement

Coarse sparry calcite cement

Recrystalization of Ar and HMC to LM(

Neomorphism

Microspar

Pseudospar

Closer grain packing

Reorientation

Ductile deformation

Compaction of algal mat

Broken allochem

Mechanical

Compaction

Broken micrite envelopes

Compression of peloids

Fracturing

Convex-concave contact

Sutured contact
Solution seams

Chemical

Stylolite

Sabkha dolomite (dolomicrite)

Mixed meteoric-marine dolomitg
Seepage-reflux dolomite

Dolomitization

Burial dolomite

Saddle dolomite

Bacterial mediation dolomite

Fe dolomite
Neomorphic dolomite

Sparse anhydrite crystal

Anhydrite nodules

Anhydritization

Replacment anhydrite
Vein-filling anhydrite

Poikilotopic anhydrite

Pervasive anhydrite

Fracture-filling anhydrite

Stylolite-filling anhydrite

Framboidal pyrite

Pyritization

Cubic pyrite

Silicification

Glauconite

Fig. 12. Overview of the diagenetic evolution of the Asmari Formation
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METEORIC DIAGENESIS

The diagenetic processes that affected the Asmari carbon-
ates during this stage were precipitation of syntaxial, equant,
and drusy calcite cement by mixed meteoric/marine fluids,
neomorphism, fabric-selective dissolution, and dolomitization.
Dolomite forming in a mixing zone has several distinct charac-
teristics, including high Mn concentrations (Table 1), and inclu-
sion-free crystals <100 um in size.

Equant and drusy calcite cement commonly filled mouldic
pore spaces that had resulted from the fabric-selective dissolu-
tion of skeletal components such as bivalves, gastropods, and
some foraminifers (Fig. 6H, 1); these cement types also filled
intergranular pores where these had not been filled by a mud
matrix.

James and Choquette (1990) and Tucker and Wright
(1990) suggested that these cements are formed under both
meteoric and burial diagenetic conditions. A meteoric origin of
these cement types seems the most likely for the Asmari For-
mation, because of overgrowths on first-generation (marine)
cement and the fine crystal size. Syntaxial cement is wide-
spread in sediments with echinoderm debris. Since the syn-
taxial cement in the Asmari Formation does not contain inclu-
sions and has a clear appearance (Fig. 6G), its formation
should be attributed to a meteoric phreatic setting (cf. Tucker
and Wright, 1990; Tucker, 2001).

SHALLOW-BURIAL DIAGENESIS

In the shallow-burial setting, with a gradually increasing
burial temperature, the carbonate sediments that had not previ-
ously been dolomitized during early diagenesis, became all
dolomitized. Those that had previously already been dolo-
mitized only experienced recrystallization, as can be deduced
from the thin-sections (Fig. 7H). Extensive fabric-preserving
dolomitization (Fig. 6E), a well-preserved precursor limestone
texture (Fig. 7D; Tucker and Wright, 1990; Machel, 2004), and
the significant thickness of the dolomites are evidence of reflux
dolomitization in the upper and middle parts of the Asmari For-
mation (cf. Hou et al., 2016; Jafari et al., 2020). The high Na
concentrations support this interpretation (Table 1).

The mechanical compaction (with re-orientation of grains,
denser packing, and breaking of allochems) and the precipita-
tion of some equant and drusy calcite cement are characteristic
of a shallow-burial setting. Chemical compaction also took
place in the form of the genesis of low-amplitude stylolites.

