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Abstract

The Upper Jurassic carbonates of the eastern part of the Kopet-Dagh Basin, with thickness of 470 m, are the major gas-bearing
reservoir in NE Iran. The objectives of this study are recognition of diagenetic history and estimation of porosity related to
dolomitization. Based on field and laboratory study, four carbonate facies associations have been identified at the Mazdavand
outcrop. Most of the carbonate rocks were deposited in an open marine, tidal channel and barrier, lagoon and tidal flat setting. Using
petrographic and CL analyses, the main diagenetic processes that affected these rocks are micritization, cementation, compaction,
fracturing, dissolution, neomorphism, silicification, and dolomitization. Dissolution of grains and calcite cement generated secondary
porosity, whereas compaction and cementation are the primary cause of porosity reduction. The average porosity of core plugs is
15.78% and match well with two-dimensional estimates from thin sections. The more porous samples are either highly fractured or

contain interparticle and intercrystalline porosity, within the lower strata that contain more dolostone.
Keywords: porosity, diagenesis, carbonate, Mozduran Formation, Iran

1. Introduction

The Mesozoic to Cenozoic collision between the
Eurasian and the Afro-Arabian plates and its influence
on the geologic and tectonic setting in Iran has been
discussed by a large number of geologists from different
points of views (e.g. Stocklin 1968; Berberian 1976;
Jackson et al. 1995; Allen et al. 2004; Reilinger et al.
2006; Vernant and Chery 2006; Kaviani et al. 2009;
Kargaranbafghi et al. 2011). Because of the enormous
hydrocarbon potential of strata laid down during these
events, mountain ranges and associated sedimentary
basins resulting from this collision, such as the Zagros
mountains and the Alborz and the Kopet-Dagh basins,
have been the focus of numerous studies (Fig 1) (Bretis
etal. 2012).

The Kopet-Dagh Basin of northeast Iran, is an inverted
basin (Allen et al. 2003) extending from the east of the
Caspian Sea to NE Iran, Turkmenistan and north
Afghanistan (Afshar Harb 1979; Buryakovsky et al.
2001). This basin separates Central Iran from the Turan
plate (Jackson et al. 2002). Following the closure of
Palaeo-Tethys in the Middle Triassic (Alavi et al. 1997)
and the opening of Neo-Tethys during the Early to
Middle Jurassic (Buryakovsky et al. 2001), the Kopet-
Dagh Basin formed in an extensional regime during the
Early to Middle Jurassic (Garzanti and Gaetani 2002).
This successor basin accumulated 7 km of post-Triassic
strata (Moussavi Harami and Brenner 1992), after which
the strata were uplifted and deformed during Cenozoic
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collisional events along the southern Asian margin
(Lyberis and Manby 1999). Jurassic-Cenozoic
carbonates and siliciclastics unconformably overlie
Palacozoic (basement) and Triassic rocks (Ulmishek
2004). The Jurassic Mozduran Formation is composed
principally of limestones and dolomites with minor
marl/shales, sandstones and evaporites, and crops out
along the Kopet-Dagh Range where it forms a reservoir
rock (Kavoossi et al. 2009). Mozduran Formation was
deposited on a carbonate platform developed across the
elongate Kopet-Dagh Basin (Lasemi 1995).

The major reservoir in the giant Khangiran gas field in
the Kopet-Dagh Basin is a highly porous and permeable
dolomitic interval of the Upper Jurassic (Oxfordian—
Kimmeridgian) Mozduran Formation (Mahboubi et al.
2010). These carbonate rocks grade laterally to coarser
siliciclastic and evaporite sediments in the Agh-Darband
area in the easternmost parts of the basin (Moussavi
Harami 1989; Zand Moghadam et al. 2016). The Lower
Cretaceous Shurijeh Formation comprising siliciclastic
deposits is also considered a reservoir in the basin.

The major source rock interval occurs in the Middle—
Upper Jurassic shales and carbonates of the Chaman Bid
Formation in the western Kope-Dagh (Afshar Harb
1979; Mahboubi et al. 2001); and Bajocian to Bathonian
mudstones of the Kashafrud Formation may also have
generated hydrocarbons in the eastern Kopet-Dagh
(Poursoltani et al. 2007, Poursoltani and Gibling 2011;
Sardar Abadi et al. 2014) (Fig 1). The objectives of this
study are facies analysis, recognition of diagenetic
history and estimation of porosity of the Mozduran
Formation in Mazdavand area.
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Fig 1. a) Location map of Iran and study area in the Kopet-Dagh Basin of northeast Iran. Modified from Geological Survey of Iran,
www.gsi.ir. b) Geological map shows the location of the studied section (arrow), simplified from Iran Geological Survey map sheet
Mozduran-Shir Tappeh (1:100,000 scale). ¢) Generalized Upper Jurassic and Lower Cretaceous stratigraphy of the studied formation,
at the Mazdavand area (not to scale). Approximate ages for the formations are based on biostratigraphic studies (Aghanabati 2004),

linked to the timescale of Gradstein et al. (2012).

