Permian Sequence stratigraphy in east-central Iran:
Microplate records of Peri-Tethyan and
Peri-Gondwanan events

Sakineh Arefifard" and Peter E. Isaacson’
IGeology Department, Faculty of Sciences, Lorestan University, Iran
2Department of Geological Sciences, University of Idaho, Moscow, Idaho, USA 83844-3022
email: sarefifard @ gmail.com

ABSTRACT: Permian rocks in east-central Iran (Posht-e-Badam and Tabas blocks) belong to well-defined sequences in juxtaposed
Early and Late Permian biogeographic provinces. The Lower Permian Khan Formation in the Kalmard area (Within the Posht-e- Badam
block) is composed of cyclic sequences of thick compositionally and texturally mature sandstones and thin carbonates. The sequences re-
flect several nearshore microfacies, which constitute three major paleoenvironmental associations: tidal flat, lagoon, and shoal (open ma-
rine microfacies are missing or very rare). The carbonate rocks of the Lower through Upper Permian Jamal Formation in the Shotori and
Shirgesht areas (within the Tabas block) are comprised of four microfacies indicative of tidal flat, lagoon, foreshore and open marine
paleoenvironments. The Jamal Formation was deposited on a homoclinal carbonate ramp, which deepens to the north (Bagh-e-Vang sec-
tion) and thins in southern locations (near the Jamal Formation type section). The Khan Formation succession is composed of second-
and third-order cyclically siliciclastic and carbonate sequences. The Jamal carbonate is composed of second- and third-order
shallowing-upward sequences. Both local tectonic activity and global eustacy may have controlled the cyclicity of the Khan and Jamal

formations.

INTRODUCTION

Permian strata of the Jamal and Khan formations in east-central
Iran contain highly diverse fossil faunas. The Jamal Formation
occurs in the Shotori area (east and southeast of Tabas) and the
Shirgesht area (north of Tabas), within the Tabas structural
block (text-fig. 1). Most descriptions of the formation were
made in the 1960s by Stocklin et al. (1965) and Ruttner et al.
(1968). The age of the Jamal Formation, which is composed
mostly of carbonates (text-fig. 2), has been suggested to be
Early to Late Permian in age (Stocklin et al. 1965; Ruttner et al.
1968; Kahler 1974, 1977; Jenny-Deshusses 1983; Partoazar
1992; Leven and Taheri 2003; Leven and Vaziri Moghaddam
2004).

In the Kalmard area, within the Posht-e Badam block, the Khan
Formation (Aghanabati 1977) is represented by cyclic se-
quences of siliciclastics and carbonates. Recent biostratigraphic
studies on this formation are based on fusulinids, and they pro-
vide a late Sakmarian to early Artinskian age (Davydov and
Arefifard 2007). The time of deposition of the Khan Formation
corresponds to a major unconformity between the Carbonifer-
ous Sardar and the Permian Jamal formations in the Shirgesht
and Ozbak Kuh areas (north of the Tabas) (Davydov and
Arefifard 2007). The fusulinid faunas of the Khan Formation
show a Peri-Gondwanan affinity compared to the Peri-Tethyan
fusulinid faunas of the Jamal Formation. This indicates that
there were different paleobiogeographic histories for the central
Iranian blocks (text-fig. 1). Although biostratigraphic studies
have been carried out for many decades in the Posht-e-Badam
and Tabas structural blocks, no microfacies and sequence strati-
graphic analyses have been conducted on the Permian sections.
The purpose of this contribution is to describe and document fa-
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cies, depositional environments and sequence stratigraphy of
the Jamal and Khan formations.

GEOLOGICAL HISTORY

Central Iran is tectonically complex and has a long geologic his-
tory. This area has been named as the central Iran micro-
continent (Takin 1972), middle triangle (Nogolsadat 1978),
central domain (Stocklin 1977) and central Iran blocks (Alavi
1991) (text-fig. 1).

