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Abstract

The distribution of good reservoir quality and its causes is the main challenges in carbonate reservoir characterization. This
study investigates the effects of diagenetic processes on the reservoir quality of the carbonate successions of the Asmari
Formation, in the Marun oil field, southwest Iran. The study applies an integrated approach including core petrography,
petrophysical rock typing, stable carbon and oxygen isotopes as well as major and trace elements analyses. Petrographic
studies and geochemical analyses express that the Asmari limestones have been affected mainly by compaction, dissolution,
recrystallization, calcite and anhydrite cementation and dolomitization. Among those diagenetic overprints, dolomitization
and dissolution played an important role to enhance the reservoir quality of the formation. Moreover, four types of dolo-
mites were recognized and the rate of dolomitization increases toward the top of the Asmari carbonate successions. Possible
models for dolomitization include mixing zone, brine reflux, seepage reflux and tidal pumping of seawater. Employing Flow
Zone Index and Discrete Rock Type concepts led to classification of the Asmari reservoir into seven reservoir rock types.
Integrating reservoir rock typing with petrographic studies and geochemical analyses also confirms that reservoir quality of
the Asmari Fm. would have been mainly controlled by diagenetic processes. Moreover, stable isotopes, trace elements and
facies analyses support the idea that carbonate intervals of the Asmari Formation were deposited in a warm, shallow-water
environment under a saline condition.

Keywords Zagros basin - Marun oil field - Oligo-Miocene - Asmari Fm. - Diagenesis - Geochemical characteristics and
Reservoir quality

1 Introduction

The Oligo-Miocene deposits of the Asmari Formation repre-
sent a complex sedimentary system with various lithologies
(carbonates, sandstones, marls and anhydrites) and deposi-
tional geometries (Van Buchem et al. 2010). Biostratigraphy,
sequence stratigraphy, diagenesis and depositional facies
of the Asmari Fm. have been studied in several Iranian oil
fields (e.g., Ahwaz, Aghajari, Pazanan, Parsi, Rag-e-Safid,
Gachsaran, BiBi Hakimeh, Marun and Kupal oil fields) and
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outcrops (Kabir Kuh, Kuh-e-Asmari, Kuh-e-Bangestan,
Khaviz, Dill, Mish and Anneh anticlines) (Adams and Bour-
geois 1967; Ranjbaran et al. 2007; Al-Aasm et al. 2009;
Laursen et al. 2009; Rahmani et al. 2009; Allahkarampour
Dill et al. 2010; Van Buchem et al. 2010; Zabihi Zoeram
et al. 2013; Avarjani et al. 2015; Shabafrooz et al. 2015).
Carbonate intervals of this formation are important
hydrocarbon reservoirs, which have been producing oil and
gas more than a century and reaching to the latter stages of
their producing lifecycle. Therefore, an increasing interest
in enhanced oil recovery methods to optimize the produc-
tion has been raised recently. One of the initial stages in
this process is obtaining an improved understanding of the
carbonate reservoir characteristics (Van Buchem et al. 2010).
The aim of carbonate reservoir characterization is to
define porosity types, reservoir heterogeneities and flow
units for the purposes of reservoir simulation. Rock typing
is a major step to evaluate carbonate reservoir characteri-
zation. However, this is a complex approach in carbonate


http://crossmark.crossref.org/dialog/?doi=10.1007/s12182-019-00421-0&domain=pdf

Petroleum Science (2020) 17:292-316

293

reservoirs due to the effects of a variety of factors such as
diagenesis, depositional texture and fracturing on the hetero-
geneity and fluid flow of these types of reservoirs (Askari
and Behrouz 2011; Xu et al. 2012; Bize-Forest et al. 2014).
Reservoir rock type quality depends on the either type of
porosity or pore texture and the modality size of the pore
throat radius for carbonate rocks (Bize-Forest et al. 2014).
In the Marun oil field, texture and porosity of the carbonate
successions have been significantly changed due to digenetic
overprints (compaction, cementation, dissolution, dolomiti-
zation) and tectonic fracturing (Aqrawi et al. 2006; Ran-
jbaran et al. 2007). Although digenesis essentially affects
the petrophysical attributes of the carbonate reservoirs, the
importance of diagenetic processes with respect to relative
sea level changes, and their effects on the flow units in the
Marun oil field, has not been studied in detail.

Using routine core analyses, petrographic study of cores
and thin sections as well as geochemical properties, the pre-
sent paper investigates the effects of diagenetic processes,
(especially, compaction, dissolution, cementation, dolo-
mitization), and depositional texture on the petrophysical
attributes of the Asmari Fm. carbonate intervals (porosity
types and permeability), in order to define reservoir quality
distribution and rock types.

2 Geological setting
2.1 Structural setting

The Marun anticline is located in the central part of the
of the Zagros thrust belt (NE sector of the Arabian plate)
(Fig. 1a). Motion of the Arabian plate toward the northeast
started in the Lower Miocene, about 25 Ma (Homke et al.
2010) or 22 Ma (ArRajehi et al. 2010) and resulted in gentle
folding of the Mesozoic to Eocene sedimentary strata in the
Zagros basin (Fig. 1a, b). The first episode of folding took
place during deposition of the Gachsaran Fm. evaporates,
probably as a result of the initiation of continent—continent
collision in the Early Miocene (Sherkati et al. 2005). Follow-
ing this first phase, a period of tectonic quiescence during
the Middle to Late Miocene accompanied by the deposi-
tion of the Mishan Fm. marls and lower Aghajari Fm. sand-
stones. The main episode of folding resulted in growth strata
in upper Aghajari sandstones during the Miocene—Pliocene.
The last tectonic event took place during the Pliocene—Pleis-
tocene due to activation of reverse basement faults and
resulted in the construction of the Zagros Mountains (Sher-
kati and Letouzey 2004; Leturmy et al. 2010). The Zagros
fold-and-thrust belt (ZFTB) comprises three geographic
provinces: Lurestan, Fars and the Dezful Embayment (Sep-
ehr and Cosgrove 2004) (Fig. 1a). The ZFTB can be divided
into two distinct domains from the SW to NE, with major

changes in structural style and topography: (a) the Simply
Folded Belt (SFB), which shows fairly regular wavelength
folds that extend for hundreds of kilometers in the vicin-
ity of the Persian Gulf (Falcon 1974; Sepehr and Cosgrove
2004; Mouthereau et al. 2006); and (b) the High Zagros,
with higher elevation folding, a sharp increase in elevation
and kilometer-scale throws on major thrusts. The Marun oil
field is a supergiant (6 km X 70 km) fault-related, asymmetric
anticline, located in the central part of the Dezful Embay-
ment province, in the SFB of the Zagros Mountains (Fig. 1a,
c). The general trend of the anticline is NW-SE, parallel
with the Zagros folded belt. Structural dip reaches 45° and
65° in the north and south flanks, respectively. It is bounded
by a high angle reverse fault in the south flank.

