
Geo log i cal Quar terly, 2021, 65: 27
DOI: http://dx.doi.org/10.7306/gq.1596

Depositional en vi ron ment, geo chem is try and diagenetic con trol 
of the res er voir qual ity of the Oligo-Mio cene Asmari For ma tion, 

a car bon ate plat form in SW Iran 

Armin OMIDPOUR1, Reza MOUSSAVI-HARAMI1, *, A.J. (Tom) VAN LOON2, Asadollah MAHBOUBI1 
and Hossain RAHIMPOUR-BONAB3

1 Ferdowsi Uni ver sity of Mashhad, De part ment of Ge ol ogy, Fac ulty of Sci ences,  Azadi Square, Mashhad, Razavi Khorasan 
Prov ince, Iran

2 Shandong Uni ver sity of Sci ence and Tech nol ogy, Col lege of Earth Sci ence and En gi neer ing, Qingdao 266590,
Shandong, China

3 Uni ver sity of Teh ran, School of Ge ol ogy, Col lege of Sci ence, 16th Azar Street, Enghelab Square, Teh ran, Iran

Omidpour, A., Moussavi-Harami, R., Van Loon, A.J. (Tom), Mahboubi, A., Rahimpour-Bonab, H., 2021. Depositional en vi -
ron ment, geo chem is try and diagenetic con trol of the res er voir qual ity of the Oligo-Mio cene Asmari For ma tion, a car bon ate
plat form in SW Iran. Geo log i cal Quar terly, 2021, 65: 27, doi: 10.7306/gq.1596

The Oligo-Mio cene Asmari For ma tion in SW Iran rep re sents sed i men ta tion on a car bon ate plat form. Thin-sec tion anal y sis
al lowed dis tin guish ing 26 microfacies, which can be grouped into twelve microfacies as so ci a tions that rep re sent four main
depositional en vi ron ments: open-ma rine, outer-ramp, mid dle-ramp and in ner-ramp set tings. The car bon ates have un der -
gone a com plex diagenetic his tory, from penecontemporaneous shal low-ma rine con sol i da tion to deep-burial diagenesis.
The most im por tant pro cesses that af fected the car bon ates are dolomitization (in dif fer ent stages), ce men ta tion (by
anhydrite and cal cite), dis so lu tion (fab ric-se lec tive and fab ric-de struc tive), frac tur ing, stylolitization and neomorphism. Mi nor 
diagenetic pro cesses that mod i fied the sed i ments are pyritization, sili ci fi ca tion, glauconitization, micritization and bio -
turbation. Diagenetic pro cesses such as dolomitization, dis so lu tion and frac tur ing im proved the res er voir qual ity, whereas
ce men ta tion and com pac tion have re duced the res er voir qual ity of the Asmari For ma tion. Whole-rock ox y gen and car bon
iso tope anal y ses of lime stone sam ples show that the iso to pic com po si tion of the car bon ates was hardly af fected by
diagenesis and that the car bon ates re mained roughly in iso to pic equi lib rium with the Paleogene sea wa ter. Some sam ples
have, how ever, been af fected sig nif i cantly by diagenesis dur ing deep burial in a closed to semi-closed diagenetic sys tem.
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 INTRODUCTION

The most im por tant ap pli ca tions of geo chem i cal stud ies in
car bon ate rocks are iden ti fy ing the pre cur sor car bon ate min er -
al ogy, sed i men tary en vi ron ment, and the eval u a tion of palaeo -
temperature and palaeoclimate. In ad di tion, such stud ies are
cur rently used for palaeosalinity re con struc tion, dem on strat ing
diagenetic al ter ation rates, dis tin guish ing be tween var i ous
diagenetic en vi ron ments (ma rine, me te oric, burial), and rec og -
niz ing diagenetic trends (e.g., Rao, 1996; Immenhauser et al.,
2002; Vin cent et al., 2006; Adabi and Mehmandosti, 2008). 

Car bon ate min er als in ma rine set tings are po ten tially ideal
tar gets for geo chem i cal stud ies (Hood et al., 2018) be cause of
the com monly lim ited in flu ence of de tri tal com po nents, and be -
cause car bon ates tend to pre serve their pet ro graph i cal and geo -

chem i cal char ac ter is tics dur ing al ter ation and lithification. Com -
pared to the par ent so lu tion (the sea wa ter), such min er als are,
when pre cip i tated from sea wa ter at low tem per a tures, more en -
riched in 18O than min er als formed at higher tem per a tures. This
leads to a higher d18O value. This pa ram e ter is there fore not only
im por tant be cause it makes it pos si ble to dis tin guish ma rine car -
bon ates from min er als pre cip i tated from me te oric wa ter (which
gen er ally show lower val ues of d18O), but also be cause sta -
ble-iso tope and el e men tal data of car bon ate rocks can be used
to eval u ate palaeotemperature and palaeo climate by re con -
struct ing the chem i cal and iso to pic con tent of the an cient sea wa -
ter and/or diagenetic flu ids (e.g., Tucker and Wright, 1990; Lear
et al., 2000; Crowe et al., 2013; Swart, 2015; Fallah-Bagtash et
al., 2020). The var i ous geo chem i cal (in clud ing iso to pic) data are
com monly in ter preted with the help of cross-plot di a grams, as
these fa cil i tate de tec tion of diagenetic sig nals.

The pres ent con tri bu tion deals with the Oligocene-Mio cene
Asmari For ma tion, a strati graphic unit which hosts nu mer ous
supergiant and gi ant hy dro car bon ac cu mu la tions that con tain
>90% of the re cov er able oil of Iran (Ghazban, 2007). In te grated 
geo chem i cal anal y ses (sta ble iso topes of car bon and ox y gen,
as well as trace el e ments) and petrographic stud ies have been
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car ried out to in crease the in sight into car bon ate diagenesis
(e.g., Swart, 2015; Hood et al., 2018). Such stud ies show that
diagenetic pro cesses in car bon ates may in clude mod i fi ca tions
of tex ture, min er al ogy, chem is try, and po ros ity, and thus sig nif i -
cantly af fect res er voir qual ity. The pres ent study of the Asmari
For ma tion is based on a com bi na tion of core anal y sis, thin-sec -
tion pe trog ra phy and trace-el e ment and sta ble-iso tope anal y -
sis. The main ob jec tive of the study is to rec og nize the ef fects of 
diagenetic pro cesses that af fected the Oligo-Mio cene car bon -
ates on their qual ity as oil res er voirs. 

GEOLOGICAL SETTING

The Shadegan Oil Field is lo cated in the south west ern part
of the Dezful Embayment, within the Zagros Ba sin (Fig. 1A).
The Zagros re gion is one of the im por tant tectono-strati graphic
do mains in south west ern Iran. Its ap prox i mate length is
>1600 km and its width is 200-250 km (Sherkati and Letouzey,
2004; Heydari, 2008). The main trend in this huge geotectonic
struc ture, which forms part of the Al pine-Hi ma la yan orogenic
belt (Alavi, 2004), is NW–SE, start ing in SE Tur key and ex tend -
ing to the Hormuz Strait (Sherkati and Letouzey, 2004). 

The Zagros Ba sin was formed due to the clo sure of the
Neo-Tethys Ocean dur ing con ver gence and even tual col li sion
be tween the Ara bian Plate (from the north-east) and the Cen tral 
Iran/Eur asian Plate (Alavi, 2004; Navabpour and Bar rier,
2012). The pres ent-day mor phol ogy of the Zagros Moun tains is 
the re sult of two main com pres sive phases: a first phase with
subduction to the NE and obduction in the Late Cre ta ceous
(Saura et al., 2011), and a sec ond phase with col li sion dur ing
the Neo gene (Sherkati and Letouzey, 2004; Lashgari et al.,
2020). The Oligocene-Mio cene Asmari Plat form was formed
mainly dur ing the fi nal stage of the clo sure of the Neo-Tethys
Ocean and the be gin ning of a fore land de vel op ment (Sherkati
et al., 2006).

Based on its tec tonic ac tiv ity and depositional his tory, four
tectono-strati graphic zones can be dis tin guished in the Zagros
Ba sin. They are, from NW to SE (Fig. 1A), Lurestan, the Dezful
Embayment, the Izeh Zone and Fars (Heydari, 2008). The
pres ent study deals with a re gion in the Dezful Embayment,
which cov ers ~7000 km2 and is sur rounded by three ma jor
faults: the Moun tain Front Fault, the Balarud Fault, and the
Kazerun Fault (Sepehr and Cosgrove, 2004; Saura et al., 2015; 
Fig. 1A). This embayment hosts al most all ma jor Ira nian oil
fields (Bordenave and Hegre, 2010). 

The sub ject of the pres ent study, the Shadegan Oil Field, is
lo cated in the south-west ern part of the Dezful Embayment,
~60 km SE of the city of Ahwaz. It is a high-re lief, asym met ric
anticline of 23 km long and 6 km wide, sit u ated at 30°05´ to
31°00´N and 49°06´ to 49°15´E (Fig. 1B). The petroliferous
Oligocene-Mio cene Asmari For ma tion in the Shadegan Oil
Field con sists mainly of cream- to brown-col oured lime stones
and po rous dolostones al ter nat ing with shales (Fig. 2). It con -
form ably over lies the marly and shaly Pabdeh For ma tion and is, 
in turn, con form ably over lain by the evaporites of the Gachsa -
ran For ma tion.

MATERIAL AND METHODS

The pres ent study is based mainly on the anal y sis of rock
sam ples from the Asmari For ma tion, col lected at core in ter vals
from five bore holes (SG-4, SG-7, SG-8, SG-11 and SG-12) in
the Shadegan Oil Field (Fig. 3). The thick ness of the for ma tion
ranges in these bore holes be tween ~363 and 390 m. The lime -

stone types have been clas si fied ac cord ing to the schemes of
Dun ham (1962), and Embry and Klovan (1971), and the dolo -
mites have been clas si fied fol low ing Sibley and Gregg (1987).
From the core sam ples, 1123 thin-sec tions were pre pared;
these were stained with po tas sium ferri cyanide and Aliz a rin
Red S to dis tin guish the var i ous types of car bon ate min er als (cf. 
Dick son, 1965).

Forty-eight lime stone and thirty-two do lo mite sam ples from
the cores were care fully pow dered, us ing a small drill, and the
pow dered sam ples were ana lysed for sev eral ma jor and trace el -
e ments. El e men tal anal y sis was per formed by atomic ab sorp tion 
spectrophotometry (AAS) at the cen tral lab of Ferdowsi Uni ver -
sity of Mashhad, Iran. The ac cu racy of these anal y ses was better 
than ±5 ppm for Mn, Fe, Sr, and Na, and 0.5% for Mg.