2. Stratigraphy and Geological setting
Kopet-Dagh is one of the most important zones in Iran,
which extends along the border area between Iran and
Turkmenistan, is located within the Alpine-Himalayan
orogenic belt, and is defined as the northern limit of the
Cenozoic deformation in Iran (Hollingsworth et al.
2000).

The Kopet-Dagh Basin, together with the Amu-Darya
Basin to the south in Turkmenistan, form a large
intracontinental basin filled by a thick post-Triassic
sequence of mostly marine sediments that mainly
consist of limestones, marls and sandstones (Stocklin
1968; Berberian 1976). These sedimentary sequences
record an almost complete succession from Lower
Jurassic to Pliocene rocks (Lyberis and Manby 1999).
Less is known about the deformation history of the pre-

Jurassic successions in the Kopet-Dagh, although it has
been interpreted as resulting from the closure of the
Paleo-Tethys (Afshar Harb 1979; Poursoltani et al.
2007). The successions are partly eroded by and
unconformably overlain by Jurassic and younger
sediments (Afshar Harb 1979). The opening of the
Kopet-Dagh-Amu-Darya Basin started in the early
Jurassic. Subsidence was mostly linked to major E-W
trending normal faults. This continuous subsidence led
to the deposition of the thick post-Triassic sequence of
mostly marine sedimentary rocks. Onset of the
convergence between the Iran and Turan blocks started
in the Paleocene and gave rise to the inversion of the
basin (Bretis et al. 2012). A relatively high subsidence
rate of 98.2 m per million years was calculated for the
eastern Kopet-Dagh by Moussavi Harami and Brenner
(1992).
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During the Callovian, a marine transgression from the
northwest resulted in the deposition of the Mozduran
carbonates, which disconformably overlie the marine
siliciclastics of the Kashafrud Formation and are capped
by red siliciclastic rocks of the Shurijeh Formation,
which were deposited by fluvial depositional systems, in

the eastern Kopet-Dagh area (Lasemi 1995). The upper
contact of the Mozduran Formation with the red
continental deposits of the Lower Cretaceous Shurijeh
Formation is marked by an erosional unconformity in
most places (Figs lc - 2).

Shurijeh

Upper carbonate

Open marine deposits (facies association A)

Fig 2. Panorama of Mozduran Formation in the Mazdavand area. Lower and upper contact with older and younger formations
(Kashafrud and Shurijeh) is marked.

From Mazdavand eastwards, the thickness of the
Mozduran Formation decreases and gradually changes
to nearshore, mainly siliciclastic deposits in eastern
Kopet Dagh (Afshar Harb, 1979, Zand Moghadam et al.,
2014). This formation at the type locality, Mozduran
area, is mainly composed of limestone, dolostone and
less amounts of shale interbeds, ranging in thickness
from 420 to 1380 m at the type section and Khangiran
well #31, respectively (Afshar-Harb 1994).

In study area, three informal carbonate units were
recognized (Figs 2-3). The lower carbonate, 92 m thick,
consists predominantly of massive to thick bedded
yellow to gray dolomudstone to sandy dolostone,
interbedded with grainstone and packestone. The middle
carbonate, 125 m thick, consists massive, medium to
thin bedded wackstone, packstone, shale and yellow
dolomudstone. The upper carbonate, 30 m thick,
consists thin to thick bedded wackstone and yellow
dolomudstone.

3. Methods

In this study, one outcrop section from the Mozduran
Formation (Mazdavand area) (Fig 1b), was measured
bed-by-bed, and samples were taken systematically for a
total of 470 m, and facies types were identified. Over

250 fresh carbonate samples were collected, from which
115 thin sections were made (Fig 3). Carbonates were
classified using the Dunham (1962) scheme. The grains
and matrix percentages were estimated using visual
percentage charts (Fligel 1982, 2010). Field
observations were used to assess the lateral extent and
thickness variation of carbonate and mudstone. Facies
types and depositional settings were interpreted based
on compositional, textural, fabric, and sedimentary data
(e.g., Purser 1969; Wilson 1975; Tucker and Wright
1990; Fliigel 2004).

Twenty polished thin sections were analysed using a
Nikon Eclipse E400-POL microscope equipped with a
Reliotron III cathodoluminescence (CL) system (Relion
Industries LLC, Bedford, MA, USA). CL
photomicrographs were taken with a beam current
between 4.2 and 5.1 KV and under a vacuum of 68.5 to
71.5 m Torr. CL microfabrics provided insight into
paragenetic relationships not observed using standard
petrographic techniques. Qualitative analysis of textural
relationships was used in combination with quantitative
data to constrain the diagenetic history. In addition,
porosity was estimated from counts of 500 points in
each of 115 thin sections prepared separately with blue
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Fig 3. Stratigraphic log for the Mozduran Formation in the study section, showing sample positions. Location of section is shown in
figure 1b. Grey curve shows two-dimensional porosity, and red circles show plug samples.

epoxy, each of 115 thin sections prepared separately
with blue epoxy, and also were determined on 19 plug
samples that cover all carbonate units (Fig 3) using
standard procedures at Core Laboratories of National
Iranian Oil Co. Helium porosity was measured at
ambient temperature and pressure. Three carbon-coated
polished thin sections were studied to determine the
composition and imaging using a LEO 1450 VP at an
acceleration voltage of 30 kV, equipped with an Oxford
80 mm2 SDD-EDS detector and INCA software.