2.2 Stratigraphic framework

Deposition of the Asmari Fm. occurred on the margins of a
preexisting Eocene platform which surrounded a deep-water
basin in which marls, shales and deep-water limestones of
the Pabdeh Fm. were deposited (James and Wynd 1965)
(Fig. 1a, b). In other words, Oligocene moderate to shal-
low-water carbonate-dominated sediments that were depos-
ited around the edge of the preexisting Eocene platform
are marked as the Asmari Formation, whereas deep-water
basinal facies are assigned to the Pabdeh Formation in the
center of basin (Ehrenberg et al. 2007). By progressive infill-
ing of this basin, the Asmari platform prograded over the
Pabdeh Formation so that the Asmari/Pabdeh boundary is
diachronous, (Ehrenberg et al. 2007) and becoming younger
basin-ward. Sedimentation of fine clastics continued in the
troughs and shallow marine carbonates and evaporites to
the northeast margin of the NW-SE trending Zagros basin,
while coarse clastic sediments (Ahwaz Sandstone Member)
were shed from the southwest (Arabian plate outcrops) into
the basin during the Oligocene (Motiei 1993). The Asmari
Fm. was dated Oligocene-Lower Miocene (34—18 Ma) using
strontium isotopes (Ehrenberg et al. 2007). The formation
comprises 314 m of cream- to brown-colored limestones,
with thin-bedded sandstones and shales in the lower sec-
tion, which overlies the Pabdeh Fm. basinal mudstone at
the type locality (Motiei 1993). In the Marun oil field,
the Asmari reservoir comprises 450 m of carbonate rocks
(shallow marine, lagoonal, intertidal to sabkha mudstone
to grainstones) in the middle and upper sections, and shale
with sandstone and carbonate layers in the lower section
(Seyrafian et al. 2011; Avarjani et al. 2015). The Asmari
Fm. Carbonate sedimentation continued mainly during the
Lower Miocene, followed by deposition of the lower Fars
Group (Gachsaran Fm.) evaporites. Mishan and Aghajari
Fm. (Middle and Upper Fars Groups) clastic sediments were
deposited through the Middle Miocene to Lower Pliocene.
The Pasadanian orogenic phase caused folding and thrusting
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Fig. 1 a Location map Zagros province, showing structural zones and distribution of oil fields. Marun oil field is located in the center of the
Dezful Embayment [adapted from Sepehr and Cosgrove (2004)]. b Cenozoic stratigraphy columns of the Zagros basin. The most representative
stratigraphy column for the study area has been highlighted in light red [from Beydoun et al. (1992)]. ¢ location of the studied wells in Marun oil

field

toward the southwest of the entire sedimentary cover. Coarse
clastic sediments, the Bakhtyari conglomerate, filled the
syncline and other low lying areas during the Upper Plio-
cene to Pleistocene (James and Wynd 1965). The Bakhtyari
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conglomerate and Quaternary alluviums were transported
from highs to the inter-mountain areas and foreland of the
Zagros Orogenic Belt due to the uplift of the Zagros basin
(Sherkati and Letouzey 2004) (Fig. 1a, b).



Petroleum Science (2020) 17:292-316

295

Core Study in Well Marun # 008
2] Clay seam Graded bedding
Slump [] Ripples
[w~] Stylolites E= Horizontal bed
frnn] Linsen bedding Cross bedding
Sample | Depth Gr |Diage-| . Fe,ppm | Mn,ppm | Na, ppm Sr, ppm 6”00 5"’00
a'\r‘np e |Depth,| (Ap1)| nesis |Litholog g g .. g N PDB, % PDB, % Remarks
0- m Effect o 2 8 o 54 S = 54 -5 0 5|-10 -5 0
010 ; N D A ) hilld Y _I? ) ! I il I
3360 X = SB.VIL.Sequence Boundary typet at 3360'm
X S1 1da / / / TOP Asmali Formation . 0 Limestone; grey to brown-with-nodular anhydrite |
3368 FILLL
L / 1A Sequence boundary type2?
X S2 J / / / ) Limestone, cream to brown
- -3 with-nodular-anhydrite - - - - -
3383 upu / / / ) Small vugs o
s ‘i/ '|/ I/
X . . L Eeo : I . I . I ) » Limestone, cream to brown, vuggy, oil stain
% S5 3399 - S o T T 1 y § Limestone, grey, vuggy -
- Y wo/cope Dolomite, brown, Vuggy;-oil-stain
Ll Gl N
X S6 3414 fAng —= IS Red -Brown-Shale
v SB.VLSequence Boundary at 3416 m
i Limestone Cream to grey, vuggy
X ST 13429 o y
bt
X$10 == 4 Grey to brown, dolomite
3444 un
XS = hd Segquence boundary type?2 at 3450 m
[¥
Cream to grey, vu
X S12 | 3459 lnan § grey, vuggy
-l Dolomite, brown with
X S13 = [ anhydrite nodules
[ Sandstone, brown, fine grain, loose
3475 Y SB:V:Sequence boundaryat 3377 m
X S14 Y Sandstone, brown, fine grain
X815 s E& ? Siltstone & Sandstone greenish, grey
~
X S16 ;; Y Limestone Grey, cream to brown
fossiliferous+black clasts
HuLn| : .
%S17 3505 1 Lnrnstone greyto brown with
A Highly recrystalized
Intercrystalline porosity
X818 =
3520 d Limestone grey to brown
X S19 ¢ with black clasts
HL-y limestone grey to cream, with clay
seams, black clasts, anhydrite nodules
13536 Maximum Flooding Surface at 3530 m
L : fl . L i Upward fining cycles
;ggi Siltstone & Sandstone grey to black
3551 ) ) ° o o with flaser bed and graded bedding
s s o Very fine to coarse loose grain sandstone
with clay matrix, upward fining
uind N' . Upward fining with conglomerate
O core at 3565.7 m
3566 Sequence-Boundary. .1V at 3569 m
X 821 ¢ Limestone cream to grey Reefal
3581 limestone, cream to grey with
X822 r o large benthic forams
limestone; brown; vuggy,
xS23 | 3597 > Y with large benthic forams
Very fine to medium grain sandstone
Sequence Boundary Hi-at-3608-m
Upward coarsening with
3612 conglomerate At 11838ft
Siltstone & Sandstone with clay seam
3627 [d Medium to coarse grain
Fine grain quartz Sandstone
With clay seams
3642 Grey to brown sandstone with clay lamine
Maximum Flooding surface at 3650 m
3 Shale dark grey to black some
3658 Calcareous fissile
Shale dark grey to black some brown,
3673 é fissile, calcareous boil with acid
%524 | 3688 /j _: I :T: I L s b SBIl.Sequence Boundary type2-at-3683-m
]
X S25 : T ! T ! T J) 3 Recrystalized dense carbonate
T T T
3703 E% [ Shale dark grey-to black some
— = Calcareous fissile/boil with acid
3719 End of coring 3712.6 m

Fig.2 Core study of the Asmari Formation in the well#8 shows lithology, sedimentary features, sequence boundaries and variations curves of
trace elements and stable isotope results
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3 Materials and methods

Petrographic studies were completed on 1800 thin sec-
tions from 7 wells (well numbers 8, 342, 124, 330,131,
338 and 30) (Fig. 1c). Thin sections have been stained by
using alizarin red. Core samples from three wells (450 m
in Mn#8, Mn#342 and 124) were described in terms of
lithology, texture and sedimentary structures, visible dia-
genetic features (stylolites, calcite veins, solution seams,
vugs and anhydrite nodules) and ichnofossils (Fig. 2).
Carbonate lithofacies were described based on Dunham
(1962), Embry and Klovan (1971) and Archie (1952) clas-
sifications. Twelve samples of dolostone and limestone
were examined using a LEO 1455VP scanning electronic
microscope in order to discriminate texture and porosity
types and sizes. Different generations of cements and dolo-
mites were identified using a CITL-8200 MK4 cathodo-
luminiscence microscope, with a gun current of 400 pA
and 14 kV potential difference. After detailed petrographic
descriptions (Table 1), forty samples (26 samples of lime-
stone and dolomite from well 8, six samples from well 342
and eight samples of dolomite from wells 124, 330 and 30)
were selected for geochemical analyses from cores of the
Asmari Fm. These samples were analyzed for major and
trace element compositions (Mg, Ca, Sr, Na, Mn and Fe).
Stable isotope (8'3C and 8'%0) analyses were performed
for 35 samples by G.G Hatch Stable Isotope Laboratory,
University of Ottawa, Canada.