The forty-eight pow dered lime stone sam ples were first ana -
lysed for their ma jor and trace el e ments, and sub se quently for
their ox y gen and car bon iso topes at the G.G. Hatch Sta ble Iso -
tope Lab o ra tory, Uni ver sity of Ot tawa; this was done with a VG
STRA Se ries II ap pa ra tus. The sam ples were weighed in con -
tain ers, and 0.1 mL of H3PO4 (spe cific weight 1.91) was added
to the side. Then the con tain ers were capped, placed in a hor i -
zon tal po si tion, and flushed with he lium. The re sult ing re ac tion
of cal cite (at 25°C) dur ing 24 hours was fol lowed by ex trac tion in 
con tin u ous flow. The mea sure ments were per formed with a
Delta XP and a Gas Bench II, both from Thermo Finnegan. The
an a lyt i cal pre ci sion (2 s) was ±0.1‰. The ox y gen and car bon
iso tope val ues are re ported rel a tive to the Vi enna PeeDee Bel -
em nite (VPDB) stan dard.

DEPOSITIONAL ENVIRONMENTS 
AND MICROFACIES

Thin-sec tion anal y sis of the car bon ate sam ples, fol low ing –
but adapt ing where nec es sary – the method in tro duced by
Flügel (2010) re sulted in the dis tinc tion of 26 microfacies. The
de tailed de scrip tion of these microfacies, as well as their fos sil
con tent, is the sub ject of other stud ies (Avarjani et al., 2015;
Omidpour et al., 2021). The pres ent study fo cuses on the in ter -
pre ta tion of the depositional en vi ron ment and its sub-en vi ron -
ments.

The 26 microfacies can be grouped into 12 fa cies as so ci a -
tions, which rep re sent spe cific depositional con di tions that re -
flect depositional sub-en vi ron ments. These sub-en vi ron ments,
in turn, rep re sent four main en vi ron ments: open-ma rine, outer
ramp, mid dle ramp and in ner ramp. The ramp was most prob a -
bly of a homoclinal type as in di cated by the ab sence of large
bar rier reefs (Avarjani et al., 2015; Omidpour et al., 2021), al -
though small reefs are pres ent, com monly as patches. The
microfacies, which are dis tin guished and in ter preted for a con -
sid er able part on the ba sis of their bioclast con tent, pass grad u -
ally into each other.

OPEN-MARINE ENVIRONMENT

The open-ma rine en vi ron ment is rep re sented by only one
microfacies, formed by al ter na tions of marls and shales. They
rep re sent low-en ergy con di tions that are in ter preted, also on
the ba sis of their wide, con tin u ous ex tent, as formed by set tling
in an open-ma rine en vi ron ment. Trace fos sils such as Cylen -
drichnus, Thalassinoides, Rosselina, and Nereites in di cate a
low sed i men ta tion rate. In spite of the over all quiet con di tions,
some (prob a bly slow) bot tom cur rents may have been pres ent
con sid er ing the oc ca sional pres ence of small, rounded do lo -
mite grains.

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



Armin Omidpour et al. / Geological Quarterly, 2021, 65: 27 3

Fig. 1. Lo ca tion maps of the study area

A – re gional map show ing the main struc tural el e ments in SW Iran (af ter Sharland et al., 2004); 
B – lo ca tion of the Shadegan Oil Field in the Dezful Embayment of the Zagros Ba sin
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Fig. 2. Type sec tion (subsurface) of the Oligo-Mio cene Asmari For ma tion
 in bore hole SG-11



OUTER RAMP

The outer ramp shows the grad ual tran si tion from the truly
open-ma rine set ting to a plat form realm. This is ex pressed in
the form of two sub-en vi ron ments: a dis tal outer ramp and a
prox i mal outer ramp. Both sub-en vi ron ments had a mod er ate
en ergy level.

The dis tal outer-ramp sub-en vi ron ment is char ac ter ized by
a fa cies as so ci a tion con sti tuted by two microfacies with a fauna
con sist ing mostly of plank tonic foraminifers and bryo zoans.
The two fa cies of this as so ci a tion are:

– al ter na tions of bioclastic wackestones and mudstones, 
– al ter na tions of wackestones and float stones that also con -

tain large ben thic foraminifers. 
The pres ence of framboidal py rite in di cates that re duc ing

con di tions ex isted, at least oc ca sion ally, at or within the bot tom, 
prob a bly due to the high rate of ac cu mu la tion of or ganic re -
mains of plank tonic fauna.

The prox i mal outer-ramp sub-en vi ron ment is char ac ter ized
by a fa cies as so ci a tion that also con tains two microfacies, con -
sist ing of bioclastic rudstones with a ma trix of wackestone, in
which the fauna is dom i nated by large ben thic foraminifers. The 
dif fer ence be tween the two microfacies of this as so ci a tion is
that in one of them the large ben thic foraminifers con sist mainly
of Operculina, whereas Eulepidina dom i nates the other micro -
facies.

MIDDLE RAMP

The mid dle ramp can be sub di vided into three sub-en vi ron -
ments (deep subtidal, shal low subtidal, and patch reefs), which
rep re sent the fur ther tran si tion from open-ma rine (with a tran si -
tion to the outer ramp) to the in ner ramp. The en ergy level was,
as a re sult of the shal lower set ting and the con se quently larger
in flu ence of waves, higher than on the outer ramp, rang ing from
mod er ate to high.

The deep subtidal part of the mid dle ramp is char ac ter ized
by a microfacies as so ci a tion con sist ing of car bon ates with a
highly dolomitized ma trix and sig nif i cantly less dolomitized
grains. The fauna was dom i nated by large ben thic foraminifers.
Mod er ate- to high-en ergy con di tions pre vailed. Two micro -
facies are pres ent: 

– al ter nat ing wackestones, packstones, and rudstones in
which the large foraminifer Lepidocyclina dom i nates,

– packstones in which Rotalia viennoti pre vails.
The shal low subtidal sub-en vi ron ment, with its mod er ate to

high en ergy level, con sists of micrites, a muddy ma trix, and
syntaxial and isopachous rim ce ment. Ben thic foraminifers
(par tic u larly miliolids) and gas tro pods are the most com mon
fauna. Two microfacies can be dis tin guished: 

– al ter nat ing wackestones, packstones and float stones with
echinoderms, red al gae, and Rotalia viennoti,

– al ter nat ing wackestones and packstones with both im per fo -
rat ed and per fo rated foraminifers. 
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Fig. 3. The Asmari res er voir

A – con tour map show ing the depth (in m) of the top of the Asmari res er voir and lo ca tions 
of the five bore holes in the Shadegan Oil Field men tioned in this study; B – cored in ter vals of the five

bore holes (SG-4, SG-7, SG-8, SG-11 and SG-12) in the Shadegan Oil Field



The patch reefs (and their ero sional prod ucts) were built by
cor als, in ad di tion to com mon echinoderms, coralline al gae and
the large ben thic foraminifer Rotalia viennoti. The tex ture of the
sed i ment is ob vi ously con trolled by the coral growth, but the
high orig i nal po ros ity has been re duced by chem i cal com pac -
tion and ce men ta tion, com monly by dolomitic micrite. The en -
ergy level in the sub-en vi ron ment was high. Three microfacies
can be dis tin guished: 

– grainstones (rep re sent ing reef ta lus) with al gae, echino -
derms and Rotalia viennoti, 

– al ter na tions of boundstones and rudstones with echino -
derms, al gae and coralline al gae,

– boundstones con sist ing of cor als.

INNER RAMP

The in ner ramp is the most var ied depositional en vi ron ment
in the study area, with six sub-en vi ron ments rep re sent ing, re -
spec tively, shoals, an open la goon, a re stricted la goon, the prox i -
mal part of a re stricted la goon, intertidal and supratidal set tings.
The en ergy lev els range from low to high, de pend ing on the
sub-en vi ron ment. These sub-en vi ron ments thus rep re sent the
outer end of the to tal spec trum from open-ma rine (see open-ma -
rine en vi ron ment) to the supratidal set ting dealt with here.

The microfacies as so ci a tion rep re sent ing the shoals re -
flects high-en ergy con di tions; the sed i ments are, as a rule,
strongly ce mented, and they com monly con tain micritized
spec i mens of ooids and bioclasts. Three microfacies can be
dis tin guished: 

– grainstones con sist ing mainly of ooids, 
– grainstones con sist ing mostly of ooids and com mon spec i -

mens of Faverina, 
– bioclastic grainstones.

The open-la goon microfacies as so ci a tion con sists of two
microfacies that were de pos ited un der low- to mod er ate-en ergy 
con di tions; they con tain nu mer ous micritized bioclasts. The two 
microfacies are:

– bioclastic packstones with red al gae and echinoderms, 
– packstones with a large di ver sity of im per fo rat ed fora minifers.

The microfacies as so ci a tion rep re sent ing the re stricted la -
goon has three microfacies that are all char ac ter ized by low-en -
ergy depositional con di tions, the com mon pres ence of micri -
tized bioclasts and biogenetic struc tures cre ated by or gan isms
that pro duced bur rows and bor ings. The three microfacies are:

– al ter nat ing wacke- and packstones with miliolids, 
– al ter nat ing wacke- and packstones with the miliolid fora -

minifer Dendritina rangi, 
– bioclastic wackestones.

The as so ci a tion rep re sent ing the prox i mal part of the re -
stricted la goon, where also low-en ergy con di tions pre vailed (as
in di cated by the im per fo rat ed foraminifers), con sists of two
microfacies: 

– peloidal wackestones with miliolids and Dendritina rangi,
– peloidal bioclastic wackestones with mainly im per fo rat ed

foraminifers.
The intertidal part of the in ner ramp rep re sents low- to mod -

er ate-en ergy con di tions, and the sed i ments con sist largely of
silt. They are com monly bioturbated, and peloids are com monly 
pres ent. Two microfacies can be dis tin guished: 

– peloidal wackestones with com mon intraclasts, 
– mudstones which only show some roughly hor i zon tal lam i -

na tion.

The last microfacies as so ci a tion, rep re sent ing the supra -
tidal part of the in ner ramp, is char ac ter ized by low-en ergy con -
di tions. Two microfacies can be dis tin guished: 

– fine (<2 mm) dolomicrites,
– an hyd rites with a nod u lar or lam i nated ap pear ance.