This terrane is part of the Cimmerian continent (Sengor 1984)
that rifted away from north Gondwana at the end of the Paleo-
zoic (Scotese and Langford 1995; Dercourt et al. 1993). One
idea is that the Permian—Middle Triassic approach, and succes-
sive Late Triassic collision, of some Cimmerian blocks with
Laurasia along a north-directed subduction zone closed the
Paleotethys Ocean during the Triassic in the so-called Early or
Eo-Cimmerian orogeny (Brunet et al. 2009). Another model
suggests that Neo-Tethys 1 came into being when the Central
Iran Microcontinent split from the northeastern margin of
Gondwana during the Late Carboniferous to Early Permian.
During the Late Triassic a new spreading ridge, Neo-Tethys 2,
was created and separated the Shahrekord—Dehsard Terrane
from the Afro—Arabian Plate (Arfania and Shahriari 2009). Ac-
cording to Wendt et al. (2002, 2005), the Southern Alborz as
well as the Yazd, Tabas and Lut blocks, belonged to the stable
northern margin of Gondwana during the Paleozoic. They also
noted that much of northern and central Iran was subject to up-
lift, switching many depositional systems from marine to conti-
nental in the Pennsylvanian. They stated that a new marine
cycle commenced in the Early Permian, and large parts of the
northern Gondwana margin were subducted during the collision
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with Eurasian plates in the Upper Triassic closure of Paleo-
tethys.

Alavi (1991) divided central Iran into four tectonic blocks in-
cluding the Lut (LB), Tabas (TB), Posht-e-Badam (PBB) and
Yazd blocks (YB), based on strike-slip dextral faults (Nayband,
Kuhbanan, Kalmard and Posht-e-Badam) (text-fig. 1). The
Shotori and Shirgesht areas are situated in the Tabas block and
separated from the Posht-e-Badam block by the north-south
trending Kalmard and Kuhbanan faults (text-fig. 2). The
Kalmard area is located in the Posht-e-Badam block and
bounded by the Kalmard and Naeini faults. The region was
formed as a mobile zone throughout the Paleozoic. Berberian
and King (1981) described intense Paleozoic subsidence that
occurred within the Tabas block. It was previously thought that
this subsidence was confined to the Shirgesht and Ozbak-Kuh
areas in the extreme north of Tabas (Stocklin 1971), but later it
was found that the entire block was subsiding throughout the
Paleozoic and Mesozoic (Berberian and King 1981). The Tabas
block has been considered to be a failed rift basin throughout
Devonian to Late Triassic times, which formed during the
Paleotethys, rifting as a result of the Early Ordovician-Silurian
continental extension along its bounding Nayband and
Kalmard-Kuhbanan fault systems (Lasemi 2001 and 2008).

In east-central Iran, fragmentation of the metamorphic base-
ment followed a late Precambrian orogeny, and the Shotori ba-
sin subsided by active Precambrian extensional faults. More
than 7000 m of Paleozoic epicontinental marine sediments were
deposited within the Tabas block. Conversely, the Paleozoic
deposits in the Kalmard area (within the Posht-e-Badam block)
are only 950 m thick (Berberian 1983). The differences in
thickness and sedimentary facies indicate that the Kalmard and
Tabas faults were active and continued to be the principal cause
of differential basin subsidence during Paleozoic time in these
two areas.

LITHOSTRATIGRAPHY AND BIOSTRATIGRAPHY

For this study eight Permian stratigraphic sections in the
Kalmard, Shotori, Shirgesht areas were measured, collected
and described (text-fig. 2). All the sections are well exposed, al-
though some of them are slightly deformed by Mesozoic and
more recent tectonics.

Khan Formation - late Sakmarian-early Artinskian
Lithostratigraphy

In the Kalmard area, sections of the Khan Formation include
the following: the type section of the formation at Bakhshi,
which is located in the southeast of Kalmard Karevansaray, ap-
proximately 92km west of Tabas; the Madbeiki section, 12km
west of the Bakhshi section; the Gachal section, nearly 100km
southwest of Tabas; the Rahdar section, 65km west of Tabas;
and the Halvan section, 80km northwest of Tabas; see
text-figure 2.

We collected 546 samples for microfacies analyses and
paleontological studies from these sections. The Khan Forma-
tion averages 500 m thick and is bounded by disconformities
with the Lower Carboniferous Gachal limestone below and the
Lower Triassic vermiculitic limestone within the Sorkh Shale
above. Fluvial channels immediately above the lower Gachal
Formation document the disconformity between the Gachal and
Khan formations. At the disconformity between the Khan For-
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mation and the Sorkh Shale, there is a bauxite horizon in the
uppermost portion of the Khan Formation.