Samples were weighed into exetainers, 0.1 ml of H;PO,
was added to the side, and exetainers were capped and
helium-flushed while horizontal. Reaction at 25 °C for
24 h (calcite) or 50 °C for 24 h (dolomite) was followed
by extraction in continuous flow mode. The measurements
were performed on a Thermo Finnigan Delta XP and Gas
Bench II. Analytical precision (20) is +0.1 per mil. Data
for carbon and oxygen were normalized using international
standards NBS-18, NBS-19 and LSVEC (C only). Porosity
and permeability data of core plugs were obtained from
NIOC data base in order to investigate reservoir quality
and rock type. Winland R35 and FZI methods were used
for reservoir rock type classifications.

4 Results

4.1 Petrographic evidences of diagenetic features
Petrographic descriptions of thin sections show that the
Asmari Fm. is composed mainly of limestones (mudstones

to grainstones with calcite cement), and very fine to coarse
crystalline dolomites, with intervals of sandy dolomites
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and sandstones with calcite, dolomite and anhydrite
cements (Figs. 2, 3, 4). Stratigraphy and brief petrographic
descriptions of cores and selected samples are provided in
Table 1 and Figs. 1b and 2.

The main diagenetic processes that have affected the
Asmari limestones are compaction, stylolitization, disso-
lution, calcite cementation and dolomitization. Additional
processes including micritization of bioclasts, anhydrite
cementation, bioturbation, pyrite formation and neomor-
phism are common. Vertical distributions of diagenetic
processes in the Asmari reservoir are presented in Fig. 4.

The main diagenetic processes that affected the Asmari
reservoir quality are described below.

4.1.1 Compaction

Stylolitization as firm evidence for compaction can be seen
throughout the Asmari Fm. Macro- and micro-scale stylo-
lites occurred mainly parallel to the bedding plane in the
upper portions of the Asmari Fm., with some oblique stylo-
lites present in lower sections (Fig. 2). Clay seams, silt size
quartz grains and organic materials are visible along stylolite
surfaces (Fig. 3al, a2, d1). The stylolites can be closed or
semi-open, creating permeability barriers for hydrocarbon
migration within the dense, argillaceous limestone intervals
of the Asmari reservoir. Evidence for compaction is also
provided by interlocked grain contacts seen in grainstones
and sandstones (Fig. 3a3). The amount of porosity reduces
in limestones and dolomites with increasing burial depth and
overburden pressure generally (Fig. 5).

4.1.2 Cementation

Calcite cementation comprises both an earlier phase of
finely crystalline, isopachous cement that lines pore walls
and grain surfaces (Fig. 3bl), and a later phase of coarser,
blocky spar that fills former pore volumes not completely
filled by the fine cement linings that are common in lime-
stone intervals (Fig. 3bl, b2, b6). Blocky calcite cement
also occurs, filling former moldic pores in some dolostone
samples (Fig. 3b2, b6). Concave meniscus, isopachous
equant spary calcite and syntaxial overgrowth cements
are very common in sandstones (Fig. 3b4, b6, b8). Fine to
medium, crystalline dolomite cement has filled the inter-
granular porosity of sandstones as well as moldic and frac-
ture porosities (Fig. 3b3, b6). In sandstones, two phases of
siliceous cement are visible: (a) pore filling; and (b) quartz
overgrowth, both of which have resulted in porosity reduc-
tion (Fig. 3a3, b8). Anhydrite cement occurs mainly as fill-
ing fractures and porosities in carbonates, and intergranular
porosity of sandstones especially in the upper sections of the
Asmari Fm (Fig. 3b5). Anhydrite can also occur as nodules
and patches (Fig. 3d2).
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Table 1 Stratigraphic position and brief petrography description of selected samples for geochemical analysis

Sample Well no. Depth, m Isotope results Sample petrography description Sedimentary environment

e 813, %e 510, %o

1 8 3365.44 2.4 -0.2 Dolomite, fine crystalline with anhydrite patches Sabkha

2 8 3372.14 Limestone, wackestone to packstone Lagoon

3 8 3375.50 0.6 -54 Limestone, packstone Lagoon

4 8 3391.65 2.5 -03 Dolomite, fine crystalline, Supratidal

5 8 3399.88 -0.9 —4.2 Limestone, wackestone, dolomitic Lagoon

6 8 341573 =33 -2.0 Limestone, wackestone, dolomitic Lagoon

7 8 3426.39 1.6 —-6.8 Limestone, wackestone to packstone with ooids and Shallow marine
calcite cement

8 8 3429.14 Limestone, packstone with pelloid and ooid and calcite Shallow marine
cement

9 8 3431.88 Limestone, packstone with pelloid and ooid and calcite Shallow marine
cement

10 8 3436.00 22 -33 Limestone, ooid grainstone with calcite cement Shallow marine

11 8 3446.51 4.1 0.1 Secondary dolomite, fine crystalline

12 8 3457.79 -1.3 -4 Limestone, bioclastic wackestone to packstone, dolomitic ~ Lagoon
with calcite cement

13 8 3464.49 -1.9 -6.6 Limestone, packstone to grainstone, calcitic and dolomitic Lagoon

14 8 3479.12 -1.9 —-4.3 Limestone, boundstone, dolomitic Shallow marine

15 8 3483.39 -2.6 -63 Limestone, wackestone with calcite cement Lagoon

16 8 3495.28 1.2 -3.1 Limestone, bioclastic packstone, dolomitic, calcite cement Lagoon

17 8 3506.86 0.4 -24 Secondary dolomite, medium to coarse crystalline

18 8 351722 -1.2 -24 Limestone, wackestone, dolomitic, fine crystalline, with Lagoon
calcite cement

19 8 352393 -04 -3.8 Limestone, bioclastic, packstone, pelletic, with calcite Lagoon

20 8 3542.82 Limestone, bioclastic packstone, pelletic dolomitic fine Beach to lagoon
crystalline, with calcite. sandy

21 3570.25 -0.9 -3.3 Limestone, boundstone, with calcite cement Shallow marine

22 3584.27 —0.2 -12 Secondary dolomite, fine crystalline Shallow marine

23 3595.55 -0.3 —-2.8 Limestone, grainstone to boundstone, micritic, with calcite Shallow marine to shelf edge
cement