DEPOSITIONAL ENVIRONMENT

The depositional en vi ron ments of the 26 car bon ate micro -
facies dif fer, apart from their fos sil con tent, mainly from each
other by the high- to low-en ergy con di tions and their depth (which 
de ter mines the light pen e tra tion). The en vi ron men tal in ter pre ta -
tion is, ob vi ously, also largely based on the fos sils (in clud ing
ichnofossils) that in di cate spe cific con di tions of their hab i tat.

The over all en vi ron ment of the Asmari For ma tion is best de -
scribed as a homoclinal ramp (Omidpour et al., 2021). This in -
ter pre ta tion is sup ported by:

– high fre quency of porcelaneous foraminifers, 
– dom i nant fau nal gen era and, most im por tantly,
– grad ual fa cies change from a tide- dom i nated low-en ergy en -

vi ron ment to oolitic/bioclast-rich high -en ergy shoals with a
high car bon ate-mud pro duc tion and per va sive ma rine ce -
men ta tion (cf. Rowlands et al., 2014; Jafari et al., 2020). 
Ad di tional ev i dence for the en vi ron men tal in ter pre ta tion is

pro vided by the lack of tempestites/turbidites, and by the ab -
sence of a large, lat er ally con tin u ous bar rier reefs (Avarjani et
al., 2015; Fig. 4). The wide tidal flat with evaporites and dolo -
micrite fa cies sug gests a ma rine set ting with a hot and arid cli -
mate. Evaporitic car bon ate ramps gen er ally form at pas sive
con ti nen tal mar gins with very gen tle slopes (B«denas and
Aurell, 2001). 

The lower part of the Asmari For ma tion con tains abun dant
plank tonic foraminifers and large ben thic foraminifers (such as
Operculina sp. and Eulepidina sp.) within a ho mo ge neous,
mas sive micrite. This in di cates low-en ergy con di tions in the
quiet, deep wa ters (be low storm wave base) of an outer-ramp
set ting with nor mal sa lin ity (cf. Brigaud et al., 2009; Flügel,
2010). The open-ma rine sed i ments are mainly com posed of
pe lagic shales/marls. 

The mid dle part of the Asmari For ma tion is char ac ter ized by
the pres ence of both im per fo rate and per fo rate foraminifers
(Rotalia viennoti sp. and Lepidocyclina sp.), echinoids, bryo -
zoans, coralline red al gae and coral col o nies, which sug gests an
oligophotic zone with good ox y gen cir cu la tion in a mid dle-ramp
set ting (cf. Corda and Brandano, 2003; Asprion et al., 2009).

The up per part of the Asmari For ma tion con tains, as main
biogenic and non-biogenic com po nents of the in ner-ramp set -
ting, im per fo rate foraminifers (such as the miliolids, Dendritina
rangi sp., Peneroplis thomasi Henson; Austrotrillina sp., Mean -
dro psina sp., Quinqueloculina sp. and Pyrgo sp.), and red al gae 
to gether with ooids, peloids, and intraclasts. Miliolina sp. is the
dom i nant ge nus in all stud ied microfacies; it is an in di ca tor of
warm to tem per ate, shal low wa ter (Gonera, 2012). Penero plis
sp., Quinqueloculina sp., Triloculina sp., Elphidium sp. and
Dendritina rangi are widely de vel oped in the la goonal sub-en vi -
ron ment of the Per sian Gulf (Amao et al., 2016). Miliolina-dom i -
nated ben thic foraminifer as sem blages re flect a de creased cir -
cu la tion and prob a bly low-ox y gen or euryhaline con di tions
(Geel, 2000). The shoal microfacies as so ci a tion is char ac ter -
ized by well to mod er ately sorted ooids and rounded bioclasts,
with per va sive evaporites (anhydrite) and cal cite ce ment in di -
cat ing high-en ergy con di tions (cf. Sim and Lee, 2006).
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DIAGENETIC PROCESSES

The most im por tant diagenetic pro cesses in the Asmari
For ma tion are micritization, com pac tion, ce men ta tion, dolo -
mitiza tion, dis so lu tion, neomorphism and frac tur ing.

MICRITIZATION

Micritization rep re sents the first diagenetic pro cess af fect -
ing the lime stones of the Asmari For ma tion. It oc curred in sev -
eral lithofacies, but par tic u larly in mud-sup ported sed i ments.
Com plete micritization of grains led to the cre ation of peloids
which pref er en tially oc curred on foraminifers and al gae,
whereas micrite en ve lopes are com mon on shell frag ments
(Fig. 5A). These micritic en ve lopes are more re sis tant to dis so -
lu tion than the grains, so they tend to be pre served af ter the to -
tal dis so lu tion of grains. Sub se quently, moulds were filled to
vary ing de grees by coarse sparry cal cite and later anhydrite ce -
ment. 

An other pro cess was the for ma tion of accretionary micritic
en ve lopes on large ben thic foraminifers, par tic u larly Lepido -
cyclina and Operculina, mainly in the lower part of the Asmari
For ma tion (Fig. 5B). 

COMPACTION

The com pac tion pro cess strongly af fected the char ac ter is -
tics of the Asmari res er voir rocks by re duc ing their po ros ity.
Dur ing pro gres sive burial of the for ma tion, the in crease in
lithostatic pres sure re duced the thick ness of the sed i men tary
suc ces sion and re sulted in a com pact tex ture.

Ev i dence of this me chan i cal com pac tion is most dis tinct in
lithofacies with a grain-sup ported tex ture (i.e., packstones and
grainstones). Fea tures in di cat ing com pac tion are:

– bro ken allochems (Fig. 5C) and micrite en ve lopes (Fig. 5D)
that show flat ten ing, elon ga tion, and re-ori en ta tion from
their orig i nal po si tions to hor i zon tal (Fig. 5E), 

– squeez ing of or ganic mat ter (Fig. 5F), 
– con cave/con vex con tacts of closely packed grains (Fig. 5G),
– duc tile de for ma tion and frac tur ing (Fig. 5H, I). 

More over, grainstones may have formed by com pac tion of
packstones by a closer pack ing of the grains (chang ing the ra tio 
be tween frame work grains and ma trix), thus cre at ing a grain -
-sup ported frame work. 

In ad di tion to me chan i cal com pac tion, also chem i cal com -
pac tion took place, mostly in mud-dom i nated microfacies. The
most com mon fea tures are fit ted fab rics, so lu tion seams, and
sty lo lites. Fit ted fab rics are pres ent as su tured con tacts be -
tween skel e tal frag ments and be tween grains in fit ted grain -
stones, mudstones, and wackestones (Fig. 6A). The sty lo lites
de vel oped par al lel or sub-par al lel to the bed ding.

There are at least two stages of stylolitization. Stage I sty lo -
lites cross-cut muddy lime stones, cal cite ce ment, and dolo micrite 
(Fig. 6B). Stage II sty lo lites cross-cut coarse crys tal line dolomites 
but not sad dle do lo mite (Fig. 6C). The am pli tudes of the sty lo lites 
vary from a few mm to a few cm; the con tacts con tain an in sol u -
ble res i due of clay, or ganic mat ter, py rite and hy dro car bons,
which are opaque to trans lu cent brown in thin-sec tion. So lu tion
seams oc cur in mudstones, wackestones and packstones,
where they oc cur around and be tween par ti cles (Fig. 6D).

CEMENTATION

The ce ments in the Asmari For ma tion are rep re sented by
ar agon ite, cal cite and anhydrite. 

Ar agon ite ce ment oc curs as acicular (isopachous) rims in fi -
brous to ra dial forms (Fig. 6E), and as bladed isopachous rims.

 Cal cite ce ment oc curs as peloidal micrite, me nis cus (Fig.
6F), syntaxial overgrowths (Fig. 6G), and as equant (Fig. 6H),
drusy (Fig. 6I), blocky, poikilotopic (Fig. 6J), and coarse sparry
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Fig. 4. Sche matic depositional model of the homoclinal ramp upon which the Asmari For ma tion was de pos ited

For other ex pla na tions see Fig ure 2



cal cite. These forms may oc cur in all sam ples ex cept for the
most dolomitized microfacies. Some of the ce ments are Fe -
-bear ing.

Anhydrite ce ment oc cu pies a much larger part of the pore
spaces than cal cite ce ment. Anhydrite ce men ta tion was even
the sec ond most im por tant diagenetic pro cess af ter dolomiti -
zation. The first phase of anhydrite pre cip i ta tion, in the form of
re place ment and ce men ta tion, took place dur ing early diage -
nesis in up per intertidal and supratidal set tings. A sec ond
phase of anhydrite for ma tion, in the form of per va sive and frac -
tures-fill ing ce ment, oc curred dur ing shal low to deep burial due
to the in fil tra tion of cal cium-sul phate-bear ing so lu tions that re -
sulted from the mi gra tion of brines from the Gachsaran For ma -
tion into the po rous, per me able Asmari For ma tion. These pro -
cesses led to dif fer ent types of lay ered anhy drite ce ment (Fig.
7A); thus ce ment may con sist of sparse crys tals (Fig. 7B), or be
poikilotopic, per va sive (Fig. 7C), pore-fill ing, frac ture-fill ing (Fig. 
5H, I), vein-fill ing, or stylolite-fill ing.