The Khan Formation consists of cyclic siliciclastic and carbon-
ate sequences (second- and third-order depositional sequences).
Each cycle begins with gravel to cobble conglomerate and very
coarse sandstone. The grain size of the siliciclastic components
decreases upward, and also grades into sandy limestones. The
middle and upper parts of each cycle consist mostly of shallow
water thick to medium bedded packstone-grainstone, inter-
bedded with mudstone and wackestone. Also, dolomite and
dolomitic limestone in some cycles replaces the limestone. The
carbonates are followed by red sandstones and shales.
Aghanabati (1977) considered the siliciclastic deposits in the
lower and upper parts of each cycle to be indicative of
transgressive and regressive phases, respectively.

Biostratigraphy

Based on biostratigraphic data from the Khan Formation,
Aghanabati (1977) originally assigned it to an Early to a Late
Permian age. This age determination was mainly based on
long-ranging smaller foraminifers and brachiopods in the for-
mation. Some fusulinids, such as Triticites primaries isfarensis
Bensh and Pseudofusulina alpine antique (Schellwien), were
reported by Kahler (1977) from the Kalmard area, without pre-
cise information on sample locations. He assigned these
fusulinid species to the Pennsylvanian. Haftlang (1998) and
Gorgij (2002) studied the lower part of the Khan Formation and
concluded that it belonged to the Mississippian. They further
stated that it did not contain Permian faunas. Work on fusulinids
of the Khan Formation by Davydov and Arefifard (2007) gave a
Sakmarian through an early Artinskian age (text-fig. 3). They
found Peri-Gondwana fossil assemblages in the Khan Forma-
tion, with Eoparafusulina, Perigondwania and Neodutkevichia,
indicative of a late Sakmarian to an early Artinskian age. These
fusulinids exhibit affinities to their counterparts in central
Pamir, South Afghanistan, east Hindukush and South Tibet. It
should be noted that these fusulinids have only been found in
limestone of the second cycle of the Khan Formation
(Aghanabati’s Member B). No index fusulinid taxon has been
recorded in the upper part of this formation. Small foraminifers
suggest a biostratigraphic age that is no younger than the Early
Permian.

Jamal Formation - Artinskian-early Wuchiapingian

The Jamal Formation was studied at three stratigraphic sections
in the Shotori and Shirgest areas. In the Shotori area, we used
one section of this formation, located Skm east of its type sec-
tion (text-fig. 2). The lower Jamal Formation has a sharp contact
with the Sardar Formation sandstones; its upper boundary is
conformable with the Sorkh Formation, although it is faulted in
the Shotori area.

Lithostratigraphy

In the Shotori area, the lithologic change between the Sardar
and Jamal formations is very conspicuous. Basal beds of the
Jamal Formation are sandy limestones with abundant frag-
mented invertebrate shells. Aghanabati (2004) considered the
uppermost siliciclastic rocks of the Sardar Formation as a
transgressive sequence in the Jamal Formation. The lower part
of this formation consists of grey medium to thick bedded
brachiopod and bryozoan bearing wackestone-packstone that is
followed by a cream to grey medium to thick bedded
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TEXT-FIGURE 1

Generalised tectonic map of Iran (after Alavi 1991). The central Iran micro-plate is divided into four blocks. The Kalmard area is located within the
Posht-e-Badam Block (PBB) whereas the Shotori and Shirgesht areas are in the Tabas Block (TB).
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TEXT-FIGURE 2

Index map showing location of the stratigraphic sections. 1 - Gachal, 2 - Bakhshi (type section of the Khan Formation), 3 - Madbeiki, 4 - Rahdar, 5 -

Halvan, 6 - Shesh Angosht, 7 - Bagh-e-Vang, 8 - Jamal

grainstone-packstone interbedded with wackestone, micritic
limestone and dolomitic limestone. The upper part of the Jamal
Formation is dominated by a recrystallized limestone.