DEEP-BURIAL DIAGENESIS

There is no clear boundary between the shallow-burial and
the intermediate-to-deep-burial stage, because temperature and
pressure increase gradually with depth (Machel, 2004). Petro-
graphically, late diagenesis is characterized by coarse poikilo-
topic sparry calcite (Fig. 6J), by pervasive and poikilotopic
anhydrite cement with large crystals that occludes fractures,
vugs and veins (Figs. 5H, | and 6E), due to the infiltration of cal-
cium-sulphate-bearing solutions that resulted from the migration
of brines from the Gachsaran Formation into the porous, perme-
able Asmari Formation. Fabric-destructive dissolution (Fig. 8C),
authigenic cubic pyrite and high-amplitude stylolites (Fig. 6C)
that cross-cut coarse crystalline dolomites (D3 type, with a high

iron and manganese content) are common. The elevated Mn
and Fe levels (which might reflect a reducing environment:
Adabi, 2009; Table 1) and the low concentrations of Sr and Na
(Table 2) indicate precipitation in a reducing environment.

The formation of some coarse-crystalline dolomites indi-
cates that renewed compaction created new fractures that
formed conduits for ascending hydrothermal basement-derived
fluids from which saddle dolomite precipitated. The occurrence
of saddle dolomite as cement (see section: CEMENTATION),
along the edges of vugs, veins, stylolites, and fractures (Fig. 71)
also suggests deep burial. Erosion of the top of the rock column
eventually led to a reduced burial depth of the succession and
resulted in a last generation of fractures and stylolites. Blocky
calcite and sulphides are present along these fractures.

DIAGENETIC CONTROL
OF THE RESERVOIR QUALITY

The primary reservoir potential of sedimentary successions
depends on their textural characteristics and depositional set-
ting. The final reservoir quality is determined, however, by
post-depositional changes, known as diagenesis and (diage-
netic or tectonic) fracturing (Ahr, 2008; Moore and Wade,
2013). This poses a problem for hydrocarbon exploration be-
cause the spatial distribution of the various diagenetic features
is heterogeneous across any studied sedimentary unit, which
implies that significant local differences in porosity and perme-
ability occur. Meteoric and shallow-burial diagenesis tends to
enhance the reservoir quality, whereas burial processes (e.g.,
fabric-destructive dolomitization) tend to decrease both the po-
rosity and the permeability of the targeted potential reservoir.
Burial dissolution (in this case: dissolution of anhydrite cement),
however, is commonly exceptionally effective in enhancement
of a reservoirs’ porosity and permeability, and this is the case,
indeed, for the Asmari limestones.

Dissolution and fracturing were the main constructive pro-
cesses for the sediments under study. Meteoric dissolution has
significantly increased the porosity by the formation of vuggy
and mouldic pores in the uppermost and middle parts of the
Asmari Formation. Meteoric dissolution affected particularly the
high-energy shoal and lagoonal sediments that developed on
the inner ramp.

In contrast, cementation and both mechanical and chemical
compaction are the main destructive processes that reduced
the reservoir quality. Petrographic analysis indicates that differ-
ent types of anhydrite and calcite cement have reduced the res-
ervoir quality of the lagoonal and shoal sediments by occluding
intergranular and mouldic pores as well as pore throats. Com-
paction caused a considerable reduction of the rock volume
and thus also reduced the reservoir quality. Stylolites tend to re-
duce porosity locally to the degree that dissolved carbonate be-
comes re-precipitated rather than transported. Recent studies
(e.g., Heap et al., 2014) indicate, however, that stylolites and
other solution seams, as common products of chemical com-
paction, can also act as flow paths, especially along their strike
in a horizontal direction.

Dolomitization had both positive and negative effects on the
reservoir quality. It improved the reservoir quality by widening
intercrystalline pores that are interconnected (Fig. 7F, G). On
the other hand, extensive dolomitization has reduced the reser-
voir quality by creating a dense, interlocking fabric (Fig. 7H).
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Micritization and bioturbation had no distinct major influ-
ence on the reservoir quality of the Asmari carbonates, al-
though it cannot be fully excluded that their role is not yet well-
understood. Micritization created micropores that may have fa-
cilitated porosity preservation because of the so-called “pore-
size-controlled solubility” phenomenon (Ehrenberg and Wal-
derhaug, 2015). Considering that the accretionary micritic en-
velopes occur mainly in the lower part of the Asmari Formation
where mud-supported sediments prevail, it is unlikely that the
accretionary micritic envelopes affected the porosity here.