DOLOMITIZATION

Dolomitization is the most sig nif i cant diagenetic pro cess
that has af fected the Asmari car bon ates; it oc curred in all
microfacies, though to vary ing de grees. Four types of do lo mite
crys tals are pres ent (for a de tailed over view of the strati graphic
dis tri bu tion of the var i ous types of ce ment the reader is re ferred
to Omidpour et al., 2021). The first type con sists of very fine- to
fine-crys tal line do lo mite (D1), which oc curs mainly as anhedral
crys tals, com monly <10 mm in size, in the up per part of the suc -
ces sion (Fig. 7D, E). The sec ond type is rep re sented by fine- to
me dium-crys tal line and mimic-re placed do lo mite (D2), i.e. do lo -
mite that pre serves the pre cur sor mor phol ogy (the pri mary mor -
phol ogy of bioclasts or non-skel e tal grain) of re placed par ti cles;
it is pres ent as pla nar, euhedral to subhedral crys tals rang ing
from 30 to 50 mm, with a com monly unimodal crys tal size dis tri -
bu tion. This type is par tic u larly pres ent in the up per part of the
suc ces sion, which most com monly formed in an in ner-ramp en -
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Fig. 5. Micritization and me chan i cal com pac tion of the car bon ates 

A – Peloids (Pl) along with micrite en ve lopes (Me) on a shell frag ment; some bioclasts are im preg nated with iron ox ide (Hem) (bore hole
SG-11, depth 3040 m); B – accretionary micritic en ve lope (yel low ar rows) (bore hole SG-11, depth 3303.34 m); C – bro ken allochem (yel low
ar row) (PPL; bore hole SG-04, depth 3232 m); D – bro ken micrite en ve lopes (yel low ar row) (XPL; bore hole SG-04, depth 3207.3 m); E – re -
ori en ta tion of Lepidocyclina spec i mens within a packstone (PPL; bore hole SG-11, depth 3296.7 m); F – com pac tion of or ganic mat ter (yel -
low ar row) and Lepidocyclina (PPL; bore hole SG-11, depth 3295.57 m); G – close pack ing of foraminifers with a con vex/con cave con tacts
(yel low ar row) (PPL; bore hole SG-11, depth 3109 m); H – anhydrite  (Anh) fill ing a frac ture (ar row) dur ing late burial (bore hole SG-11, depth
3026.4 m); I – frac tur ing (bore hole SG-11, depth 3016.6 m); thin-sec tions un der plane po lar ized light (PPL) and crossed  polars (XPL) 



vi ron ment (Fig. 7F, G). Some of them are Fe-bear ing do lo mite.
The third type con sists of me dium- to coarse-crys tal line do lo -
mite with a de stroyed fab ric (D3), i.e. a do lo mite with non-mimic
re place ment tex ture, re sult ing in de struc tion of the pri mary sed -
i men tary struc tures, so that relicts of the orig i nal micrite and
bioclasts are pres ent only as ghost struc tures. The crys tals are
subhedral to anhedral with pla nar, non-pla nar, curved, lobate,
or ser rated intercrystalline bound aries (Fig. 7H). The crys tals
are 80–200 mm large and show a weak un du la tory ex tinc tion.
They oc cur scat tered all over the suc ces sion. The fourth type,
coarse-crys tal line sad dle do lo mite (D4), is pres ent as a creamy, 
white, or red ce ment. The crys tals are non-pla nar, with par tially
or com pletely oc cluded vugs, moulds, and frac tures (Fig. 7I).
They range in size from 250 mm to 3 mm. Vol u met ri cally, this
type is fairly in sig nif i cant.

DISSOLUTION

Dis so lu tion started dur ing shal low burial and con tin ued dur -
ing the deep burial of the car bon ates. The dis so lu tion was com -

monly se lec tive, and oc ca sion ally com pletely de stroyed the
orig i nal fab ric of the sed i ment. Bioclasts of gas tro pods and
foraminifers (orig i nally com posed of ar agon ite and high-Mg cal -
cite) were se lec tively dis solved al ready dur ing penecontempo -
raneous diagenesis, leav ing voids that were later filled with
sparry cal cite, pore-fill ing anhydrite, or do lo mite ce ment (Fig.
8A, B) that formed un der ei ther me te oric or shal low to in ter me -
di ate burial con di tions. 

Micrite en ve lopes around bioclasts helped to pre serve their
orig i nal struc tures (Fig. 5D). Most dis so lu tion oc curred dur ing
burial diagenesis, de stroy ing the orig i nal fab ric. This en hanced
the res er voir qual ity (Fig. 8C).

NEOMORPHISM

Thin-sec tion anal y sis shows that the most com mon type of
aggrading neomorphism is the trans for ma tion of micrite into
microspar (Fig. 8D), and pseudospar (Fig. 8E). This oc curred
mainly in mudstones and wackestones.
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Fig. 6. Chem i cal com pac tion and cal cite ce men ta tion 

A – su tured con tact be tween large ben thic foraminifers (PPL; bore hole SG-11, depth 3316.70 m); B – stage I stylolite (RS; bore hole SG-04,
depth 3207.75 m); C – so lu tion seams (RS; bore hole SG-04, depth 3109.75 m); D – stage II stylolite cross-cut ting a coarse-crys tal line do lo -
mite, and con tain ing an in sol u ble res i due of clay, or ganic mat ter and hy dro car bons (PPL; bore hole SG-04, depth 3285.57 m); E – acicular rim 
(isopachous) ce ment (yel low ar rows) (PPL; bore hole SG-08, depth 3088.45 m); F – me nis cus ce ment (yel low ar row) (PPL; bore hole SG-11,
depth 3201.01 m); G – syntaxial over growth ce ment (XPL; bore hole SG-11, depth 3207 m); H – equidimensional (gran u lar mo saic) cal cite ce -
ment (XPL; bore hole SG-12, depth 3198 m); I – drusy cal cite spar ce ment (XPL; bore hole SG-12, depth 3222 m); J – poikilotopic cal cite ce -
ment (PPL; bore hole SG-11, depth 3205 m); thin-sec tions un der plane po lar ized light (PPL) and crossed  polars (XPL), and rock slabs (RS) 



The de grad ing neomorphism was caused mainly by recry -
stallization in a shal low subtidal set ting (see sec tion: MICRITI -
ZATION). There fore, this pro cess oc curred more fre quently
with de creas ing dis tance to an ti cli nal axes. It is a rare diage -
netic pro cess in the Asmari For ma tion (Fig. 8F).

OTHER DIAGENETIC PROCESSES

Sev eral other diagenetic pro cesses have taken place, but
they played only a mi nor role in the diagenetic al ter ations of the
sed i ment.

Pyritization oc curred through the re place ment of do lo mite
with py rite. The py rite oc curs as framboidal and cu bic forms
within do lo mite. Glauconite was newly formed as light green
euhedral crys tals in the sed i ments of the mid dle and outer ramp 
(Fig. 8G). Authigenic quartz is a vol u met ri cally mi nor com po -
nent; it oc curs mainly as a re place ment of micrite ma trix and
early cal cite ce ment (Fig. 8H), where it oc cludes pores.

In ad di tion to the above-men tioned diagenetic pro cesses,
bioturbation also af fected the sed i ments at the sed i men tary

sur face and in the form of bur row ing; this oc curred pene -
contem poraneously. This pro cess oc ca sion ally ob scured pri -
mary struc tures, par tic u larly in the low-en ergy fine-grained la -
goonal and open-ma rine microfacies. Bor ings into skel e tal
grains are also pres ent (Fig. 8I). 

INFLUENCE ON RESERVOIR 
QUALITY

The qual ity of the hy dro car bon res er voirs in the Asmari For -
ma tion de pends largely on po ros ity and per me abil ity. These pa -
ram e ters are largely con trolled by diagenesis, rather than by
sedimentology. Vari a tions in po ros ity de pend sig nif i cantly on
the pres ence (or ab sence) of do lo mite. 

Pri mary po ros ity is pres ent in the lime stones as fenestral,
interparticle, and intraparticle po ros ity. Most pores have been oc -
cluded by early cal cite ce ment, pore-fill ing anhydrite or lime mud.

Sec ond ary po ros ity de vel oped diagenetically af ter de po si -
tion. The sec ond ary pores are by far the most abun dant type of
po ros ity and ac count for all res er voir po ros ity. More im por tantly, 
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Fig. 7. Main anhydrite and do lo mite types

A – supratidal anhydrite layer (XPL; bore hole SG-11, depth 3034.25 m); B – sparse anhydrite crys tals (yel low ar row) in dolomitic mudstone
(XPL; bore hole SG-07, depth 3031.5 m); C – per va sive anhydrite ce ment (XPL; bore hole SG-11, depth 3299.05 m); D – very fine- to
fine-crys tal line do lo mite (D1) with bore hole-pre served pre cur sor tex ture (yel low ar row) (PPL; bore hole SG-12, depth 3222 m); E – very fine-
to fine-crys tal line do lo mite (D1) (SEM); F – fine- to me dium-crys tal line fab ric-re ten tive do lo mite (D2) (PPL; bore hole SG-11, depth
3035.12 m); G – fine- to me dium-crys tal line fab ric-re ten tive do lo mite (D2) (SEM); H  – me dium- to coarse-crys tal line, fab ric-de struc tive do lo -
mite (D3) (PPL; bore hole SG-11, depth 3225 m); I – large crys tals of sad dle do lo mite (D4) (XPL; bore hole SG-12, depth 3176 m); thin-sec -
tions un der plane po lar ized light (PPL) and crossed polars (XPL), and SEM im ages (SEM)



sec ond ary po ros ity is found in dolomitized lime stones (Fig. 7F,
G) as mouldic types (Fig. 8A, B), intercrystalline spaces (Fig.
7F, G), vug gy types, and frac tures (Fig. 5H, I).

GEOCHEMISTRY 
OF THE CARBONATES

Both the con cen tra tions of some trace el e ments (stron tium,
so dium, iron and man ga nese) and the sta ble-iso tope com po si -
tions of the ox y gen and car bon in the car bon ates have been in -
ves ti gated (Ta bles 1 and 2) with the ob jec tive to get a better in -
sight into the diagenetic pro cesses that af fected the sed i ments. 

The rec og ni tion of the orig i nal car bon ate min er al ogy of
lime stones in the sed i men tary re cord based on petrographic
stud ies is dif fi cult: dur ing me te oric and/or burial diagenetic con -
di tions, ar agon ite and high-mag ne sium cal cite are un sta ble and 
metastable car bon ate phases, and they will be trans formed into 
low-mag ne sium cal cite and do lo mite. These pro cesses thus

change the tex ture and com po si tion of the orig i nal (pre cur sor)
rocks (Veizer, 1983). Iso to pic and el e men tal anal y ses of car -
bon ates help over come this prob lem by iden ti fy ing the pre cur -
sor min er al ogy of lime stones (Veizer, 1983; Fallah-Bagtash et
al., 2020). 

TRACE ELEMENTS

Trace el e ments in the car bon ates be come mixed with those 
from the diagenetic flu ids and then are repartitioned dur ing
recrystallization, min eral pre cip i ta tion, and sta bi li za tion (Veizer,
1983). The most im por tant of the pro cesses that re sult in the in -
cor po ra tion of these el e ments in the lime stone is sub sti tu tion for 
Ca (Veizer, 1983). 