In the Shirgesht area, we chose two sections of the Jamal For-
mation: the Bagh-e-Vang section exposed nearly 50km north of
Tabas (text-fig. 2), and the Shesh Angosht section about 4km
east of the Bagh-e-Vang section. In both sections the Jamal For-
mation unconformably overlies Carboniferous red to brown,
thin bedded fine sandstones of the Sardar Formation. The upper
boundary of the Jamal Formation is conformable with the
Lower Triassic Sorkh Shale.

The lower Jamal Formation at the Bagh-e-Vang section con-
sists of carbonate conglomerate or very coarse fusulinid-bear-
ing grainstone. The conglomerate includes pebbles of silty
limestone and micritic limestone that is followed by black me-
dium bedded fusulinid grainstone with interbedded shales.
Partoazar (1992), and Leven and Vaziri Moghaddam (2004)
named this part of the Jamal Formation as the Bagh-e-Vang
Member. Based on Stocklin’s (1971) interpretation, the lime-
stones in the uppermost portion of the Sardar Formation occur
only in northern Tabas, where the Zalado section is exposed in
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the Ozbakuh area. Further to the south of the Shirgesht area, this
part of the Sardar Formation includes a shaly and a sandy facies.
These siliciclastic sediments at the top of the Sardar Formation
have no biota to date them.

Laterally, the carbonate deposits toward the south were replaced
by shaly-sandy sedimentary deposits, and there was a non-
depositional phase with erosion before the Jamal Formation
sedimentation (Leven and Vaziri Moghaddam 2004). In some
outcrops in the Shotori area there is a coal-bearing bed at the top
of the Sardar Formation. We suggest that there was a period of
subaerial exposure after deposition of the Sardar Formation.

At the Bagh-e-Vang section, the middle Jamal Formation be-
gins with a black, massive and coarse fusulinid-bearing
grainstone, and also a local conglomerate bed with a matrix of
very coarse grainstone including angular clasts. The remainder
of the middle Jamal Formation consists mainly of dark to grey
medium to thick bedded cherty micritic limestone with rare me-
dium bedded wackestone-packstone that includes smaller
foraminifers and possible radiolaria. Frequency of the
wackestone-packstone beds increases upwards. Eventually,
they are replaced by a cream to white massive biostromal lime-
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TEXT-FIGURE 3

Correlation chart and references for the Carboniferous-Permian sections in central, east-central, northern and south-west Iran. Bagh-e-Vang and Jamal -
Arefifard (2006), Leven and Vaziri Moghaddam (2004); Kalmard - Davydov and Arefifard (2007); Alborz - Gaetani t al. (2009); Abadeh - Baghbani
(1993,1997); Zagros —Johnson (1981), Ghavidel-Syooki (1984), Baghbani (1988), Sharland et al. (2001), Insalaco et al. (2006).

stone. Next, the Jamal Formation has smaller foraminifer-bear-
ing wackestone-packstones with cherts. The topmost beds
consist of an oolitic limestone and rare beds of dolomite and
micritic limestones. The Jamal Formation is overlain by the yel-
low platy micritic limestone of the Lower Triassic Sorkh shale
formation. Although the lithologic features of the Permian
strata in the Bagh-e-Vang section differ from those in the
Shotori area, a mid ramp setting is suggested for its depositional
environment.

At the Shesh Angosht section, the lithology and the thickness of
the Jamal Formation differ with its age-equivalent sediments at
the Bagh-e-Vang section. The Bagh-e-Vang Member is absent
here and the main part of the Jamal Formation is composed of a
dark grey massive to medium bedded wackestone-packstone
and rare beds of grainstone. We suggest that the marine sedi-
mentary setting was slightly deeper than at the Bagh-e-Vang
section, and it may have depositional intervals of starved sedi-
mentation.

Biostratigraphy

Stocklin et al. (1965) described the type section of the Jamal
Formation as very poorly fossiliferous, with poorly preserved
crinoids, bryozoans (fenestellids), gastropods, brachiopods
(productids and spiriferids) from the basal limestone of the for-
mation. Coral-bearing limestone in the middle Jamal Formation
have been assigned to the Middle Permian by Bozorgnia
(1973), who proposed that its age spanned from the Artinskian
(late Early Permian) to the Dzhulfian (early Late Permian),

based on the foraminifers. Previous biostratigraphic data
(Jenny-Deshusses 1983) suggested a Kubergandian (Roadian)
to a Dorashamian (Changsingian) age for the Jamal Formation
in the Shotori area. Arefifard (2006) noted that Kubergandian
(Roadian) through early Dzhulfian (Wuchiapingian) fusulinid
faunas occur there (text-fig. 3).