4. Facies and depositional environment

Field and petrographic studies of the Mozduran
Formation led to the recognition of several vertically
stacked lithofacies grouped into four carbonate facies
associations at the Mazdavand outcrop. The lithofacies
recognized and their interpretations are shown in Table
1.

4.1. Open marine deposits (facies association A)
Bioclasts included pellet, echinoid, brachiopod,
bryozoan, bivalve, red algal and gastropod fragments,
and non-skeletal grains consist of intraclasts, ooids and
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fine-grained quartz. These facies are mainly mudstone
(bioclastic mudstone, mudstone, sandy bioclastic
mudstone), wackestone (peloidal bioclastic wackestone,
intraclastic bioclast wackestone, bioclastic wackestone),
packstone (bioclastic ooid packstone, intralastic ooid
packstone, intraclastic bioclast packstone and sandy
bioclastic packstone), and dark grey and massive
marl/shale (Fig 4a, b, c).

4.1.1. Interpretation

The open marine is suggested by the presence of a facies
association of bioclastic wackestone with dark grey
marl/shale, and also by the abundant and diversity of
shelled organisms. The carbonates of the thin-bedded
basinal limestone and the ooids, intraclasts, bioclasts
and fine-grained quartz could have been deposited as
debris, shed off the adjacent platform margin (e.g.,
Lasemi 1995; Sanders and Hofling 2000; Flugel 2004;
Mahboubi et al. 2010).

4.2. Tidal channel and barrier deposits (facies
association B)

These facies are composed of peloid ooid
grainstone/packstone, bioclastic ooid
grainstone/packstone, bioclastic intraclast grainstone

and ooid bioclastic grainstone (Fig 4d). Ooids, pellets
and intraclasts are the main non-skeletal grains of this
facies association. Planar and trough cross-bedding are
the main structures.

4.2.1. Interpretation

The abundance of oolitic cross-bedded grainstone, the scarcity
of mud and the well-sorted nature of this facies association
indicate a high-energy condition, probably where tidal
channels or inlets cross a barrier which, separating the open-
marine environment from a more restricted lagoonal area (e.g.
Coffey and Read 2004). Cross-bedding probably resulted from
sand-wave migration. The abundance of intraclasts indicates
rip up and erosion of the previous deposits by storms or tidal
channels (Lasemi 1995).

4.3. Lagoonal deposits (facies association C)
Mudstone, wackestone (bioclastic wackestone, peloid
bioclastic wackestone, bioturbated mudstone/wackestone,
sandy  bioclastic =~ wackestone),  packstone/wackestone
(bioclastic  peloid  packstone/wackestone),  packstone
(bioclastic intraclast packstone, peloid intraclast packstone,
peloid oncoid packstone), and dolostone (bioclastic
dolomudstone, oncoied dolomudstone) (Fig 4¢). Bioclasts are
mostly ostracods, and quartz and oncoids are the main non-
skeletal fragments.

Table 1. Summary of characteristics and interpretation of lithofacies of Mozduran Formation in the study area.

Facies association Rock name
A mudstone
packstone marl/shale

Sedimentary features
wackestone  Bioclasts included

Depositional condition
echinoid,  The open marine is suggested by presence of facies

brachiopod, bryozoans, bivalves, red  association bioclastic wackestone, and dark grey

algae and gastropod, whereas, are non-  marl/shale.
skeletal grains consist intraclast, ooid

and fine grain quartz.
Ooid, pellet and intraclasts are the main ~ The abundance of oolitic cross-bedded grainstone and
of this facies the mud free indicate a high-energy condition such as

B grainstone packstone

non-skeletal  grains

association. Planar and trough cross-  barrier, and also the existence of intraclasts indicates

bedding are the main structures.

C mudstone
packstone dolostone

D mudstone dolostone

erosion of the previous deposits by storms or tidal
channels.

wackestone  Bioclasts include mostly ostracod, and ~ The lagoonal and shallow subtital environments are
pellet and quartz is the main non-  suggested by presence of bioturbated and pelleted lime
skeletal fragments.

mudstone/ wackestone within the mud-supported and
also the peloid intraclast packstone, and peloid oncoid
packstone.

Thin to medium bedding, laminated The presence of thin-bedded dolomudstone and

lime mudstone and mud-crack are the  fenestral pellet lime mudstone/ wackestone, and

main structures.

mudcrack is interpreted the supratidal environment.