The stron tium con cen tra tions in the in ves ti gated 48 lime -
stones of the Asmari For ma tion range from 17 to 1402 ppm,
with an av er age value of 709.5 ppm (Ta ble 1 and Fig. 9A). This
is lower than in re cent warm-wa ter ar agon ite car bon ates, which
tend to show con cen tra tions in the range of roughly
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Fig. 8. Dis so lu tion, neomorphism and other diagenetic fea tures

A – fab ric-se lec tive dis so lu tion dur ing me te oric diagenesis (XPL; bore hole SG-11, depth 3095.20 m); B – fab ric-se lec tive dis so lu tion and do -
lo mite ce ment (Dol cem) fill ing pores (SEM); C – fab ric-de struc tive dis so lu tion dur ing late burial diagenesis (XPL; bore hole SG-11, depth
3245.50 m); D – microspar (XPL; bore hole SG-04, depth 3114.30 m); E – pseudospar (PPL; bore hole SG-04, depth 3201 m); F – de grad ing
neomorphism (yel low ar rows) (PPL; bore hole SG-12, depth 3198 m); G – authigenic glauconite (yel low ar rows) (PPL; bore hole SG-04, depth
3298.20 m;) H – sili ci fi ca tion (yel low ar rows) (XPL; bore hole SG-11, depth 3167.04 m); I – de struc tion by a bor ing or gan ism (yel low ar rows)
(PPL; bore hole SG-12, depth 3254.20 m); thin-sec tions un der plane po lar ized light (PPL) and crossed  polars (XPL), and SEM im ages (SEM)



8,000–10,000 ppm (Milliman, 1974). The stron tium con cen tra -
tion of the 32 in ves ti gated dolomites ranges from 45 to 757 ppm 
with a mean value rang ing from 131 ppm (D1) to 448 ppm (D3)
(Ta ble 1). It is rel e vant in this con text that the stron tium con tent
is larger in ar agon ite than in high-mag ne sium cal cite be cause
Sr2+ cat ions are larger than Ca2+ and there fore pref er en tially en -
ter into the orthorhombic crys tal lat tices of ar agon ite (e.g.,
Veizer, 1983; Mor ri son and Brand, 1986). The low lev els of
stron tium in the car bon ates un der study sug gest that the pre -
cur sor ar agon ite of the Asmari car bon ates was de pleted in
stron tium, which re flects the diagenetic equil i bra tion that fol -
lowed the ex po sure of the un sta ble aragonitic pre cur sor sed i -
ment to me te oric wa ter (Brand and Veizer, 1980). The Sr con -
tent in ar agon ite is usu ally high, while the Mn con tent is low
(Cantrell, 2006). There fore, the weak neg a tive cor re la tion be -
tween Mn and Sr in the stud ied sam ples re flects a lim ited
diagenetic equil i bra tion un der the me te oric phreatic con di tions
(Fig. 9A). The rel a tively high con cen tra tion of Sr in the Asmari
dolomites may be due to the for ma tion of these dolomites by re -
place ment of car bon ates with an orig i nal ar agon ite min er al ogy
or pre cip i ta tion of do lo mite from sa line dolomitizing flu ids.

The Na con cen tra tions in the lime stones range from 275 to
4499 ppm with an av er age value of 2387 ppm. The amount of
Na in these lime stones thus is higher than in re cent warm-wa ter 
aragonitic sed i ments (2,700 ppm; Milliman, 1974) and their
calcitic (270 ppm: Veizer, 1983) coun ter parts (Fig. 9B). The rel -
a tively large amounts of so dium in the Asmari lime stones must
be as cribed to the high sa lin ity of the depositional set ting with
warm to tem per ate shal low wa ter in the hot and arid Oligo-Mio -
cene cli mate. 

The so dium con tent in the dolomites ranges from 582 to
3447 ppm, with av er age val ues rang ing from 1262 ppm (D1) to
1663 ppm (D3) (Ta ble 1).

Iron and man ga nese are dealt with to gether here be cause
of their sim i lar or i gin and be hav iour in so lu tion, and be cause of
their sim i lar dis tri bu tion co ef fi cients (D >1) in car bon ates (Vin -
cent et al., 2006). In the Asmari lime stone sam ples, the man ga -
nese val ues are be tween 2 and 290 ppm, with a mean av er age
value of 146 ppm (Ta ble 1 and Fig. 9C, D). In con trast to the rel -
a tively small range of the man ga nese con cen tra tions, the Fe
con tent var ies largely, viz. from 28 to 10,307 ppm, with an av er -
age value of 5167 ppm (Ta ble 1 and Fig. 9C). These Fe val ues
are sig nif i cantly higher than in mod ern ar agon ite (20–30 ppm),

where the pres ence of iron is neg li gi ble (Veizer, 1983). The high 
val ues of Fe in some sam ples is most prob a bly due to as so ci -
ated min er als such as py rite and iron ox ides.The iron con cen -
tra tion in the dolomites var ies from 750 to 7873 ppm with av er -
age val ues rang ing from 1273.7 ppm (D1) to 1911 ppm (D3),
and the man ga nese con cen tra tion var ies be tween 31 to 289
ppm, with av er age val ues rang ing from 51 ppm (D1) to 94 ppm
(D3) (Ta ble 1).

In ad di tion to the low Mg val ues, the Asmari lime stones
have rel a tively high Sr/Mn val ues (Fig. 9E).

OXYGEN AND CARBON ISOTOPIC COMPOSITION 
OF THE LIMESTONES

The bulk-rock ox y gen and car bon iso to pic anal y ses of the
Asmari lime stones are pre sented in Ta ble 2 and Fig ure 10,
where they are com pared with sim i lar anal y ses of the Asmari
For ma tion in the Dezful Embayment (Aqrawi et al., 2006) and of 
other Paleogene-Neo gene car bon ates (Veizer et al., 1999).
The d18O val ues of the Asmari lime stones range from –8.96 to
–0.85‰ VPDB (mean –2.99‰), whereas the d13C val ues range 
from –5.86 to +1.56‰ (mean –0.74‰). It can be de duced from
Fig ure 10 that the d18O and d13C val ues cor re late well with those 
found by Aqrawi et al. (2006) for the Asmari For ma tion, but
show slightly lower d18O and d13C val ues than those men tioned
by Veizer et al. (1999) for the Paleogene-Neo gene car bon ates.

INTERPRETATION 
OF THE GEOCHEMICAL DATA 

The geo chem i cal and iso to pic data (Ta bles 1 and 2) al low,
in com bi na tion with the petrographic data ob tained from X-ray
diffractometry, thin-sec tion anal y sis and SEM im ages, rec og -
ni tion of the pri mary ar agon ite min er al ogy and the evo lu tion of
the rock fab ric, as well as a re con struc tion of the diagenetic
evo lu tion, which, in turn, may pro vide in sight into the var i ous
con di tions that in flu enced the min er al ogy of the sed i ments
dur ing de po si tion and diagenesis. This re gards in par tic u lar
the tem per a ture, the na ture of the per co lat ing flu ids, and the
wa ter/rock ra tio. 
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T a  b l e  1

El e men tal and iso to pic com po si tion of the in ves ti gated 
48 lime stone and 32 do lo mite sam ples from the Asmari For ma tion

Rock type Mg
[%]

Mn
[ppm]

Fe
[ppm]

Na
[ppm]

Sr
[ppm]

d18O‰
[V-PDB]

d13C‰
[V-PDB]

lime stone

max 3.1 290 10307 4499 1402  –0.85   1.56

min  0.04    2      28   275     17  –8.96 –5.86

av er age 0.9 146   5167 2387      709.5  –2.99 –0.74

D1

max 12.23 100      2702.8   1632.6       347.2   – –

min   9.96  33.2        749.7     987.4         55.26 – –

av er age 11.18  50.7      1273.7   1262.5     131.1 – –

D2

max 11.16 288.7       7872.8   3447    2414.9  – –

min   4.01  47.7       1404.2     581.9         45.2   – –

av er age   7.46 136.5       4220.7   1694.8        598.1   – –

D3

max 10.9  190.3       3616.4   2789.9       1402.3   – –

min  4.05   30.6       1019.5    746        107.1   – –

av er age  7.96    94.39     1911   1585.7        448.3   – –



PRECURSOR MINERALOGY 
OF THE ASMARI FORMATION

The stud ied lime stones show warm-wa ter char ac ter is tics,
such as abun dant al gae, di verse skel e tal and non-skel e tal
grains, evaporites (Fig. 7A) and early diagenetic dolomites (Fig. 
7D, E). Also the com po si tion of the car bon ates with a high fre -
quency of dis solved orig i nally aragonitic bi valve and gas tro pod
shells (Fig. 8A), se lec tive dolomitization, oc cur rence of iso -
pachous rim ce ment (Fig. 6E), shat tered micritic en ve lopes
(Fig. 5D) and ex ten sive fab ric-se lec tive dis so lu tion of orig i nally
aragonitic grains (Fig. 8A) sug gests that ar agon ite was the orig -
i nal car bon ate min eral of the for ma tion. 

Se lec tive dolomitization of ma trix and some par ti cles can be 
re lated to the orig i nal ar agon ite min er al ogy of the Asmari car -
bon ates (Fig. 6E), be cause ar agon ite min er al ogy acts as a cat -
a lyst and ac cel er ates dolomitization (Adabi and Rao, 1991;
Adabi, 2009). More over, ar agon ite is re placed by do lo mite with
a re ten tive and/or de struc tive tex ture dur ing pro gres sive diage -
nesis. Acicular and bladed isopachous rim ce ment in the form of 
ar agon ite crys tals (now re placed by do lo mite) is the dom i nant
ma rine ce ment around frame work grains of the Asmari micro -
facies (Fig. 6E); this has also been re ported from nu mer ous
mod ern, warm and shal low seas (Sandberg, 1985; Adabi and
Rao, 1991; Fallah-Bagtash et al., 2020). Acicular and bladed
isopachous rim ce ment can be best main tained when the wa -
ter/rock in ter ac tion is low and when the diagenetic sys tem is

Armin Omidpour et al. / Geological Quarterly, 2021, 65: 27 13

T a  b l e  2

El e men tal and iso to pic com po si tion of se lected lime stone sam ples



closed to semi-closed (Adabi et al., 2008). Shat tered micritic
en ve lopes in di cate ar agon ite dis so lu tion dur ing me te oric dia -
genesis, as ob served in both our la goonal microfacies (Fig. 5D)
and else where (Adabi and Rao, 1991). 

DIAGENETIC STABILIZATION

In cor po ra tion of trace el e ments into car bon ate min er als is
con trolled by: (1) the con cen tra tion of trace el e ments in per co -
lat ing flu ids, (2) the wa ter/rock ra tio of the diagenetic sys tem,
and (3) the dis tri bu tion co ef fi cient of the trace el e ment for a par -
tic u lar min eral/fluid sys tem (Tucker and Wright, 1990), pre cur -
sor car bon ate min er al ogy, tem per a ture, dolomitizing flu ids and
re duc tion or ox i da tion state (Hou et al., 2016; Fallah-Bagtash et
al., 2020; Ta ble 1).