Early work on the fusulinid-bearing carbonates of the Jamal
Formation in the Shirgesht area in the Bagh-e-Vang section
(Kahler 1974; Kahler and Kahler 1980) showed that the lower
parts of the formation (Bagh-e-Vang Member), with occur-
rences of some fusulinids (Pseudofusulina kraffti (Schellwien
and Dyhrenfurth), Misselina sp. and Chalaroschwagerina
globosaeformis (Leven)), are Kungurian (late Early Permian) in
age. A preliminary determination of conodonts, cephalopods
and corals from this part of the Jamal Formation confirmed this
age (Ruttner et al. 1968). Partoazar (1992), working with
smaller foraminifers and a fusulinid fauna in the Jamal Forma-
tion at the Bagh-e-Vang section, proposed an Asselian through
Changsingian age.

In detailed fusulinid studies of the lower part of the Jamal For-
mation at Bagh-e-Vang, Leven and Vaziri Moghaddam (2004)
identified three fusulinid assemblage biozones in the
Bagh-e-Vang Member, including the Pamirina-Mesoschubert-
ella (Kungurian age), Paraleeina-Chalaroschwagerina-Missel-
ina (Kungurian age) and Misselina-Armenina (which mark the
beginning of the Roadian). Arefifard (2006) assigned an
Artinskian-Kungurian age to the lower part of the Jamal Forma-
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tion. Only smaller foraminifers and rare fusulinids (Rauserella,
Richelina) in the middle and upper parts of the Jamal Formation
were found at this section. A Roadian to an early Wuchia-
pingian biostratigraphic age was suggested for this part the
Jamal Formation. Fusulinids, such as Afghanella, Sumatrina
and Neoschwagerina, along with other foraminifers in the mid-
dle and upper parts of the Jamal Formation in the Bagh-e-Vang
section, indicate a Roadian through Wuchiapingian age (Leven
and Vaziri Moghaddam 2004). Biostratigraphy of the Khan and
Jamal formations, as well as other Permian deposits in Iran are
presented in a correlation chart (text-fig.3).

MICROFACIES DESCRIPTION AND INTERPRETATION

A petrographic analysis of the Jamal and Khan formations
shows that the several microfacies groups can be arranged into
four paleoenvironmental belts. These include the tidal flat sedi-
ments (facies A), the lagoon sediments (facies B), the shoal sed-
iments (facies C) and the open marine sediments (facies D).

Jamal Formation Facies
Tidal flat/beach sediments (facies A)

The tidal flat/beach sedimentary deposits are composed of two
facies, including a mudstone and a sandy bioclastic grainstone.

A-1- Mudstone

This facies consists of a dark gray, thin- to medium-bedded,
planar, unfossiliferous to very sparsely fossiliferous mudstone.
Very fine-grained skeletal material, much less than 10% of the
lithology, is present. The skeletal grains consist of crinoid
stems, brachiopods, foraminifers, and ostracodes. In some
cases, aggrading neomorphism causes micrite to be partially al-
tered to microsparite or sparite (text-fig. 4A)

A-2- Sandy Bioclastic Grainstone

The sandy bioclastic grainstone consists of medium-bedded,
light gray, partially fossiliferous beds. The fauna includes
brachiopods and bivalves. Also, echinoderms form 25 to 30%
of the components. Fine- to medium-grained, poorly sorted, an-

gular to subrounded, monocrystalline quartz is also present (ap-
proximately 15%). The allochems are cemented by a blocky and
drusy sparite (text-fig. 4B).

Interpretation

The lime mudstone with rare skeletal grains indicates a stressed
marine environment with a high salinity. Birdseye structures
suggest the deposition was in the supratidal to upper intertidal
zone (Shinn 1983). The open cavities may be the result of wet-
ting and drying of carbonate mud in a supratidal setting (Shinn
1986). Given the presence of the sand-sized quartz minerals and
the lack of micrite, it appears that the sandy bioclastic
grainstone was formed in a high energy environment in tidal
channels (Shinn 1983).