4.3.1. Interpretation

The presence of bioturbated and pelleted lime
mudstone/ wackestone within mud-supported strata
indicates a low-energy lagoonal environment, whereas
the peloid intraclast packstone and peloid oncoid
packstone suggest higher-energy conditions in a shallow
subtidal setting (landward or seaward side of the lagoon)
(e.g. Lasemi 1995; Alsharhan and Kendall 2003).

4.4. Tidal flat deposits (facies association D)

These facies are mainly mudstone (fenestral pellet lime
mudstone/wackestone) and dolostone (dolomicrite,
sandy dolostone, dolostone, sandy coarse-grained
dolostone). Thin to medium bedding, laminated lime

mudstone and mud-cracks are the main structures (Fig
41).

4.4.1. Interpretation

Thin-bedded dolomudstone and fenestral pellet lime
mudstone/ wackestone, and also subaerial exposure
features such as mud-cracks are interpreted to represent
deposition in a supratidal environment (e.g., Lasemi
1995; Alsharhan and Kendall 2003; Warren 2006;
Mahboubi et al. 2010). These characteristics indicate
deposition on tidal flats, similar to those of carbonate
tidal flats of Persian Gulf (Shinn 1986; Chafetz et al.
1999).



146 Poursoltani and Harati / Iranian Journal of Earth Sciences, Vol. 11, No. 2, 2019, 141-159.

Fig 4. Thin section photomicrographs of samples of the study area. a) Mudstone (64); b) Bioclastic wackestone (73); c) Intraclastic
bioclastic ooid packstone (90); d) Ooid bioclastic grainstone (D); ¢) Peloid intraclast packstone (81); f) Dolostone (12) (a-c: facies
association A; d: facies association B; e: facies association C; f: facies association D).

4.5. Depositional model

Our studies indicate that, in the study area, the
carbonates of the Mozduran Formation (carbonate
platform) pass into the Kashafrud Formation (fluvial-
deltaic to deeper-marine basin (see Geological setting),
(Poursoltani et al. 2007; Taheri et al. 2009), and
depositedon a rimmed carbonate platform (c.f. Read,
1982, 1985; Tucker and Wright, 1990) is inferred,
passing into a carbonate ramp during the late
Kimmeridgian (Kavoosi et al., 2009).

Based on our field and laboratory studies, the basinal

environment was characterized by dark grey marl/shale
formed in an open-marine setting, and most of the
carbonate rocks were deposited in a shoal, shelf lagoon,
and tidal flat setting (c.f. Read 1985; Tucker and Wright
1990). A depositional model can therefore be defined
for the Mozduran strata during the Oxfordian-
Kimmeridgian for the study succession (Fig 5). Facies
interpretations for the Mozduran Formation have
included tidal flat, lagoonal, barrier and open marine.
Our study area, three informal carbonate units was
recognized (Figs 2-3).
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Fig. 5. Diagrammatic illustration of the setting of the Mozduran Formation in the Kopet-Dagh Basin. Progradation phase with the
deposition of Mozduran deposits above the marine siliciclastics of the Kashafrud Formation in the eastern Kopet Dagh Basin.

5. Diagenetic events

The Mozduran Formation rocks contain evidence for
numerous diagenetic processes, including micritization,
cementation, compaction (physical and chemical),
fracturing, dissolution, neomorphism, silicification and
dolomitization that will be explained and interpreted.
5.1. Diagenetic features in limestones

5.1.1. Cementation

The most important cements are bladed, mosaic,
syntaxial overgrowth, blocky and granular, with lesser
proportions of iron oxide. For 100 samples, the
percentage of cement varies from 2% to 39%, averaging
16.7% (Fig 6).

Granular cement

This type of cement formed as the first generation
cement around grains in grainstones. Granular cements
reflect high saturation state of CaCO; and low
sedimentation rate during its formation (Ehrenberg et al.
2002). This type of cement constitutes up to 14% of
total cement (Fig 7a).

Bladed cement

This cement exhibits a bladed texture and isopachous
fabric with 20-100 pm-long, prismatic crystals (Fig 7b),
and is commonly pore filling. Bladed cement is found
exclusively in veins and dissolved skeletal grains with
pore spaces, as well as on grain rims, and constitutes
less than 12% of the total cement volume (Fig 3). It did
not significantly affect the petrophysical properties of
the limestone.

Mosaic cement (equant)

This is a common cement (39% of the total cement
volume), and filled the pores between skeletal and non-
skeletal grains and also formed within veins. This
cement also formed as subhedral crystals with average
size ranging up to 0.15 mm (Fig 7c).

Syntaxial overgrowth cement

Syntaxial overgrowth cement was precipitated
exclusively around echinoderm fragments lacking
micrite envelopes, and is commonly clear and lacks

inclusions (Fig 7d). This cement constitutes less than
2% of the total cement volume.

Blocky cement

Blocky cement is abundant, and formed in mud-free,
grain-supported grainstone lithofacies comprising single
crystals with 0.1-0.3 mm diameter. They generally
occupy the remains of pores (Fig 7¢). This type is a
major cement, as a second generation, and constitutes up
to 31% of total cement.