The stron tium con cen tra tion in car bon ates is used to study
both the pre cur sor min er al ogy of an cient lime stones and their
diagenetic con di tions and evo lu tion (Veizer and Demovic,
1973; Veizer, 1983; Winefield et al., 1996; Khatibi-Mehr and
Adabi, 2014). The low lev els of stron tium in the stud ied lime -
stones in di cate that the pre cur sor ar agon ite was de pleted in
stron tium, which re flects the diagenetic equil i bra tion that pro -
ceeded fol low ing the ex po sure of the un sta ble aragonitic pre -
cur sor sed i ment to me te oric wa ter (Brand and Veizer, 1980).
The weak neg a tive cor re la tion be tween Mn and Sr in the stud -
ied sam ples re flects lim ited diagenetic equil i bra tion in the me te -
oric phreatic zone (Fig. 9A). The Sr con tent tends to de crease
with in creas ing wa ter depth and tem per a ture (Morse and Mac -
ken zie, 1990; Cantrell, 2006).

The rel a tively high con cen tra tion of Sr in the dolomites may
be as cribed to re place ment of car bon ates  in which the orig i nal
ar agon ite was re placed by do lo mite un der the in flu ence of sa -
line dolomitizing flu ids (Azomani et al., 2013; Ta ble 1). Do lo mite 
usu ally has a lower Sr con cen tra tion than cal cite due to a lower
dis tri bu tion co ef fi cient of Sr in do lo mite, as well as a lower Sr
con tent in dolomitizing flu ids (Huang, 2010). 

Sa lin ity, bi o log i cal frac tion ation, ki net ics, min er al ogy, and
wa ter depth con trol the con cen tra tion of Na in car bon ates
(Land and Hoops, 1973; Mor ri son and Brand, 1986). The en -
riched Na val ues of the Asmari car bon ates may be re lated to
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Fig. 9. Re la tion ships be tween the con cen tra tions 
of the in ves ti gated ma jor el e ments 

in the Asmari lime stones

Fig. 10. Com par i son of the car bon- and ox y gen-iso to pic com -
po si tions of the Asmari lime stones sam ples in the study area
with the Paleogene-Neo gene car bon ates in ves ti gated by
Veizer et al. (1999) and the Asmari For ma tion lime stones in the
Dezful Embayment in ves ti gated by Aqrawi et al. (2006)



the high sa lin ity of the depositional en vi ron ment. Ar agon ite
was the orig i nal min eral and re flects a lim ited diagenetic equi -
lib rium in the me te oric phreatic set ting and the pres ence of
iron-bear ing clay min er als (cf. Swart, 2015; Fallah-Bagtash et
al., 2020). Na and Sr both have a dis tri bu tion co ef fi cient of <1,
so that their con cen tra tion in the me te oric flu ids is very low
(Adabi and Rao, 1991). The weak cor re la tion be tween Na and
Sr in the sam ples from the Asmari lime stones may be due to
high Na con cen tra tions in cor po rated in ar agon ite dur ing high-
 sa lin ity con di tions (Fig. 9B).

Iron and man ga nese with a sim i lar or i gin show a sim i lar be -
hav iour in so lu tion; this re sults in sim i lar dis tri bu tion co ef fi cients
(D >1) in car bon ates (Vin cent et al., 2006). Vari a tions in Fe2+

and Mn2+ con cen tra tions in car bon ates, which de pend on Eh
and pH con di tions, are com monly used to trace the diagenetic
path ways of car bon ates (Tucker and Wright, 1990; Rouxel et
al., 2005; Herndon et al., 2018). The poor cor re la tion be tween
Fe and Mn is most prob a bly due to in sig nif i cant diagenetic al ter -
ation by non-ma rine flu ids dur ing me te oric diagenesis (Fig. 9C)
as such diagenesis and re duc ing con di tions in crease the
amount of these el e ments in car bon ates (Rouxel et al., 2005;
Herndon et al., 2018). The pos i tive cor re la tion be tween iron and 
man ga nese val ues in the Asmari dolomites in di cates the al ter -
ation of the dolomites by diagenetic flu ids in a re duc ing set ting
(Fallah-Bagtash et al., 2020). The some what neg a tive trend for
Mn and Na proves that the low Mn val ues (Fig. 9D) in the lime -
stone sam ples of the Asmari For ma tion can be re lated to both
the com po si tion of the orig i nal ar agon ite min er als and the
closed to semi-closed diagenetic sys tem (Fig. 11).

The D3 dolomites (with high con cen tra tions of iron and man -
ga nese) were more af fected by diagenetic al ter ation than the D1
dolomites. Due to ox i diz ing con di tions, the iron and man ga nese
val ues in the (near-sur face) S1 dolomites are lower than in the
(burial) D3 dolomites which formed un der more re duc ing con di -
tions dur ing deeper burial (cf. Tucker and Wright, 1990; Hou et
al., 2016). The very fine- to fine-crys tal line dolo mites with low iron 
and man ga nese con tents may con se quently have formed dur ing 

early diagenesis in an ox i diz ing set ting. Sabkha evap o ra tion of
supratidal muddy sed i ments and seep age re flux through subtidal 
sed i ments re sulted in the for ma tion of D1 and D2 in car bon ate
microfacies with dif fer ent tex tures (cf. Aqrawi et al., 2006). The
higher Fe and Mn con tent in the coarse-crys tal line dolomites
(D3) must be as cribed to pre cip i ta tion in a re duc ing en vi ron ment
dur ing shal low to rel a tively deep burial.

SOURCES OF THE DIAGENETIC FLUIDS

The re la tion ship be tween the val ues of the ox y gen and car -
bon iso topes is a pow er ful tool for de ter min ing the diagenetic
evo lu tion, be cause ox y gen and par tic u larly car bon iso topes are
very sen si tive to diagenetic pro cesses and con di tions (Immen -
hauser et al., 2008; Vin cent et al., 2010). The val ues for the
Asmari sam ples show that these lime stones, which have a low
con tent of or ganic mat ter, were par tially af fected by burial
diagenesis (Fig. 10). Be cause of the geo ther mal gra di ent, the
ox y gen iso topes are more af fected dur ing burial than the car -
bon iso topes (Adabi, 2004). The bulk-rock d18O and d13C val ues 
of the Asmari lime stones and the cor re spond ing val ues for the
lime stone sam ples from the Asmari For ma tion in the Dezful
Embayment (Aqrawi et al., 2006) and for the Paleogene-Neo -
gene car bon ates (Veizer et al., 1999) cover fairly com pa ra ble
val ues (Fig. 10). This in di cates that the sta ble-iso tope com po si -
tion of the Asmari lime stones is fairly orig i nal and that this com -
po si tion was in quite good iso to pic equi lib rium with the Paleo -
gene sea wa ter. Some sam ples were af fected, how ever, by later 
diagenetic pro cesses dur ing burial depth in a closed to semi-
 closed diagenetic sys tem (see sec tion: WATER/ROCK RATIO
and Fig. 11). 

It must be con cluded from the above that sea wa ter was the 
main fluid that was in volved in the diagenetic mod i fi ca tions of
the sed i ments. This is sup ported by the Z-value of the sed i -
ments, a pa ram e ter that is com monly used to dis tin guish be -
tween ma rine (sea wa ter) and me te oric (rain wa ter) as the main 
diagenetic fluid (Keith and Weber, 1964; Zhang et al., 2000;
El-Shazly et al., 2011). On this ba sis, it is pos si ble to dif fer en ti -
ate the in flu ence of ma rine and fresh-wa ter en vi ron ments in
the var i ous parts of the Asmari For ma tion us ing this sa lin ity
fac tor.

There is a di rect con nec tion be tween the sa lin ity (Z-value)
and the ox y gen-iso tope com po si tion (d18O) of the sea wa ter
(Ep stein and Mayeda, 1953). Evap o ra tion and fresh-wa ter in -
flow are the two main fac tors in flu enc ing the sa lin ity of sea wa -
ter. Due to evap o ra tion, sa lin ity and heavy ox y gen iso topes in -
crease in sa line wa ter. On the other hand, fresh-wa ter run off
and di rect pre cip i ta tion into the ocean have neg li gi ble sa lin ity
and are de pleted in heavy iso topes be cause of frac tion ation
dur ing ini tial evap o ra tion in the hy dro log i cal cy cle (Railsback et
al., 1989). In the pres ent study, the sa lin ity in dex (Z-value) was
es ti mated from the iso to pic val ues (V-PDB) us ing the fol low ing
equa tion pro posed by Keith and Weber (1964):

Z = 2.048(d13C+50) + 0.498(d18O+50)

Lime stones with a Z-value >120 in di cate ma rine con di tions,
whereas those with a Z-value be low 120 rep re sent fresh wa ter,
and lime stones with a Z-value close to 120 in di cate an en vi ron -
ment in ter me di ate be tween fresh and ma rine (Keith and Weber, 
1964). All Asmari sam ples show mean Z-val ues >130.07, i.e.,
they in di cate a dom i nantly ma rine depo sitional and diagenetic
en vi ron ment (Ta ble 2). 
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Fig. 11. Re la tion ship be tween the d18O value 
and the Mn con tent

The data from the pres ent study are in di cated by col oured tri an gles;

the d18O value on the ver ti cal axis is a mea sure for the de gree of
rock/wa ter in ter ac tion and/or the open ness of the sys tem; the Mn
con tent on the hor i zon tal axis is a mea sure of the re dox con di tions
of the sys tem dur ing pre cip i ta tion



SEAWATER TEMPERATURE

The ox y gen iso to pic com po si tion can be used for de ter min -
ing the tem per a ture of the sea wa ter at the time of de po si tion
(An der son and Ar thur, 1983; Veizer and Mac ken zie, 2014;
Fallah-Bagtash et al., 2020) as well as its sa lin ity (Keith and
Weber, 1964; Madhavaraju et al., 2004; Narayanan et al.,
2007). The iso to pic com po si tion of the diagenetic flu ids (i.e., not 
evaporitic flu ids but, for in stance, me te oric flu ids) is typ i cally de -
pleted in 18O rel a tive to co eval ma rine wa ter ex cept for flu ids of
evaporitic or i gin. In gen eral, d18O val ues for car bon ate min er als
de crease with time (Veizer and Hoefs, 1976). Veizer (1983) ex -
plained this by diagenetic mod i fi ca tion of the car bon ates by
d18O-de pleted me te oric wa ter, changes in d18O and d13C of the
sea wa ter; and in crease in sea wa ter tem per a ture. 