Lagoon sediments (facies B)

The lagoon sediments are characterized by a bioclastic
packstone grainstone/peloid packstone, an intraclast grainstone/
bioclastic wackestone and a peloid bioclastic grainstone.

B-1- Bioclastic packstone-grainstone

This facies consists of gray, medium thickness beds and con-
tains relatively abundant and diverse fauna dominated by
echinoderms, brachiopods, green algae, staffellids, smaller
foraminifers, gastropods and ostracodes. The bioclast composi-
tion is variable, and it thereby includes the following lithologies
within this facies: a dasyclad algae staffellid packstone and
grainstone; a dacyclad bioclastic packstone-grainstone; and a
foraminifer bioclastic packstone-grainstone. There are peloids
present in lesser amounts in all lithologies (<3%). The skeletal
grains have commonly micritized boundaries that show evi-
dence of boring by endolithic algae (Fliigel 2004).

B-2- Peloid packstone

This lithology consists of light gray medium beds of poorly to
moderately sorted, angular to subrounded peloids. A minor con-
stituent is smaller foraminifers (3 to 4%). This facies occurs in
the lower part of the Jamal Formation (type section) (text-fig.
4C)

TEXT-FIGURE 4

A-B, Photographs of the tidal flat facies of the Jamal Formation.
A Mudstone, note the presence of quartz silt grains.

B Sandy bioclastic grainstone, showing abraded crinoid
stems (c) and silt-sized quartz.

C-E, Photomicrographs of the lagoonal facies of the Jamal For-
mation.

C Peloid packstone with low presence of silt-sized
quartz, angular to sub-rounded, poorly sorted peloid
are the most common.

D Intraclast grainstone.
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E Bioclastic wackestone showing a crinoid stem frag-
ment (c) overlapping a smaller foraminifer shell (f).

F-H, Photomicrographs of the shoal facies of the Jamal Forma-
tion.

F Ooid grainstone showing oomolds.

G Bioclast packstone/grainstone showing crinoid stems
fragments (c) with syntaxial cement and fenestrate
bryozoa fronds (f).

H Intraclast oncoid grainstone showing an algal
encrustment around a bioclastic nucleus (o). Scale bar
is 0.1lmm.
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B-3- Intraclast grainstone

This facies consists of dark gray, medium to thick beds of angu-
lar to subrounded intraclasts (35%). These allochems are sur-
rounded by isopachous cement. The minor allochems are
skeletal grains, including staffelids and smaller foraminifers (3
to 4%). The facies grades upward into an intraclast bioclast
grainstone. In this latter facies, major allochems are stafellids,
dasyclad algae, echinoderms, and brachiopods that form 30%
of this facies with 15% micritized-edge intraclasts; less than 5%
ooids are present. All the allochems are cemented by sparite.
The dasyclad algae and the staffellids are intact (text-fig. 4D).

B-4- Bioclastic wackestone

The bioclastic wackestone is composed of a thin- to me-
dium-bedded dark to light gray, fossiliferous wackestone and a
minor peloid bioclastic wackestone with poorly sorted peloids.
The skeletal grains include bivalves, brachiopods, smaller
foraminifers, echinoderms and ostracodes that form 15% of the
bioclastic wackestone. There is quartz, which is a minor
allochem (less than 4 to 5 % presence). This facies was ob-
served most frequently in the middle part of the Jamal Forma-
tion (Bagh-e-Vang Section) (text-fig. 4E).

B-5- Peloid bioclastic grainstone

This facies consists of gray, medium to thick beds of an oncoid
bioclast grainstone, and a fusulinid bioclastic grainstone. The
skeletal debris forms 30% of this facies and consists of
echinoderms, brachiopods, dasyclad algae and smaller
foraminifers. The echinoderm fragments have non-micritized
borders. The minor allochems are intraclasts (3%) and ooids (2
to 3%). All the allochems are cemented by drusy, syntaxial and
blocky sparites. This microfacies was observed in the middle
through the upper parts of the Jamal Formation (at its type sec-
tion).