Iron oxide

Iron oxide is a minor type of cement and forms less than
2% of cement volume on average. The oxides
commonly fill pores and narrow intergranular spaces
(Fig 71, g).

5.1.2. Silicification

In a few beds, silicification is found mainly in limestone
interbedded with thin shale beds. Silica replacements
(chalcedony or micro-quartz) occur within bivalve and
brachiopod shells (Fig 8a). The main type of
silicification is fabric selective.
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Fig 6. Histogram of cement types in study samples.
Cementation was determined by point counting thin sections
(115 samples).
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5.1.3. Neomorphism

Neomorphism is one of the main events that occurred in
the studied samples. The replacement of coarser crystals
instead of very fine crystals, and also recrystallization,
are the result of this event (Folk 1965; Bathurst 1975).
The filling of some skeletal and non-skeletal grains
(mostly ooids) with sparry calcite formed from
metastable aragonite mineralogy. This type is mainly
seen in oolitic grainstone, bioclastic grainstone and
packstone (Fig 8b). This process in general changed
lime mud to coarser crystals in mud-supported facies,
such as wackstones and bioclastic mudstones.

5.1.4. Fracturing

As evident from microscopic study, grains contain
microfractures. Microfractures are straight traces that
cut numerous grains and associated cement, andin some
cases formed veins. These veins have been filled with
coarse crystalline sparry calcite (Fig 8c). Another type
of fracturing occurred on grains due to compaction.
Some ooids and shell fragments contain microfractures
that were well cemented (Fig 8d).

5.1.5. Compaction and pressure solution

The Mozduran carbonate rocks display considerable
compactional effects arrested by cementation in some
beds. Compaction led to physical and chemical
rearrangements and changes in the sediments. Physical
compaction caused close packing, close grain contacts
and also decrease of primary interparticle porosity in
grain-supported limestones (Fig 8e). Some ductile
grains (such as intraclasts) are bent around resistant
detrital grains, and ductile mud clasts have locally been
deformed sufficiently to produce pseudomatrix, thus
decreasing porosity.

Skeletal (brachiopods, bivalves and echinoderms) and
non-skeletal grains (ooids) have been intensively
fractured during mechanical compaction. Additionally,
during burial chemical compaction started and changed
some of the sediment characteristics. Grain contacts are
predominantly concavo-convex and sutured, with
subordinate point contacts. Where grains are closely
packed, there is indication of some degree of
intergranular pressure solution and the formation of
stylolites (Fig 8e).

5.1.6. Micritization

Micritization is common in the Mozduran carbonates
(Fig 9a). This process is generated by repetition of
microorganism activities involving bacteria and algae on
carbonate grain surfaces (Carols 2002). Micrite
envelopes (5 to 35 um thick) mostly developed around
bioclasts such as bivalve and brachiopod shells, as well
as on non-skeletal particles such as peloids, ooids and
intraclasts. They are attributed to micro-borer organisms
living at or near the sediment—water interface (Tucker
and Wright 1990; Vincent et al. 2007; Brigaud et al.
2009).

5.1.7. Dissolution

Evidence of dissolution is present in most samples in the
study section. In many samples, grains, matrix and

carbonate cement all show partial dissolution (Fig 9),
and a few oversize pores suggest complete dissolution
of some grains. Moldic dissolution of the skeletal
(mostly gastropods) and non-skeletal (mostly ooid)
grains was pervasive in the study sections. The moldic
voids are progressively filled with blocky cements,
suggesting a very early process (e.g. Brigaud et al.
2009). Secondary porosity was generated by dissolution
of grains and cement in many samples.

5.1.8. Dolomitization

Dolomitization is the most important process in the
Mozduran carbonate rocks, in the studied samples.
Based on petrographic evidence (e.g., Sibley and Greeg
classification 1987), dolomites in the study area have
been divided into four types.

1- Very fine crystals (D1): This type shows fine crystals
with anhedral and rarely subhedral shape and the size is
more than 50 pm. In some samples, allochems show
dolomitization. In studied samples sparse detrital quartz
grains are observed (Fig 10a).

2- Medium and euhedral crystals (D2): Type two (D2)
shows medium crystals with euhedral shape and the size
is up to 150 pm. This type is fluted in the mudstone (Fig
10b). In studied samples the replacement of matrix has
occurred, but some of allochems show this process in
wackestone (Fig 10c). In some carbonate grains of
grainstones, replacement is observed. Most of the
samples seem to be a dolomudstone that is variably
recrystallized. The study samples shown in Figures 11A
and 11B show burial dolomite rhombs (based on very
dull luminescence) and what might be secondary
solution enhancement  (brighter areas). It is also
suspected that like many producing dolostones,
intercrystalline porosity is important. In some cases
more than one generation of dolomite is visible (Fig
11b, c). The euhedral dolomite rhombs with cloudy
cores and limpid (clear) rims resemble sucrosic
dolomite.