24 8 3686.38 0.3 -2.0 Limestone, wackestone to packstone, recrystallized with Shelf edge-slope
calcite cement, dolomitic, pyritic

25 8 3694.00 0.1 -22 Limestone, bioclastic packstone to grainstone, recrystal- Shelf edge-slope
lized with calcite cement, dolomitic, pyritic

26 8 3698.26 Limestone, bioclastic packstone to grainstone, recrystal- Shelf edge-slope
lized with calcite cement, dolomitic, pyritic

27 342 3086.00 2.3 -0.7 Dolomite, fine crystalline with anhydrite Supratidal

28 342 3117.00 1.7 0.1 Secondary dolomite, medium to coarse crystalline Lagoon

29 342 3157.00 0.1 0.2 Secondary dolomite, medium to coarse crystalline Lagoon

30 342 3175.00 0.2 -09 Limestone, wackestone, dolomitic Lagoon

31 342 3176.00 0.5 -0.2 Secondary dolomite, fine crystalline with anhydrite Lagoon

32 342 3183.00 0.5 -12 Secondary dolomite, fine to medium crystalline with Lagoon
anhydrite

33 124 3174.35 1.3 2.1 Bioclastic wackestone, dolomitic with anhydrite and Lagoon
calcite cement

34 124 3166.00 4.3 0.0 Secondary dolomite, fin to medium crystalline, pelletic, Lagoon
sandy, recrystallized with calcite cement and anhydrite,
intercrystalline and solution porosity

35 124 3203.75 0.5 0.3 Secondary dolomite, fine crystalline, pelletic, sandy, Lagoon

recrystallized with calcite cement and anhydrite, inter-
crystalline and solution porosity
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Table 1 (continued)

Sample Well no. Depth, m Isotope results Sample petrography description Sedimentary environment
no. 13 18
5°C, %o 8°0, %o

36 124 3139.35 3.7 1.0 Dolomite, fine crystalline with solution porosity, bioclastic Lagoon
wackestone to packstone

37 330 3520.50 23 -0.1 Secondary dolomite, fine to medium crystalline with Lagoon
anhydrite

38 30 3223.71 0.7 0.6 Secondary dolomite, medium to coarse crystalline, barren Lagoon
of fossil

39 30 3264.25 0.9 -0.9 Secondary dolomite, fine to medium crystalline + lime- Lagoon
stone dolomitic

40 30 3304.79 2.5 0.2 Secondary dolomite, medium to coarse crystalline with Lagoon

solution and intercrystalline porosity

4.1.3 Dissolution and fracturing

Skeletal and non-skeletal grains within the carbonate matrix
have been widely affected by dissolution processes, which
have resulted in increasing porosity. The evidence for this
can be seen as solution vuggy porosity in mudstones and
dolostones (Fig. 3cl, c2, c5). Dissolution has affected essen-
tially all bioclasts of presumed original aragonite composi-
tion: coral fragments, mollusk shells and green algae. The
moldic porosity formed by dissolution varies greatly in
abundance from bed to bed, due to variations in bioclasts
proportions and calcite cementation. Extensive dissolution
of all types of bioclasts (including non-aragonite types) is
especially common in dolostones, producing a distinctive
micro-vuggy fabric (Fig. 3¢5, ¢6). Much larger (> cm scale)
dissolution cavities and fissures, typically filled with sand or
granular carbonate sediment, are associated with inferred
karsts surfaces (Figs. 2, 3d1). These karsts features occur
in limestone beds within 1-3 m below the type 1 sequence
boundaries (namely sequence boundaries V and VI) intro-
duced by Van Buchem et al. (2009) (Figs. 2, 3d). Minor,
sometimes open, fractures affecting both limestones and
dolostones are present, while other fractures are partly to
completely seal by anhydrite or calcite (Fig. 3c4).

4.1.4 Dolomitization

Dolomitization has widely affected the limestones in the
middle and upper sections of the Asmari Fm. The rate of
dolomitization increases from the lower to upper units of
this formation; however, the crystal size decreases in an
upwards direction (Figs. 2, 6). Dolomite crystal sizes range
from very fine to very coarse, have a unimodal to poly-
modal distribution and are euhedral planar to planar-s and
xenomorphic (e.g., Sibley and Gregg 1987). Generally, four
types of dolomites are recognized: (1) Type I—very fine to
fine crystalline, unimodal, planar to planar-s with crystal
size < 20 pm (Figs. 6a, 7a); (2) Type II—fine to medium
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dolomite, crystal size < 100 pm polymodal, planar to pla-
nar-s (Figs. 6b, 7b); (3) Type I[Ill—medium to very coarse
crystalline polymodal, subhedral to xenotopic crystal size
20 pm <d <300 pm (Fig. 6¢, 7¢); and (4) Type IV—coarse
to very coarse crystalline, crystal size 100 pm < d or saddle
dolomite (Fig. 6d, 7d). The last type of dolomite can be
seen as disperse medium to coarse crystals in fractures and
as fabric selective replacement in mudstones (Figs. 3, 7).

4.2 Trace elements and stable isotope data

The results of trace elements and stable isotopes (5'°C and
8'%0) are shown in Tables 1 and 2. The §'°0 and 5'°C val-
ues of the Asmari Fm. dolomites range from —2.4 to 2.1%o
VPDB and — 0.2 to 4.3%0 VPDB, respectively.

The values of 8'°C and 8'®0 in limestones (mudstone
to grainstone) range from — 6.8 to —0.2%0 VPDB and
—3.3 to 2.5%0 VPDB, respectively. The Mg concentration
ranges between 5.5 and 11.2% by weight in dolomites and
increases upward (Fig. 8), but is less than 3.5% in dolomitic
limestones.

A general positive trend can be seen between Mn and
Fe molar concentrations (Fig. 9), with Mn and Fe values
generally increasing with depth; however, there is no rela-
tionship between dolomite type and molar concentrations
of Mn and Fe (Fig. 8 and Table 2). These values culminated
at depths 3415.73 m (342 ppm and 22,000 ppm), 3446 m
(195 ppm and 1100 ppm), 3479 m (218 ppm and 3400 ppm)
and 3570-84 m (250-216 ppm and 12,300-13,100 ppm) in
Well#8. The concentration of Zr and Ti also increases in pro-
portion to Mn and Fe concentrations. The average values of
Fe, Mn and Sr for dolomites (4119 ppm, 102 ppm, 586 ppm)
are greater than those values for limestone (2870 ppm,
71 ppm, 271 ppm) (Table 2). No meaningful variation of
Mn/Sr ratios values occurs with depth. Peak Sr concentra-
tions co-vary in accordance with Mg concentrations (Figs. 2,
9).
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DEP NO. : 33766 I

(a1)