Interpretation

The lagoon facies has a relatively abundant fauna. It includes
landward, central and leeward shoal sub-environments. The
bioclastic packstone-grainstone was deposited in leeward shoal
sub-environments with an abundance of dasyclad algae, a lack

of normal marine biota, and increased skeletal fragments of re-
stricted fauna. Dasyclad algae are restricted to marine bays and
lagoons (Fliigel 1982, 2004). The peloid packstone with poorly
sorted and angular peloids indicates a shallow intertidal coastal
area. They occur preferentially in low-energy zones (Fliigel
1982). The occurrence of lime mud indicates a calm environ-
ment less affected by waves (Longman 1981). The intraclast
grainstone without micritic mud and abundant intraclasts shows
a high energy environment and deposition in a leeward shoal
setting. The angular intraclasts are produced by the mechanical
erosion of lithified beachrocks within the intertidal and the
supratidal zones (Fligel 1982, 2004). The bioclastic wacke-
stone suggests a protected shelf region. The micritic back-
ground and the low diversity of skeletal grains imply deposition
under low energy, quiet water and very restricted conditions.
The peloid oncoid bioclast grainstone with close packing was
deposited in the upper part of a lagoon toward the shoal, based
on its vertical association with a shoal facies. Similar grain-
stones are forming at margins of oolitic shoals and lower mar-
gins of tidal flats in the South Persian Gulf and Shark Bay in
Australia.

Shoal sediments (facies C)

The shoal sedimentary deposits are composed of an ooid
grainstone/ooid intraclast grainstone, a bioclastic packstone
grainstone, and an intraclast oncoid grainstone.

C-1- Ooid grainstone

This facies consists of thick-bedded, fine to coarse-grained ooid
grainstone. The well- sorted ooids form 60% of this facies with
less than 5% non-coated skeletal debris present. The skeletal de-
bris consists of brachiopods and echinoderms. The ooid grain-
stone represents shallowing-upward upper ramp shoals (Read
1985). This facies occurs in the upper parts of the Jamal Forma-
tion (Bagh-e-Vang Section). Several ooids were exposed to dis-
solution, and they have lost their original structure and
produced oomolds (text-fig. 4F).

C-2- Ooid intraclast grainstone

This facies forms thick-bedded, light to gray beds composed of
moderately sorted ooids (25%) and intraclasts (20%) that are

TEXT-FIGURE 5

A Photographs of the open marine facies of the Jamal
Formation’s calcisphere and/or radiolaria wacke-
stone/packstone.

B-F, Photomicrographs of the tidal flat facies of the Khan For-
mation.

B Mudstone with slit-sized quartz.

C Sandy bioclastic grainstone displaying bioclastic de-
bris with micritized edges and quartz sand grains.

D Sandy intraclast grainstone.
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E Sandy ooid grainstone showing the well-sorted ooids
with preserved concentric laminae. The ooid nuclei
consist of peloid material and sand-sized quartz. Note
also the presence of quartz sand grains.

F Quartz sandstone illustrating the well-sorted, angular
to sub-angular sand-sized, monocrystalline quartz.

G-H, Photomicrographs of the dolomite facies of the Khan For-
mation.

G Dolomicrite

H Dolomicrosparite. Scale bar is 0.1.
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surrounded by a sparite cement. The bioclasts such as smaller
foraminifers, algae and echinoderms are present as less than 5%
of the components.

C-3- Bioclastic packstone-grainstone

This facies consists of grayish brown to dark gray, medium- to
thick-bedded, fossiliferous beds. The skeletal fragments in-
clude brachiopods, echinoderms and unbroken fenestrate
bryozoa fronds. Allochems have close packing, producing dis-
solution-compaction structures such as stylolites. The
echinoderm grains show micritized edges. This facies occurs in
the middle through upper parts of the Jamal Formation (type
section) (text-fig. 4G).

C-4- Intraclast oncoid grainstone

This facies consists of thick-bedded, dark gray beds that include
oncoids (20 to 25%) and intraclasts (10 to 15%) as major
allochems. The skeletal debris consists of smaller foraminifers,
echinoderms and brachiopods that are not parallel-aligned to
bedding and are in minor amounts (5%; text-fig. 4H).