3- Coarse and euhedral crystals, with zoning (D3): Type
three shows coarse crystals, mostly euhedral crystals to
subhedral shape. Their size is more than 250 pm (Fig
10d). This type is locally porefilling. These dolomites
have cloudy centers and clear rims. The lack of calcite
inclusions makes for bright and clear outer parts of the
crystals. This type can be generated from different fluids
(Kyser et al. 2002; e.g. Mahboubi et al. 2010).

4- Coarse and euhedral and anhedral crystals, pore-
filling (D4): The size of crystals is more than 300 pum.
Generally, this type fill the pores and fractures (Figs 10e
and 1le, f). Some dolomite rhombs are discernible. In
rare instances, a slightly brighter blocky cement fills
what looks like secondary porosity. This might suggest
meteoric precipitation upon uplift.As Sibley and Greeg
(1987) discussed, different crystal size types of
dolomites can be accounted for by the relationship
between nucleation and kinetic growth as well as
relative timing. Increasing the temperature causes the
rate of nucleation and crystal growth to increase.
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6. Discussion

6.1. Paragenetic sequence

A paragenetic sequence for the Mozduran Formation is
set out in figure 12. In carbonate systems, grain size and
texture, mineralogy, nature of pore fluid, climate, and
sediment type affect the sequence of diagenetic events
(Tucker and Wright 1990; Tucker 1993; Flugel 2004).

The study area deposits show different stages of
diagenesis,including eodiagenetic, mesodiagenetic and
telodiagenetic states. Eodiagenetic involves marine,
meteoric and mixing zone environments. Most of the
processes occurred in meteoric and burial environments.
The main diagenetic events are distinguished as
predating or post-dating.... predating or postdating
what?

Fig 7. Thin section photomicrographs of samples to show the effect of diagenetic processes. a) Granular cement in grainstone (88); b)
Bladed cement which filled a vein (38); c) Mosaic cement that formed as subhedral crystals, filling pores (36); d) Syntaxial cement
precipitated around echinoderm fragments (16); ¢) Coarse crystalline blocky calcite that occupies the pores (1); f) Iron Oxide fillinga
moldic pore. A few remained pores are observed (arrows) (5); g) Iron Oxide cements filling pores in dolostone, with euhedral
dolomite crystals observed (41).
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Based on petrographic  results, micritization, iron-oxide cementation, and dolomitization are the main
cementation, compaction (physical and chemical), phases of diagenetic events, and have operated in three
fracturing, dissolution, neomorphism, silicification, different environments (Figs 11 and 12).

Fig 8. Thin section photomicrographs of samples to show the effect of diagenetic processes. a) Silica within brachiopod shells
(arrows) in a wackestone (82); b) Neomorphism in skeletal shells in grainstone (arrows) (91); ¢) Fractures in mudstones filled by
calcite cement (45); d) Grain fracturing (arrows) (89); e) Compaction in a packstone, yellow arrows show grain contacts, the pores
filled by sparite (red arrows), probably before compaction (29); f) Stylolite in wackestone, filled with Iron Oxide (38).
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Eodiagenetic stage

In the Mozduran Formation, early diagenetic stage is
recognized by micritization, physical compaction,
dissolution, calcite cementation (blocky, bladed, mosaic,
granular), Fe-oxide, neomorphism and dolomitization,
which covers the point of deposition to shallow burial
below the depth of marine, meteoric phreatic and
mixing zone environments (e.g., Vincent et al. 2007).
Mechanical compaction, resulting in disaggregation of
rock fragments and deformation of soft grains, may
have  commenced  immediately  after burial

(see Gotte et al. 2013), continuing through deep burial
(Dickinson and Milliken 1995).

Palmer et al. (1988) and Ferry et al. (2007) suggested
that, in a calcite-sea context, such early dissolution of
aragonite might have occurred either in seawater or
under very shallow burial conditions, but it might also
have occurred during deep burial. A probable factor
could be penetration of undersaturated water, near the
surface, that might have led to dissolution.

Fig 9. Thin section photomicrographs of samples of the study area. Porosity is filled with blue epoxy. a) Micritization that affected
the fragment margins in a packstone (red arrows); yellow arrows show dissolution of cements and some part of grains (88); b)
Dissolution of the grains (fossil fragments), forming interaparticle porosity (arrows) (5); c) Intercrystalline porosity in dolostone (6);
d) Stylolite type porosity (78); e) Back-scatter electron micrograph, showing dissolution in dolostone that formed a vuggy porosity
(D4) (7); f) Channel type porosity in dolostone (arrows) (17).
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Mesodiagenetic stage

Greater depth and higher temperature affected the
Mozduran Formation in this diagenetic stage. Burial
diagenesis of the Mozduran rocks was dominated by
some main processes: cementation (mosaic, syntaxial,
blocky), silicification, dissolution, physical and
chemical compaction (stylolites, increasing grain
contacts), grain fracturing, neomorphism, dolomitization
and rarely Fe-oxide cementation. Textural evidence
suggests a close relationship between replacement of
subhedral to euhedral dolomites. Silicification
commenced early and continued through much of the
burial history.