The range of the d18O val ues in the sam ples from the
Asmari For ma tion in di cates a sed i men tary tem per a ture from 23
to 68.8°C (av er age 33°C) fol low ing the equa tion of An der son
and Ar thur (1983): 

T = 16–4.14 (dc–dw) + 0.13 (dc–dw)2

where: T is the sea wa ter tem per a ture (in °C), dc is the ox y gen-iso -

tope value in the lime stone sam ples, and dw is the ox y gen-iso tope
value of Paleogene ma rine wa ter, i.e., 0.8‰ SMOW (Stan dard
Mean Ocean Wa ter), as mea sured by Veizer et al. (1999). 

The in put of the Asmari val ues in the An der son and Ar thur
(1983) for mula gives a re mark able re sult: one of the d18O-de -
pleted sam ples (–8.96‰) yields a tem per a ture of 68.8°C,
which must, ob vi ously, rep re sent a tem per a ture dur ing burial
diage nesis. One of the d18O-en riched sam ples (–0.85‰) gives 
a syn-sed i men tary tem per a ture of only 23°C. This lat ter tem -
per a ture is con sis tent with the pres ence of the fauna, in clud ing 
large ben thic foraminifers, cor als, and red al gae, and also with
the non-biogenic con tents such as peloids and ooids. It also is
a rea son able out come con sid er ing the lat i tude of the Zagros
sed i men tary ba sin dur ing the Oligo-Mio cene (30°N) (Heydari,
2008).

WATER/ROCK RATIO

The diagenetic trends for low-mag ne sium cal cite (LMC),
high-mag ne sium cal cite (HMC), ar agon ite (A) in re cent sed i -
ments (R), the Mis sis sip pian Burlington Lime stone in Mis sis -
sippi (CM), and the Si lu rian Read Bay Lime stone in Al a bama
(CS) are shown by rect an gles in Fig ure 11, based on Milliman
(1974) and Brand and Veizer (1980). Their diagenetic trends
are in di cated by the drawn and dashed lines. This shows the
type of diagenetic sys tem (open or closed), the wa ter/rock ra tio
or in ter ac tion, and the ox i da tion/re duc tion con di tions of the
depositional car bon ate sys tem in volved. Most lime stone sam -
ples of the Asmari For ma tion (which are shown by blue di a -
monds in Fig. 11) are found to be po si tioned within the field of
re cent sed i ments (R) and the Burlington Lime stone (CM),
which have un der gone lit tle al ter ation and in di cate a low wa -
ter/rock in ter ac tion in a closed to semi-closed diagenetic sys -
tem. A low Mn con cen tra tion in a diagenetic stage is an in di ca -
tor of a closed diagenetic sys tem (Brand and Veizer, 1980; Fig.
11). Re peated al ter na tions of dis so lu tion and pre cip i ta tion pre -
vent diagenetic flu ids to leave the diagenetic sys tem. Con se -
quently, there is lit tle wa ter/rock in ter ac tion in a closed diage -
netic sys tem, even though the diagenetic flu ids may change
con stantly (Knorich and Mutti, 2006). It is there fore the dis tri bu -

tion co ef fi cient that con trols the rel a tive en rich ment or de ple tion
of the ma jor and trace el e ments in the diagenetic fluid (Knorich
and Mutti, 2006; Caron and Nel son, 2009).

Plot ting the Sr/Mn ra tio ver sus Mn helps es ti mat ing the dis -
so lu tion rate of lime stones (Rao, 1991). The rel a tively high
Sr/Mn val ues (Fig. 9E) in di cate a closed to semi-closed diage -
netic sys tem for the car bon ates of the Asmari For ma tion. Sam -
ples with a high Mn con tent have been ex posed to rel a tively
long-last ing diagenetic al ter ation by me te oric wa ter and thus
have un der gone the stron gest dis so lu tion (Fig. 9E).

DIAGENETIC EVOLUTION

The Asmari For ma tion has un der gone a com plex diage -
netic evo lu tion, from penecontempora neous shal low-ma rine
con sol i da tion to deep-burial diagenesis (Fig. 12). The var i ous
stages that can be dis tin guished are ma rine diagenesis (early
diage nesis), me te oric diagenesis (mid dle diagenesis), and
shal low and deep burial diagenesis (late diage nesis).

MARINE DIAGENESIS

In the syndepositional diagenetic stage, the Asmari For ma -
tion de vel oped along a homoclinal ramp-type car bon ate plat -
form. The lime stones were de pos ited as mudstones, wacke -
stones, packsto nes, grainstones, rudstones, and float stones.
The diage netic pro cesses that oc curred dur ing and shortly af ter
de po si tion are micritization of grains, biotur ba tion, and pre cip i -
ta tion of acicular rim ar agon ite, bladed isopachous rims, pelo -
idal micrite, and rarely ma rine vadose me nis cus cal cite ce ment.

Micritization and bioturbation com monly oc cur in rel a tively
low-en ergy shal low-ma rine en vi ron ments and in di cate in tense
mi cro bial ac tiv ity (Flügel, 2010). These two early-diagenetic
pro cesses hardly af fected the res er voir qual ity.

Acicular and bladed isopachous rim ce ment types are char -
ac ter ized by fairly thin lay ers lin ing intra- and inter gra nu lar pores 
in grainstones and rudstones (Fig. 6E). These early- diagenetic
ce ments were later cov ered by cal cite ce ment dur ing late
diagenesis (Fig. 6I). Scoffin (1987) placed these ce ment types
in the group of ma rine ce ments. Me nis cus or cres cent ce ments
(Fig. 6F) are es sen tially formed in the ma rine vadose zone
(James and Choquette, 1990; Tucker and Wright, 1990). The
micritic fab ric of this ce ment and pos si bly its high- mag ne sium
cal cite min er al ogy are char ac ter is tic of a ma rine vadose set ting.

The anhydrite (or for mer gyp sum) crys tals in the form of
nod u lar, lay ered, sparse, and iso lated anhy drite crys tals pre cip -
i tated within fenestral and pore spaces in micrite and dolo -
micrite of a suprati dal/sabkha en vi ron ment (Fig. 7B). The anhy -
drite orig i nated from su per sat u rated brines and by evap o ra tion
in the hot and arid cli mate.

The high-Mg calcitic ma trix was pref er en tially dolomitized
by slightly mod i fied sea wa ter (in the sabkha), pro duc ing very
fine- to fine-crys tal line do lo mite in the muds (Fig. 7D). Re place -
ment of do lo mite be fore the on set of chem i cal com pac tion is
shown by the early low- am pli tude sty lo lites that cross- cut the
do lo mite (Fig. 6B), the very fine-crys tal line tex ture, the high Sr
and low Fe and Mn con tent (Ta ble 1), the well-pre served pre -
cur sor-lime stone tex ture (Fig. 7D; Aqrawi et al., 2006) and the
pres ence of nod u lar anhydrite and sparse evaporite crys tals
(Fig. 7B). Rahimpour - Bonab et al. (2010) sug gest that the very
fine- to fine-crys tal line do lo mite formed dur ing a very early
diagenetic stage in an ox i diz ing set ting.
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Fig. 12. Over view of the diagenetic evo lu tion of the Asmari For ma tion



METEORIC DIAGENESIS

The diagenetic pro cesses that af fected the Asmari car bon -
ates dur ing this stage were pre cip i ta tion of syntaxial, equant,
and drusy cal cite ce ment by mixed me te oric/ma rine flu ids,
neomorphism, fab ric-se lec tive dis so lu tion, and dolomitization.
Do lo mite form ing in a mix ing zone has sev eral dis tinct char ac -
ter is tics, in clud ing high Mn con cen tra tions (Ta ble 1), and in clu -
sion-free crys tals <100 mm in size. 

Equant and drusy cal cite ce ment com monly filled mouldic
pore spaces that had re sulted from the fab ric-se lec tive dis so lu -
tion of skel e tal com po nents such as bi valves, gas tro pods, and
some foraminifers (Fig. 6H, I); these ce ment types also filled
inter gra nu lar pores where these had not been filled by a mud
ma trix. 

James and Choquette (1990) and Tucker and Wright
(1990) sug gested that these ce ments are formed un der both
me te oric and burial diagenetic con di tions. A me te oric or i gin of
these ce ment types seems the most likely for the Asmari For -
ma tion, be cause of overgrowths on first-gen er a tion (ma rine)
ce ment and the fine crys tal size. Syntaxial ce ment is wide -
spread in sed i ments with echinoderm de bris. Since the syn -
taxial ce ment in the Asmari For ma tion does not con tain in clu -
sions and has a clear ap pear ance (Fig. 6G), its for ma tion
should be at trib uted to a me te oric phreatic set ting (cf. Tucker
and Wright, 1990; Tucker, 2001).

SHALLOW-BURIAL DIAGENESIS

In the shal low-burial set ting, with a grad u ally in creas ing
burial tem per a ture, the car bon ate sed i ments that had not pre vi -
ously been dolomitized dur ing early diagenesis, be came all
dolomitized. Those that had pre vi ously al ready been dolo -
mitized only ex pe ri enced recrystallization, as can be de duced
from the thin-sec tions (Fig. 7H). Ex ten sive fab ric-pre serv ing
dolomitization (Fig. 6E), a well-pre served pre cur sor lime stone
tex ture (Fig. 7D; Tucker and Wright, 1990; Machel, 2004), and
the sig nif i cant thick ness of the dolomites are ev i dence of re flux
dolomitization in the up per and mid dle parts of the Asmari For -
ma tion (cf. Hou et al., 2016; Jafari et al., 2020). The high Na
con cen tra tions sup port this in ter pre ta tion (Ta ble 1). 

The me chan i cal com pac tion (with re-ori en ta tion of grains,
denser pack ing, and break ing of allochems) and the pre cip i ta -
tion of some equant and drusy cal cite ce ment are char ac ter is tic
of a shal low-burial set ting. Chem i cal com pac tion also took
place in the form of the gen e sis of low-am pli tude sty lo lites.