Interlocked grains

Fig.3 a Diagenetic processes, compaction, al stylolites in mudstone, well#8 depth 3431.88 m; a2 microstylolites in mudstone, well#8 depth 3376.71 m,
XPL; a3 compaction (Interlocked grains contacts) and anhydrite cement in sandstones, well#131 depth 3437.6 m, XPL. b Cementation, b1 calcite rim
cement in grainstones; b2 spary calcite cement filled fossil tests, well#8, depth 3506.85 m; b3, dolomite cement in sandstones, Well#30, depth 3223.71 m;
b4, intergranular meniscus siliceous cement in sandstones, well#30, depth 3345.93; b5, anhydrite cement in sandstones, well#8 depth 3409.93 m X2; b6,
Spary calcite cement filled moldic porosity, well#330, depth 3367 m; b7, Neomorphism; b8, overgrowth siliceous cement in sandstones. ¢ Dissolution;
cl, solution porosity in dolomitic mudstone, well#8, depth 3359.34 m; ¢2, vuggy porosity in dolomite and filling of dissolved bioclasts by calcite cement,
well#8, depth 3446.51 m; ¢3, micritization of skeletal grains and calcite cementation, well#8, depth 3457.48 m, well#8, depth 3505.33 m; c4, Fracture
in wackestone; ¢5, Solution and intercrystalline porosity in dolomite and ¢6, Core with vuggy porosity in dolomite (d) d1 Karstification, brecciation and
solution seams, well#8, depth 3429.44 m; d2, Red and green marl near sequence boundary Type 1, well#8, depth 3415.42 m
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Fig.3 (continued)

4.3 Reservoir rock types
The main aim of reservoir rock typing is recognition of

hydraulic units of reservoir with similar fluid flow proper-
ties (citation). Four rock groups were distinguished in the

@ Springer

Asmari reservoir based on variations of porosity and per-
meability from cross-plots (Fig. 10c, d). These groups cor-
respond to four carbonate reservoir rock types: Rock Type 1
(very poor to poor reservoir quality) with porosity <4% and
permeability < 0.1 md; Rock Type 2 (fair reservoir quality)



Petroleum Science (2020) 17:292-316

301

Marun # 008
Clay seam E=33 Graded beddin:
y g
Slump Ripples
[==1 Stylolites E== Horizontal bed
=] Linsen bedding Cross bedding
€ - o
€ o
Sample | Depth, Gr  |Diagenesis| | . N ® 2 S =
No. " (API) Sfocts | Lithology 8 < g g T Y z = £ 3 ©
. § T & E £ £ g sz
s 8 =z £ § 3 & & 8 § =2
o 100 o o w < o a = S z o 12
7
X S1
3368 7 /, /’ /, 7
e s b
3383 7T !
X S3 P e
%S5 | 3399 FRrRre T i
No core P
3414 Ty
X S6 e
ettt 'y
X §7 3429 :|'|'|:|:| )
% $10 e
e
3444 T T T T1 I
X S11 PTIT T ¢
T T T 1T
XS12 | 3459 ',, l'/ ',, l'/ "/ p ’ '
X S13 P 'i' A .
3475 e q
xS14 i ]
X 815 L e q
| I -
3490 mamamrar D
X S16 T T T .1
T L 1 I 1 ! 1 ! 1 !
XS17 3505 N e " .
|,I |,I |,I |,I |,l L q
XS18 | 3500 |
%S19 P s
I' l’ l' l' I'
3536
3551
3566
X 821
3581 t '
X S22 3 0
X S23 3597
3612
3627
3642 ]
3658 ——
3673 — —
XS24 | 3688 :I:l:l:l:l q L
X 825 |:|:|:|:|:
3703 ==
3719 Ei ng|3712.6 m ! + } ' :

Fig.4 Vertical distribution of diagenetic processes in the Asmari Formation

with 4% < porosity < 10% and 0.1 md < permeability <2
md; Rock Type 3 (good reservoir quality) with 10% < poros-
ity < 15% and 2 md < permeability < 10 md; and Rock Type
4 (very good reservoir quality) with porosity > 15% and per-
meability > 10 md.

Using the Winland R35 method, with a pore aper-
ture corresponding to the 35th percentile of mercury
saturation in a mercury injection test, four reservoir

rock types are recognized (Fig. 11b): (1) Flow unit 1
(pore throat radius < 0.2 pm) with porosity <5% and
permeability < 0.02 md; (2) Flow unit 2 (0.2 pm < pore
throat radius < 2 pm) with 1% < porosity < 15% and 0.02
md < permeability <2 md; (3) Flow unit 3 (2 pm < pore
throat radius < 10 pm) with 3% < porosity <25% and 2
md < permeability < 20 md; and (4) Flow unit 4 (pore

@ Springer
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Fig. 5 Porosity variation versus depth in the Asmari reservoir, Marun
oil field

throat radius > 10 pm) with porosity > 5% and permeabil-
ity > 10 md.

In the present paper, hydraulic units are calculated based
on the FZI method (Kozeny 1927; Amaefule et al. 1993),
and the complementary DRT method using the following
equations (Abedini 2011).

RQI = 0.0314.1/k/¢ (1)
FZI = RQl/¢z @)
pz=¢/1-¢ 3)
DRT = Round(2 In(FZI) + 10.6) @)

where RQI is the rock quality index (um), k is permeability
(md), ¢ is effective porosity (v/v), ¢z is normalized porosity,
and FZI is the Flow Zone Index (pm). The results of calcula-
tions are presented in Table 3.

The log—log plot of RQI versus normalized porosity
shows six regression lines and one point, which correspond
to seven reservoir rock types (Fig. 11a, b). The FZI, RQI,
DRT values and extracted reservoir rock types are shown
in Table 3.

Rock types 1, 2 and 3 are mainly comprised of dolomite
types of I, I and III. Rock types 4, 5 and 6 encompass a
variety of limestone textures (mudstone, wackestone, pack-
stone, grainstone, boundstone and some dolomite samples
(Table 3).

5 Discussion
5.1 Implications for paleoenvironments

The middle section of the Asmari Fm. is composed mainly
of packstones, grainstones and boundstones, with mudstone

@ Springer

to wackestones and dolomites in the upper sections (Figs. 2,
3 and Table 3).

The microfacies which have been recognized in the
Asmari Fm. suggest that deposition occurred in the spec-
trum of different depositional environments from coastal
and peritidal settings to shallow marine environment. (e.g.,
Fliigel 2004; Vaziri-Moghaddam et al. 2006). The deposi-
tional texture of the Asmari Fm. was affected by several
digenetic processes during marine to burial and subaerial
conditions (Figs. 2, 3, 4).

Stable isotope values vary between — 6.8 and 2.0%0 PDB
for 8'%0 and — 3.3 to 4.3%0 PDB for 8'3C (Table 2). Samples
were divided into two groups (A and B) based on stable iso-
tope values in order to recognize depositional and diagenetic
paleoenvironments (Fig. 12). The characteristics of these
two paleoenvironments are described below.

5.1.1 Depositional environment

The first group (group A) of samples comprises the least
altered limestones and dolomites, with near zero or positive
values of 8'%0 and §'°C. These samples suggest warm shal-
low marine and evaporitic conditions for the Asmari carbon-
ates deposition (Fig. 12) (Adabi and Rao 1991; Swart 2015).