The presence of quartz veins in formerly open fractures
suggests a later phase of silica cementation, possibly
associated with tectonic episodes during later burial or
exhumation. Temperatures suggested for their formation
range from ~55 to 156 °C (Land 1984; Dutton and

Diggs 1990; De Ros 1998; Lander and Walderhaug
1999; Worden and Morad 2000; Schmid et al. 2004).
Based on studies by Mussavi-Harami and Brenner
(1992), maximum burial depth of Mozduran Formation
is calculated at about 4,000 m. Assuming a surface
temperature of 25°C and a geothermal gradient of
25°C/km, the temperature at the Mozduran Formation
may not have exceeded 150°C. Mahboubi et al. (2010)
inferred a temperature from the lightest oxygen isotope
value of about 50° C for Mozduran Formation during
Late Jurassic to Early Cretaceous time, correlating with
a burial depth of 1300 m in that time. In the Mozduran
Formation, textural criteria for early mechanical
compaction include bending of mud intraclasts,
improved grain packing, and fracturing of the brittle
grains.

Fig 10. Thin section photomicrographs to show dolomitization as a main diagenetic process in the Mozduran Formation. a) Finely
crystalline dolomite (D1 type), dolomitization of allochems and detrital quartz are observed (5); b) Euhedral shape is fluted in the
mudstone (D2 type) (44); ¢) Dolomitization of allochems in wackestone (D2 type) (33); d) Type three (D3), euhedral crystals
showing zoning (11); e) Euhedral crystals that fill the pores (D4) (yellow arrow), red arrow showing dissolution (27).
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As in formations elsewhere, more broadly the intimate
association between secondary fractures, cementation
along fractures, and suturing of grains suggests a link
between grain deformation, pressure solution and
cementation (Milliken 1994; Dickinson and Milliken
1995). Some samples display limited mechanical
compaction, probably due to early cementation.
Compaction is usually most important during the first 2
km of burial (Worden and Morad 2000).

100 pm

100 pm

100 pm

In some samples, pressure solution of grains may have
taken place relatively early in burial, before
precipitation of most cements (e.g. Friis et al. 2010).
However, as noted below, calcite and dolomite cements
show textural relationships that indicate early formation,
implying precipitation over a similar burial range to
silica cement.

Fig 11. Thin section photomicrographs of samples of the study area under CL. a) Dolomite thombs and secondary solution (brighter
areas) (b the same sample in PPL) (33); ¢) A dolomudstone that is variably recrystallized (d the same sample in PPL) (44); e) Blocky
cement fills pores. Some dolomite rhombs are discernible (f the same sample in PPL) (85).
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Fig 12. Simplified paragenetic sequence of the main diagenetic processes in the Mozduran Formation. Heavy lines represent major
diagenetic events, light lines represent minor diagenetic events, and dashed lines represent probable diagenetic events.

The bulk of the mosaic calcite cement probably formed
during mesodiagenesis (see Mansurbeg et al. 2008).
“Floating-grain textures” suggest an origin prior to
much compaction, and non-ferroan calcite is typically
the first carbonate phase to form (e.g. Machent et al.
2007). Studies suggest that pore-filling calcite
precipitates at modest temperatures, in the 20-70 °C
range (Girard et al. 2002; Mahboubi et al. 2010). Higher
temperatures (60 to 100 °C) have been suggested for
calcite that fills small pores between compacted, tightly
packed framework grains (El-ghali 2006; see also
Mansurbeg et al. 2008).

Dolomitization is one of the important processes in this
burial stage. It affected grainstones, pores and veins, and
may have occurred at varied depths. Warren (2006)
suggested that, in the absence of baroque dolomites and
sulphide mineralization, burial depth may have not been
very much.

Coarser dolomitic cements that are more brightly
luminescent record later fluid flow, possibly as a

consequence of a second phase of burial diagenesis
associated with hydrothermal activity. Most of the
samples seem to be a dolomudstone that is variably
recrystallized, which might be associated with mixing
zone dolomitization.

Some dolomite in the Mozduran rocks fills large pores
between loosely packed framework grains and replaces
and displaces the host sediments, suggesting early
precipitation. However, coarse crystals dolomite mainly
replace calcite cement, suggesting deeper burial
conditions (e.g. El-ghali, 2006), who suggested dolomite
precipitation at 65 °C to 130 °C).

Additionally, some unstable grains such as aragonitic
bioclasts have been leached away, during deep burial
and chemical compaction (Palmer et al., 1988; Ferry et
al., 2007).