DEEP-BURIAL DIAGENESIS

There is no clear bound ary be tween the shal low-burial and
the in ter me di ate-to-deep-burial stage, be cause tem per a ture and 
pres sure in crease grad u ally with depth (Machel, 2004). Petro -
graphi cally, late diagenesis is char ac ter ized by coarse poikilo -
topic sparry cal cite (Fig. 6J), by per va sive and poikilo topic
anhydrite ce ment with large crys tals that oc cludes frac tures,
vugs and veins (Figs. 5H, I and 6E), due to the in fil tra tion of cal -
cium-sul phate-bear ing so lu tions that re sulted from the mi gra tion
of brines from the Gachsaran For ma tion into the po rous, per me -
able Asmari For ma tion. Fab ric-de struc tive dis so lu tion (Fig. 8C),
authigenic cu bic py rite and high-am pli tude sty lo lites (Fig. 6C)
that cross-cut coarse crys tal line dolomites (D3 type, with a high

iron and man ga nese con tent) are com mon. The el e vated Mn
and Fe lev els (which might re flect a re duc ing en vi ron ment:
Adabi, 2009; Ta ble 1) and the low con cen tra tions of Sr and Na
(Ta ble 2) in di cate pre cip i ta tion in a re duc ing en vi ron ment.

The for ma tion of some coarse-crys tal line dolomites in di -
cates that re newed com pac tion cre ated new frac tures that
formed con duits for as cend ing hy dro ther mal base ment-de rived 
flu ids from which sad dle do lo mite pre cip i tated. The oc cur rence
of sad dle do lo mite as ce ment (see sec tion: CEMENTATION),
along the edges of vugs, veins, sty lo lites, and frac tures (Fig. 7I)
also sug gests deep burial. Ero sion of the top of the rock col umn
even tu ally led to a re duced burial depth of the suc ces sion and
re sulted in a last gen er a tion of frac tures and sty lo lites. Blocky
cal cite and sulphides are pres ent along these frac tures.

DIAGENETIC CONTROL 

OF THE RESERVOIR QUALITY

The pri mary res er voir po ten tial of sed i men tary suc ces sions
de pends on their tex tural char ac ter is tics and depositional set -
ting. The fi nal res er voir qual ity is de ter mined, how ever, by
post-depositional changes, known as diagenesis and (diage -
netic or tec tonic) frac tur ing (Ahr, 2008; Moore and Wade,
2013). This poses a prob lem for hy dro car bon ex plo ra tion be -
cause the spa tial dis tri bu tion of the var i ous diagenetic fea tures
is het er o ge neous across any stud ied sed i men tary unit, which
im plies that sig nif i cant lo cal dif fer ences in po ros ity and per me -
abil ity oc cur. Me te oric and shal low-burial diagenesis tends to
en hance the res er voir qual ity, whereas burial pro cesses (e.g.,
fab ric-de struc tive dolomitization) tend to de crease both the po -
ros ity and the per me abil ity of the tar geted po ten tial res er voir.
Burial dis so lu tion (in this case: dis so lu tion of anhydrite ce ment), 
how ever, is com monly ex cep tion ally ef fec tive in en hance ment
of a res er voirs’ po ros ity and per me abil ity, and this is the case,
in deed, for the Asmari lime stones.

Dis so lu tion and frac tur ing were the main con struc tive pro -
cesses for the sed i ments un der study. Me te oric dis so lu tion has
sig nif i cantly in creased the po ros ity by the for ma tion of vug gy
and mouldic pores in the up per most and mid dle parts of the
Asmari For ma tion. Me te oric dis so lu tion af fected par tic u larly the 
high-en ergy shoal and la goonal sed i ments that de vel oped on
the in ner ramp.

In con trast, ce men ta tion and both me chan i cal and chem i cal 
com pac tion are the main de struc tive pro cesses that re duced
the res er voir qual ity. Petrographic anal y sis in di cates that dif fer -
ent types of anhydrite and cal cite ce ment have re duced the res -
er voir qual ity of the la goonal and shoal sed i ments by oc clud ing
inter gra nu lar and mouldic pores as well as pore throats. Com -
pac tion caused a con sid er able re duc tion of the rock vol ume
and thus also re duced the res er voir qual ity. Sty lo lites tend to re -
duce po ros ity lo cally to the de gree that dis solved car bon ate be -
comes re-pre cip i tated rather than trans ported. Re cent stud ies
(e.g., Heap et al., 2014) in di cate, how ever, that sty lo lites and
other so lu tion seams, as com mon prod ucts of chem i cal com -
pac tion, can also act as flow paths, es pe cially along their strike
in a hor i zon tal di rec tion.

Dolomitization had both pos i tive and neg a tive ef fects on the
res er voir qual ity. It im proved the res er voir qual ity by wid en ing
intercrystalline pores that are in ter con nected (Fig. 7F, G). On
the other hand, ex ten sive dolomitization has re duced the res er -
voir qual ity by cre at ing a dense, in ter lock ing fab ric (Fig. 7H).
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Micritization and bioturbation had no dis tinct ma jor in flu -
ence on the res er voir qual ity of the Asmari car bon ates, al -
though it can not be fully ex cluded that their role is not yet well-
 un der stood. Micritization cre ated micropores that may have fa -
cil i tated po ros ity pres er va tion be cause of the so-called “pore-
 size -con trolled sol u bil ity” phe nom e non (Ehrenberg and Wal -
der haug, 2015). Con sid er ing that the accretionary micritic en -
ve lopes oc cur mainly in the lower part of the Asmari For ma tion
where mud-sup ported sed i ments pre vail, it is un likely that the
accretionary micritic en ve lopes af fected the po ros ity here.

Bioturbation, which it self did not af fect the res er voir qual -
ity, cre ated suit able con di tions in the res er voir for the de vel op -
ment of diagenetic pro cesses such as ce men ta tion, dis so lu -
tion, and dolomitization, that af fected the res er voir qual ity, as
shown by sev eral pre vi ous stud ies (e.g., Taghavi et al., 2006;
Hollis, 2011).

DISCUSSION

Be cause the Oligocene-Mio cene Asmari For ma tion is lo -
cated in a re gion where hy dro car bons have been found, the
car bon ates of this for ma tion are a po ten tial tar get for ex plo ra -
tion ac tiv i ties. Ef fi cient ex plo ra tion re quires in sight into not only
the tec tonic struc ture (which is rel a tively sim ple here), but par -
tic u larly in the char ac ter is tics of the lime stones and their ver ti cal 
and lat eral vari a tions. This im plies that the sedimentological
set ting and the diagenetic al ter ations of the lime stones must be
known in de tail.

Be cause the sed i ments can be stud ied only in a lim ited
num ber of sec tions, the pre cise lat eral and ver ti cal micro -
facies dis tri bu tion re quires in ter pre ta tion, mainly on the ba sis
of thin- sec tion anal y sis of core sam ples. Nu mer ous ear lier
stud ies have pro posed how microfacies should be dis tin -
guished, and what more or less pre cise depositional con di -
tions they rep re sent. These in sights are based also on com -
par i son with re cent set tings, al though such a com par i son is
ham pered by the scar city of mod ern ma rine car bon ate en vi -
ron ments. Yet, it is com monly ac cepted that microfacies in ter -
pre ta tion of car bon ates as pre sented by, among oth ers, Flügel 
(2010) is a valu able tool.

Con se quently, we have fol lowed such an ap proach, and
this re sulted in the rec og ni tion of a large num ber of microfacies,
which ap peared dis trib uted in such a way that a log i cal model of 
the study area dur ing de po si tion of the Asmari For ma tion could
be es tab lished (Fig. 4). It should there fore be con sid ered a fea -
si ble set of data for fu ture ex plo ra tion ac tiv i ties.

Re gard ing the po ten tial hy dro car bon oc cur rences it should
be re al ized, how ever, that not only have sev eral diagenetic pro -
cesses in creased the res er voir qual ity of the Asmari For ma tion,
but that other diagenetic pro cesses have re duced the qual ity,

par tic u larly by re duc ing the po ros ity and per me abil ity of the
lime stones. The net ef fect of these mu tu ally con trast ing de vel -
op ments still needs fur ther in ves ti ga tion.

CONCLUSIONS

Sedimentological eval u a tion of the Asmari For ma tion in the
Shadegan Oil Field has re sulted in the fol low ing gen eral con clu -
sions. 

The Asmari car bon ates were de pos ited on an ex ten sive
homoclinal ramp-type car bon ate plat form and partly in an open -
- ma rine set ting. 

Dif fer ences in grain prop er ties, tex ture, in ferred wa ter
depth, and en ergy level make it pos si ble to dis tin guish 26 car -
bon ate microfacies on the ba sis of thin-sec tion anal y sis.
These microfacies can be grouped into 12 microfacies as so ci -
a tions that rep re sent four main en vi ron ments in an over all
shallowing- up ward set ting from very low-en ergy open-ma rine
to outer ramp in the lower part of the for ma tion, to a low-en ergy 
in ner ramp, to a mod er ate-en ergy mid dle part, and even tu ally
to a high-en ergy up per part. There is ev i dence of subaerial ex -
po sure and evaporitic con di tions in the mid dle and up per parts 
of the for ma tion.

The bulk-rock d18O and d13C val ues of the Asmari lime -
stones, the low Mn con cen tra tion, and the high Sr/Mn val ues in -
di cate that the sta ble-iso tope com po si tion rep re sent de po si -
tion-re lated fea tures that were hardly changed by diagenetic
pro cesses. The com po si tion is in fairly good iso to pic equi lib rium 
with the Paleo gene sea wa ter, al though some sam ples were af -
fected by later diagenetic pro cesses dur ing burial in a closed to
semi-closed diagenetic sys tem with low wa ter/rock in ter ac tion.

Diagenetic fea tures changed many other pri mary prop er ties 
of the Asmari lime stones, which con sti tute po ten tial tar gets for
hy dro car bon ex plo ra tion. The main diagenetic fea tures that im -
proved the res er voir qual ity are dis so lu tion, dolomitization, and
frac tur ing. Oc clu sion of pores and pore throats as a re sult of
var i ous cal cite and an hy dride ce men ta tion pro cesses, and of
me chan i cal and chem i cal com pac tion de creased the res er voir
qual ity.

Diagenetic pro cesses such as micritization and bioturbation 
had no dis tinct in flu ence on the res er voir qual ity of the Asmari
car bon ates.

Ac knowl edge ments. We ac knowl edge the NISOC (Na -
tional Ira nian South Oil Com pany) and the Ferdowsi Uni ver sity
of Mashhad, Iran, for pro vid ing gen er ous sup port with sup plies
for the pres ent con tri bu tion (Re search code: 3/28564). We
thank the three re view ers of our manu script for their pos i -
tive-crit i cal com ments and sug ges tions, which greatly con trib -
uted to im prove ments.
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