Modern tropical aragonitic sediments have low
Mn (<20 ppm), moderate Na (2500 ppm) and high Sr
(10,000 ppm) concentrations. In contrast, modern temper-
ate calcite sediments contain low Sr (~3000 ppm), high
Na (~5000 ppm) and Mn (~ 150 ppm) concentrations (Rao
1986). In the present study, the average concentrations for
trace elements (Sr, Na and Mn) are~471 ppm,~ 1175 ppm
and ~ 124 ppm, respectively (Table 2, Fig. 9). The Sr/Na
ratio is about 0.4, while it is~0.7 for modern temperate
calcite sediments and high (~4.0) in aragonitic carbonates.
Thus, the geochemical properties of the Asmari carbon-
ate sediments in Marun oil field differ from recent tropical
carbonates, and there is no exact correlation with modern
temperate carbonate sediments (Fig. 9). The Sr-Mn data sup-
port the results of stable isotope analysis which suggested
that the Asmari Fm. was deposited in warm, shallow marine
conditions (Fig. 9).

The general increase in Fe and Mn concentrations at
drilling depths more than 3450 m might be due to redox
conditions and pore fluid sources (Al-Aasm 2000) (Fig. 8).
Widespread high Fe values (> 1000 ppm) and/or high Mn
(> 50 ppm) could indicate that the pore waters were reducing
in a media with significant source of Fe and/or Mn, such as
soil horizons, underlying volcanic or detrital siliciclastics
was present (Budd 1997; Azmy et al. 2001). Although some
authors believe that high concentrations of Fe and Mn may
occur due to recrystallization in dolomites (cf. Banner et al.
1988), however, results from the present study show that Fe
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a S11,CL

Fig.6 Dolomite types in the Asmari Formation Marun oil field. a type I (very fine to fine crystalline unimodal, dolomicrite, (S1* and S11,
well#8, depth 3359.34 m, XPL); b type II (fine to medium crystal size, polymodal, planar to planar-s, S28, well#342, Depth 3117 m, S40
Well#330, Depth 3415.2 m); ¢ type III (medium to very coarse crystalline polymodal, Planar-s to xenotopic, S36, Well#124, Depth 3166 m
and S41, Well#330, Depth 3520.5 m) and d type IV (coarse to very coarse crystalline with zoning, saddle dolomite, S35, Well#124, depth
3174.35 m). (*The reference for Sample no. is in Table 2)

and Mn values of analyzed samples have not been affect by ~ 5.1.2 Diagenetic environments

the type and crystal size of dolomites.
The second group (group B) of samples with depleted val-
ues of 8'%0 and 8'3C mark the effects of subaerial, vadose
and phreatic diagenetic zones (Fig. 12) (Lohmann 1988;

@ Springer
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Fig. 7 SEM photos showing different types of dolomites and porosity sizes in dolomites and limestones. A Type I, B Typell, C Typelll and D
TypelV, E Intergranular microporosity in dolomitic limestones, F Intercrystalline macro-porosity in dolomites

Swart 2015). The covariance relationship between Mn and
Fe values at certain drilling depths (3415.73 m, 3446 m,
3479 m and 3570-84 m in Well#8), (Figs. 8, 9) can be
related to the effect of subaerial exposure, weathering and
the presence of soil horizons (e.g., Budd 1997).This rela-
tionship coincides with the sequence boundaries defined
by the core study (Figs. 2, 3d and Table 2). Furthermore,
Sr values culminate near the above-mentioned depths and
could confirm the presence of subaerial weathering. The

@ Springer

covariance of Sr with Mg is related presumably to the
evaporative conditions at lowstand systems tract (Figs. 2,
8 and Table 2).

5.2 Diagenetic processes sequences
The Zagros folding episode started in the early Miocene,

but the main orogenic phase is presumed to take place in
the Plio-Pliestocene (Sherkati and Letouzey 2004; Leturmy
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Table 2 (continued)

&

Sample description

Isotope results

Mn, ppm  Na,ppm Sr,ppm 8'°C, %0 PDB  &'%0, %0 PDB

Fe, ppm Mg, %

Depth, m Trace elements analysis
Ca, %

Sample ID.  Well no.

Springer

Dolomite, fine to medium crystalline (Type II)

-0.1

23

460
385
421

900
1100

46

8.84
7.26
9.64
9.58

182.31

2800
5400

21.6

3520.50
3223.71

330

37 (41)*
38 (46)*
39 (47)*
40 (48)*

Sum

Dolomite, medium to very coarse (Type III)

0.6
-09

0.7

100

14.11

30

Dolomite (Type III) and limestone dolomitic

0.9

600
2400
47,000

92
58
4977

20.47 5100
2700

3264.25
3304.79

30

Dolomite, fine to medium (Type II)

0.2

2.5

195

20.54
983.64 202,000

30

18,843

4.55,775 124.425 1175 471.075

5050

24.591

Average

(35)* is equivalent sample no. from Table 3

et al. 2010). Oil expulsion and emplacement most likely
happened during the late Miocene to Holocene (approxi-
mately 5 Ma), (Ala 1982; Beydoun et al. 1992); hence, it
can be concluded that much of the porosity evolved because
of diagenetic processes before oil emplacement (Fig. 13). A
discussion about the sequence of digenetic processes now
follows.

Carbonates that form along continental margins and on
carbonate platforms can eventually be buried to deeper
depth. Assuming a normal geothermal gradient of 30 °C/
km, at burial depths of 2-3.5 km, the formation temperature
increases to 60—115 °C. Hence, dissolution and precipita-
tion reactions are enhanced (Swart 2015). Well data show
that the Asmari Fm. is buried to depths more than 2 km
(Fig. 2), so compaction as an early diagenetic process was an
important factor that affected the Asmari Fm. from the early
stages of deposition until the main orogeny phase during
the Pliocene (Fig. 13). This process resulted in the porosity
reduction with increase in drilling depth (Fig. 5). The abun-
dance of stylolitization (pressure solution) in limestones and
interlocked contacts of quartz grains in sandstones are the
main evidences of compaction (Figs. 3a, 4). Stylolitization
(pressure solution) has occurred, mainly parallel to the bed-
ding with some oblique to vertical stylolitization in the upper
and lower sections of the formation (Fig. 2). Dissolution of
the host carbonates and loss of porosity occur during com-
paction (Rittenhouse 1971), and insoluble materials (includ-
ing clay minerals, organic materials, pyrite, quartz grains)
are left behind, leaving a distinct planar or ragged surface
(Swart 2015). Stylolites usually act as permeability barri-
ers; thus, they are of particular interest in reservoir charac-
terization studies (Heap et al. 2014). However, stylolites are
mainly oil stained, suggesting that stylolitization may have
contributed to permeability enhance in the Asmari reservoir
(Figs. 3al, a2).

Subaerial diagenesis took place several times during dep-
osition of the Asmari Fm. This is supported by evidences
obtained from core studies and geochemical data (Figs. 2,
3d and Table 2). Red-brown marl, together with shale and
dolomite intervals, was observed at drilling depth 3415.75 m
(11,207"), (Figs. 2, 3d2). Subaerial exposure resulted in
abundant solution and vuggy porosity, with karsts features
in limestones and dolostones at drilling depths 3415.75 m,
3429 m, 3479 m and 3570.25 m, (Figs. 2, 3c1, c2, d). These
surfaces are equivalent to Type 1 sequence boundary sur-
faces suggested by Avarjani et al. (2015) (Fig. 2).