Bioturbation, which itself did not affect the reservoir qual-
ity, created suitable conditions in the reservoir for the develop-
ment of diagenetic processes such as cementation, dissolu-
tion, and dolomitization, that affected the reservoir quality, as
shown by several previous studies (e.g., Taghavi et al., 2006;
Hollis, 2011).

DISCUSSION

Because the Oligocene-Miocene Asmari Formation is lo-
cated in a region where hydrocarbons have been found, the
carbonates of this formation are a potential target for explora-
tion activities. Efficient exploration requires insight into not only
the tectonic structure (which is relatively simple here), but par-
ticularly in the characteristics of the limestones and their vertical
and lateral variations. This implies that the sedimentological
setting and the diagenetic alterations of the limestones must be
known in detail.

Because the sediments can be studied only in a limited
number of sections, the precise lateral and vertical micro-
facies distribution requires interpretation, mainly on the basis
of thin-section analysis of core samples. Numerous earlier
studies have proposed how microfacies should be distin-
guished, and what more or less precise depositional condi-
tions they represent. These insights are based also on com-
parison with recent settings, although such a comparison is
hampered by the scarcity of modern marine carbonate envi-
ronments. Yet, it is commonly accepted that microfacies inter-
pretation of carbonates as presented by, among others, Fliigel
(2010) is a valuable tool.

Consequently, we have followed such an approach, and
this resulted in the recognition of a large number of microfacies,
which appeared distributed in such a way that a logical model of
the study area during deposition of the Asmari Formation could
be established (Fig. 4). It should therefore be considered a fea-
sible set of data for future exploration activities.

Regarding the potential hydrocarbon occurrences it should
be realized, however, that not only have several diagenetic pro-
cesses increased the reservoir quality of the Asmari Formation,
but that other diagenetic processes have reduced the quality,

particularly by reducing the porosity and permeability of the
limestones. The net effect of these mutually contrasting devel-
opments still needs further investigation.

CONCLUSIONS

Sedimentological evaluation of the Asmari Formation in the
Shadegan Oil Field has resulted in the following general conclu-
sions.

The Asmari carbonates were deposited on an extensive
homaoclinal ramp-type carbonate platform and partly in an open-
-marine setting.

Differences in grain properties, texture, inferred water
depth, and energy level make it possible to distinguish 26 car-
bonate microfacies on the basis of thin-section analysis.
These microfacies can be grouped into 12 microfacies associ-
ations that represent four main environments in an overall
shallowing-upward setting from very low-energy open-marine
to outer ramp in the lower part of the formation, to a low-energy
inner ramp, to a moderate-energy middle part, and eventually
to a high-energy upper part. There is evidence of subaerial ex-
posure and evaporitic conditions in the middle and upper parts
of the formation.

The bulk-rock §'®0 and §"*C values of the Asmari lime-
stones, the low Mn concentration, and the high Sr/Mn values in-
dicate that the stable-isotope composition represent deposi-
tion-related features that were hardly changed by diagenetic
processes. The composition is in fairly good isotopic equilibrium
with the Paleogene seawater, although some samples were af-
fected by later diagenetic processes during burial in a closed to
semi-closed diagenetic system with low water/rock interaction.

Diagenetic features changed many other primary properties
of the Asmari limestones, which constitute potential targets for
hydrocarbon exploration. The main diagenetic features that im-
proved the reservoir quality are dissolution, dolomitization, and
fracturing. Occlusion of pores and pore throats as a result of
various calcite and anhydride cementation processes, and of
mechanical and chemical compaction decreased the reservoir
quality.

Diagenetic processes such as micritization and bioturbation
had no distinct influence on the reservoir quality of the Asmari
carbonates.
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