Telodiagenetic stage

As the samples are from surface outcrops, telodiagenetic
processes may have affected the rocks, especially
dissolution under recent meteoric conditions (Giles and
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deBoer 1990; Gotte et al. 2013). In the Mozduran strata,
some fractures and veins have been filled with sparry
calcite, dolomite (D4) and iron-oxides. In these strata
dissolution of cements may have taken place as strata
re-entered modern near-surface environments. Acidic
meteoric water is the main factor to cause the fractures
and veins formed during the late burial and also late
diagenetic stages. However, some of these effects may
reflect syndepositional tectonics and exhumation earlier
(the late Alpian orogenies in the Miocene), prior to
deposition of younger formations (Aghanabati 2004).
Some dolomite rhombs are discernible. In rare
instances, a slightly brighter blocky cement fills what
looks like secondary porosity. This might suggest
meteoric precipitation upon uplift. Dissolution of
framework grains and cements may have taken place as
strata re-entered modern near-surface environments.

7. Porosity

Based on our results for the Mozduran Formation rocks,
the type of porosity is mainly secondary porosity, and
the main types are interparticle, intraparticle,
intercrystalline, and  fracture  porosity,  with
minormoldic, shelter, channel, stylolite, and vuggy types
(Fig 13). The average porosity of core plugs from 19
samples is 15.78%, with a range from 4% to 29%. These
values match well with two-dimensional estimates from
thin sections, which average 17.95 %, with range from
2% to 29% (Fig 14, Data Repository Table 1). In
contrast to this study, our results for the Mozduran
Formation carbonate rocks yielded typical values of
porosity (North 1985).

35

[ ]
[ ]

Porosity %
o w3 & B
]
|
I
||
.
I
|

- -

S Ny & G & e N]

o"\’a Q&" & & F e‘\& & &

$ & ds} Y g Fo oy N
A @ (4
& & ¢
AR

Porosity type

Fig 13. Histogram of porosity types in study samples. Porosity
was determined by point counting thin sections stained with
blue epoxy (115 samples).

Generally, the highest porosity values occur mostly in
dolostone, dololimestone, packstone and grainstone at
the lower part, form the bulk of the formation’s rocks
(Figs 3 and 14), that have been interpreted as tidal
channel and barrier and also tidal flat deposits.

Secondary porosity generated by dissolution and
fracturing are typically a high proportion of porosity
with most pore spaces representing residual primary
porosity (Paxton et al. 2002), whereas mechanical and
chemical compaction as well as cementation are the
primary cause of porosity reduction with increasing
burial depth. However, primary porosity appears to have
been largely occluded in the low-porosity Mozduran
Formation samples, and the small and largely ineffective
pores are predominantly secondary.

These more porous samples are either highly fractured
or display interparticle and intercrystalline porosity, but
some samples contain an unusual abundance of partially
dissolved grains and cements (Fig 9). Intergranular
pores are the main type of porosity, where carbonate
cements have been corroded and become patchy, and
parts of these pores could be primary. Additional pore
space is provided from intercrystalline micropores,
between calcite and dolomite crystals, and from
microfractures developed within grains.

Some microfractures and pores have been filled with
carbonate and iron oxides (Figs 8c and 9f, g). Fractures
form much of the porosity in some samples, and our
assessment of porosity percent and type for these
surface samples may not be entirely representative of
porosity at depth. Scholle and Halley (1985) and Budd
(2001) noted that high porosities and microporosities
were preserved after passage through the surficial
diagenetic environments, which supports the concept
that early diagenesis may modify pore systems without
having a major effect on total porosity.

8. Conclusion

In the Upper Jurassic limestone of the Eastern Kopet-
Dagh Basin, four carbonate facies associations have
been recognized. Based on our studies, the basinal
environment was characterized by dark grey marl/shale
formed in an open-marine setting, and most of the
carbonate rocks were deposited in a tidal channel and
barrier, lagoon and tidal flat setting. The petrographic
results indicate that wvarious diagenetic processes
affected Mozduran carbonate rocks, including
micritization, cementation, compaction (physical and
chemical), fracturing, dissolution, neomorphism,
silicification, geopetal fabric and dolomitization. These
processes occurred in three diagenetic stages, early,
burial and late, with the early stage involving marine
and meteoric environments.

Porosity was largely occluded by pore-filling cements of
carbonate, iron oxides, and rarely silica. Additionally,
compaction during early burial improved packing,
fractured grains, and caused pressure solution. In
addition, porosity is largely secondary, resulting from
dissolution of grains and cements, with some fracture
porosity. Some fractures, iron oxide cements, and
dissolution may reflect Cenozoic tectonism and uplift
that created the Kopet-Dagh mountains.
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Fig 14. The Comparison of thin section porosity values (blue points) with core plug samples (red points). These values match well
with each other.

Porosity analysis of hand samples yields average values
for porosity of 17.94%, match well with core plug
samples, average 15.78%. Based on the result of this
study, the Mozduran Formation carbonate rocks yielded
typical values of porosity. The Mozduran Formation
results indicate that the search for Upper Jurassic
carbonate reservoirs and hydrocarbon systems in the
region can be used in the other parts of this basin as well
as in similar basins in other parts of the world.
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