The most depleted values of 8'*0 and 8'*C in lime-
stones (Table 2 at depths 3415-3483 m) coincide with sub-
aerial diagenetic zones (near proposed Type 1 or Type 2
sequence boundaries, Fig. 2). The depleted values of 8'°C
(—3.3, — 1.9, —0.9%0) and 8'30 (- 2.0, —4.3,—3.3%o),
and the evolution of solution and vuggy porosity at these
intervals can be related to subaerial exposure (Fig. 2 and
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Fig. 8 Distribution of trace elements Fe, Mn, Mg, Sr and stable isotopes 830, 6'°C %o with depth in well#8

Table 2) (Budd 1997). The 8'%0 values that are lighter
than the postulated marine calcite value (—2.6%0 PDB)
are due to equilibration with non-marine waters (Adabi
and Rao 1991), Hence, the depleted &80 values of the

above samples could be due to subaerial exposure and the
effect of meteoric water. Based on the core study, some
intervals are located below the Type I or Type II sequence
boundaries (samples 6, 7, 11, 14 and 21; Figs. 2, 3d).
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Fig.9 General trend of trace elements proportion with depth in limestones and dolomites. Comparison of Sr/Mn ratio with analog curves (Adabi

and Rao 1991)

The depletion of 8'°C is characteristic of vadose diage-
netic media, where the soil CO, enrichment in 12C occurs
because of decomposition of organic matter (Adabi and
Rao 1991). The depleted 5'*0 and §'3C values could also
be attributed to temperature increase and preservation of
organic materials (Azmy et al. 2001) (Fig. 8). The §'°C
values in phreatic, meteoric calcite approach marine lev-
els due to increasing rock-water interaction (Meyers and
Lohmann 1985; Lohmann 1988). Trace element (e.g., Mn
and Fe) concentrations show a co-variant relationship
with 8'3C values, but a weak correlation with §'30 values
(Fig. 8). This correlation could be due to effect of vadose
diagenetic zone. Some samples of more positive 8'3C (up
to +4.28%0 PDB) and 8'30 values close to marine equi-
librium (Fig. 12) may reflect marine diagenetic reactions
(Braithwaite and Camoin 2011).
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Cementation as a very important process has occurred
in the Asmari Fm. in different environments from subae-
rial, freshwater vadose, sabkha saline, marine and shallow
to deep burial. Calcite and anhydrite cementation (Figs. 3bl,
b2, b5) are more frequent in limestones, but dolomite and
silica cements (Figs. 3b3, b4) can also be seen in sandstone
intervals. Syntaxial overgrowth, concave meniscus and
isopachous equant spary calcite cements (Fig. 3b4, b6, b8,
c2) suggest vadose and freshwater phreatic zones (Halley
and Harris 1979). Solution of quartz grains and precipitation
of overgrowth silica cements could be evidence of shallow to
burial diagenesis of sandstones (Fig. 3b8) (Walderhaug et al.
2009; Swart 2015). The blocky cement may be comprised
of partly early, near-surface cement (related to exposure)
and partly late (burial) cement, which may have formed as a
result of dissolution along stylolites and fractures (Fig. 3b6,
c4). This process could have started at the beginning of the
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Fig. 10 Shows the relationship of porosity and permeability in the Asmari Formation. a Limestones, b dolomites cross-plots; ¢, d show the rela-
tionship between petrophysical properties (porosity and permeability) of dolomites and limestones with the curves for standard particle size in

uniformly cemented non-vuggy carbonates (Lucia 1983 and 1995)

Asmari Fm. deposition and lasted until oil migrated into the
reservoir (Fig. 13).

The Asmari Fm. has been affected by four phases of
dolomitization (Fig. 6d, CL). The rate of dolomitization
increases from lower to the upper parts of the Asmari car-
bonate succession. This is supported by increasing Mg/Ca
ratios with a reduction in depth (Fig. 9). The dolomites of
the Asmari Fm. are categorized as evaporitic because of
their high concentrations of Na (2500 ppm > Na > 700 ppm)
and sulfate (10,000 ppm > S > 900 ppm) (Staudt et al. 1993).
The first phase (Phase I) of dolomitization is an early stage,
which is documented by very fine, crystalline, unimodal
dolomite (Type I with d <20 pm) (Fig. 6a) and expresses
pervasive replacement dolomitization that occurred in

supratidal to sabkha and restricted supersaline environments
(Budd 1997; Warren 2000).This phase of dolomitization
occurred in muddy facies, such as mudstones, wackestones
and mud-dominated packstone dolomites in grainy facies
(cf. Al-Aasm 2000; Aqrawi et al. 2006). Some dolostone
samples (e.g., No. 1,4 and 11, Table 2) from the upper sec-
tion of the Asmari Fm. show characteristics of this type of
dolomite, with red luminescence, positive values of 813¢C
(+2.4%0, +2.5%0 and +4.1%o0), and near zero values of 8180
PBD (—0.2%0, —0.3%0 and + 0.1%o) (Tables 1, 2, Fig. 6a).
This phase mainly took place during lower Miocene (Bur-
digalian or later).

Pervasive dolomitization phases (II and III) were formed
in a burial environment and high temperature conditions

@ Springer
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Fig. 11 a Reservoir rock types based on Flow Zone Index and Discrete Rock Type methods. b Semi-log cross-plot of porosity versus permeabil-

ity shows reservoir flow units based on Winland R35 method

(Fig. 6b, c). The burial origin was suggested by recrystal-
lization and formation of the coarse crystals, and a slight
negative shift in 8'80 values (Al-Aasm et al. 2009). These
dolomites may have been recrystallized by a later fluid (Al-
Aasm 2000). Dolomites of Type II and Type III show posi-
tive values of 8'°C (+0.1 to 42.5), depleted to near zero
8'%0 (=2.4 10 0.2), and yellow, red to dark luminescence
(Fig. 6, Table 2). These two phases of dolomitization may
have occurred during burial of the Asmari Fm. at depths of
more than 2 km after deposition of the Aghajari Fm. in late
Miocene.

Phase IV is the precipitation of medium to coarse dolo-
mite crystals in fractures, and solution vuggy porosities.
This phase comprises planar polymodal dolomite with posi-
tive values (+ 1.7 to +4.3) of 8'3C and §'%0 (0.0 to +2.3),
and orange to brown luminescence (Fig. 6d, Table 2). The
enriched values of 8'80 may show the evaporative origin of
Mg-bearing fluids (Al-Aasm et al. 2009). Phase IV of dolo-
mitization presumably occurred after the main Zagros fold-
ing and fracturing events, during late Miocene to Pliocene.

It is suggested that the reflux model can explain the fine
crystalline, pervasive dolomites found mainly in the upper
half successions of the Asmari Fm. This model also is sup-
ported by the presence of anhydrite nodules with dolo-
mite (Figs. 2, 3al, d2), and the texture of the muddy facies
includes tidal flat (supratidal and intertidal) and subtidal/
lagoonal facies of the precursor limestone. Another pos-
sible model for dolomite formation is probably related to
flush over of platform grainstones from the previous depo-
sitional cycle (particularly within the Middle Asmari Fm.)
by condensed and evaporative solutions. Dolomitization of
open-marine facies in the lower and middle sections of the

@ Springer

Asmari Fm. may have occurred during the later burial phase,
when the compaction of the underlying Pabdeh marls and
shales generated Mg-rich fluids. The presence of concentric
overgrowth of dolomite crystals (crystal zoning) defined by
cathodoluminescence can mark the replasive burial origin
(Fig. 6d) (cf. Budd 1997).

In addition to invoking the reflux model to explain the fine
crystalline dolomite (Type I), the mixing zone model is also
suggested for the origin of dolomitization in the Asmari Fm.
because of the covariance of 8'80%. and 6'°C%o (Figs. 2,
8 and Table 2) (Budd 1997; Swart 2015). This fluid mixing
can be the main mechanism for dolomitization near the suba-
erial exposure surfaces and sequence boundaries (Al-Aasm
2000). Petrographic studies show evidence of freshwater
dissolution and development of dolomitization below the
subaerial exposures (Figs. 2, 3c1, c2, d) (proposed sequence
boundaries by Avarjani et al. 2015). During lowstand sys-
tems tract, percolation of freshwater into the underlaying
carbonate beds and formation of a mixing zone with the
seawater resulted in the pervasive dolomitisation (types II
and IIT) of the Asmari Fm. Dolomite type IV may have pre-
cipitated because of percolation of the Mg-bearing fluids
through fractures and vuggy porosities (Fig. 6d).

The variation of Sr concentrations (90-2195 ppm) in
dolomites can be related to either depositional and digenetic
conditions of mixed meteoric realms, or burial digenetic
media with Sr-rich fluids (Table 2) (White and Al-Aasm
1997; Al-Aasm 2000) that could indicate dolomite forma-
tion in a water-buffered diagenetic system (Budd 1997).
Other higher Sr concentrations in limestones (Table 2) may
reflect the contribution of skeletal and non-skeletal arago-
nitic grains. Since the Mn/Sr ratio is generally less than 3
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Diagenesis sequence in the Asmari Formation

Fig. 13 Sequence of diagenesis processes and porosity evolution rela-
tive to each other, folding of Zagros belt and oil emplacement

(Fig. 9), it can be inferred that the original chemistry of
the precursor carbonate is well preserved during diagenesis
(Azmy et al. 2001).

5.3 Reservoir quality

Interparticle (intercrystalline and intergranular) (Fig. 3b,
¢5), moldic and vuggy porosities are the most outstanding

porosity types of carbonates successions of the Asmari Fm
(Fig. 3cl, c2, bl) (c.f. Lucia 1995). Moreover, intergranu-
lar porosity is the main type porosity for sandstone inter-
vals (Fig. 3b4). The sizes of intercrystalline pore throats
range mainly from micro- (d < 0.5 um) to macro-porosity
(d>5 pm) (Fig. 7) (Maliva et al. 2009).

Furthermore, most of the intercrystalline porosity of the
dolomites is oil saturated (Fig. 6a, b).

Compaction and cementation are the main causes for res-
ervoir quality destruction (Fig. 3a, a2, b5). Reduction in the
Asmari reservoir porosity versus depth can be seen gener-
ally (Fig. 5). A large proportion of the primary intergranular
porosities in grainstones and packstones are occluded by
calcite and anhydrite cements (Fig. 3¢2, b6), while anhydrite
and dolomitic cements are the main cause of porosity reduc-
tion in sandstones (Fig. 3b3, b4, b5).

The petrophysical properties of selected limestone
and dolomite core plug samples are presented in Table 3.
This dataset shows that the average porosity and perme-
ability, respectively, are 4.4% and 2.16 md for limestones,
and 11.80% and 7.29 md for dolomites. Although a large
increase in porosity (approximately 7.4%) is related to dolo-
mitization, there is a fairly good correlation between poros-
ity and permeability for dolomites (Fig. 10b). This may be
due to the closing of some pore throats by over dolomitiza-
tion or precipitation of anhydrite cement (Lucia 1983).

On contrary to dolomites, limestone samples represent
a good correlation between porosity and permeability
(Fig. 10a) that reflects diagenesis is more positive for perme-
ability preservation in limestones rather than dolomites, or it
can be evidence of permeability preservation in limestones
during diagenesis.

A cross-plot of porosity versus permeability, overlaid
with standard curves of the relationship between petrophysi-
cal properties and particle size for uniformly cemented, non-
vuggy carbonates (Lucia 1983), shows that Type II dolo-
mites (20 <d < 100 pm) match with the standard area for this
particle size. However, Types I and III do not match with the
standard area of the corresponding particle size (Fig. 10c).
This deviation to the left of Type 1 dolomites may be due
to porosity and permeability enhancement by dissolution
and development of vuggy porosity (Fig. 10c). Interparticle
porosities in Type I dolomite samples are mainly connected
to each other by touching vugs that led to high effective
porosities (Figs. 3c1, c2). The porosity and permeability of
Type III dolomites were reduced due to cementation and
over dolomitization, as if the plots of these samples deviated
to the right (Figs. 6¢, 10c).

The cross-plot of porosity and permeability in limestones
(Fig. 10d) reveals that the petrophysical properties of the
Asmari reservoir differ from the original rock texture.

Reservoir rock typing, based on FZI and DRT methods,
illustrates that the reservoir hydraulic flow units do not
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necessarily follow the geological classification and texture
of carbonate reservoir rocks (Table 3). Therefore, it seems
that diagenesis is the main controlling factor of the carbon-
ate reservoir quality. Reservoir rock type 3 (RRT3) consists
of Type I and II dolomites as well as sandstones with dolo-
mitic cement (Table 3), indicating the best reservoir quality
(Fig. 11).

6 Conclusions

Seven hydraulic flow units were distinguished using FZI
(Flow Zone Index) and DRT (Discrete Rock Type) methods.
Rock types 1, 2 and 3 mainly consist of dolomite, while rock
types 4, 5, 6 and 7 encompass a variety of limestone textures
(mudstone, wackestone, packstone, grainstone, boundstone)
and some dolomite samples. Cross-plots of petrophysical
properties and analysis of FZI show that the main control-
ling factors of the reservoir heterogeneity and quality in the
Asmari Fm. are diagenetic processes, especially, cementa-
tion, dolomitization and dissolution. Core plug data reveal
that the porosity and permeability of the Asmari reservoir
increased due to dolomitization (average increase of 7.4%
and 5 md, respectively) as the most effective diagenetic fac-
tor influencing reservoir quality enhancement.

Four types of dolomites have been recognized in the
Asmari Fm.: (1) Type I, very fine to fine crystalline dolomite
(crystal size <20 pm); (2) Type II, fine to medium crystal-
line (< 100 pm), polymodal, planar to planar-s secondary
pervasive dolomite; (3) Type III, medium to coarse crys-
talline, polymodal, subhedral to xenotopic; and (4) Type
IV, medium to very coarse crystalline, dolomitic cement or
saddle dolomite. Type I dolomite would have been formed
in restricted sabkha and supersaline environments, while
the other types would have been formed in medium to deep
burial and high temperature conditions. Based on dissolution
porosity, the development of dolomitization under subaerial
exposures and Type 1 sequence boundaries the mixing zone
model is proposed for the main dolomitization phase in the
Asmari Fm.

However, brine reflux, seepage reflux and tidal pumping
of seawater models are also proposed to explain dolomitiza-
tion in some other intervals of the Asmari Fm.

Stable isotope and trace elements analyses indicated that
the carbonate successions of the Asmari Fm. were depos-
ited in warm, shallow marine environments under a saline
evaporative condition.
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