Interpretation

The ooid grainstone with tangential structures in this facies in-
dicates a high energy environment that has been subjected to
constant wave agitation and produced a well sorted grainstone
(Fliigel 1982, 2004; Tucker and Wright 1990). The ooid
intraclast grainstone implies deposition in the highest energy
portion of a seaward shoal within the surf zone. This facies was
created in coarsening-upward sedimentary cycles (Reading
1996). The presence of grain-supported and mud-free (or lesser
amounts of mud) textures in the bioclastic packstone grainstone
indicate that wave and current activity occurred in a high en-
ergy depositional environment; i.e., bioclastic shoals developed
in a seaward shoal environment. The coarse and whole grains of
the intraclast oncoid grainstone suggest that this facies was a
leeward shoal.

Open marine sediments (facies D)

The open marine sedimentary deposits include a bioclastic
wackestone packstone and a possible radiolaria and/or
calcisphere wackestone packstone.

D-1- Bioclastic wackestone-packstone

The bioclast wackestone packstone is composed of thin-bed-
ded, light to dark gray fossiliferous, and bioturbated beds. The
skeletal grains include echinoderms, smaller foraminifers and
brachiopods that are with a micritic mud matrix.

D-2- Calcisphere and/or radiolaria wackestone-packstone

The calcisphere and/or radiolaria wackestone-packstone con-
sists of a gray medium- to thick-bedded limestone with cherty
lenses and nodules along bedding planes. The calcispheres and/
or radiolaria are the main allochems in this facies and form up
to 35% of the components. Also, sponge spicules are minor
allochems and are mostly calcareous. This facies is observed in
the middle through upper parts of the Jamal Formation
(Bagh-e-Vang Section) (text-fig. SA).

Interpretation

The occurrence of thin bedding in a bioclastic wackstone-
packstone is characteristic of low rates of sedimentation and a
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low-energy depositional environment. This facies was depos-
ited in the distal part of a carbonate platform or a shallower part
of an open marine environment. The abundant deeper water
biota contains possible radiolaria, sponges and calcispheres that
create intermittent packstone partings (Cadjenovic et al. 2005).
The thin-bedding and the cherty nodules together with the
calcisphere and radiolaria wackestone-packstone suggest the
deeper part of an open marine shelf environment.

Khan Formation Facies
Tidal flat sediments

The tidal flat sedimentary deposits are composed of a mudstone/
sandy bioclastic grainstone, a sandy intraclast grainstone, a
sandy bioclastic grainstone, and a quartz sandstone.

A-1- Mudstone

The mudstone facies consists of gray, thin to medium beds.
Quartz grains and skeletal fragments are minor components.
There are some mudstones that are completely replaced by do-
lomite. Also, gypsum/anhydrite has been replaced by dolomite
(text-fig. 5B), producing pseudomorphs.

A-2- Sandy bioclastic grainstone

There are beds composed of skeletal debris including
echinoderms and brachiopods. Quartz grains represent 10% to
15% of the non-skeletal components. This facies was occurs at
the base of the Khan Formation, and it marks the beginning of
its carbonate deposition, and during the highstands (text-fig.
50).

A-3- Sandy intraclast grainstone

This facies consists of a dark gray, medium-bedded grainstone
of sub-rounded to rounded intraclasts with loose packing. Fine-
to coarse-grained, moderate to well sorted, sub-rounded to
rounded mono-crystalline quartz grains represents about 10% to
15% of the rock. This facies was observed near the base of the
Khan Formation (text-fig. 5D).

A-4- Sandy ooid grainstone

This facies consists of a light gray, medium-bedded, fine- to
coarse grained oolitic grainstone. The moderately- to
well-sorted ooids form 70% of this facies with 10% to 15% of
poorly sorted, angular, medium sand-sized quartz. The skeletal
debris, as a minor component of this facies, includes brachio-
pods and bivalves. This facies was observed at the base of the
Khan Formation (text-fig. SE).

A-5- Quartz sandstone

The quartz sandstone facies consists of brownish gray, medium
beds of fine- to coarse-grained, moderately to poorly sorted, an-
gular to sub-rounded, sand-sized mono-crystalline quartz.
Quartz grains form 90% of this facies. The skeletal fragments
are less than 5% of the minor constituents. Also, there is com-
mon trough and planar cross-bedding (text-fig. 5F).

Interpretation

The dolomitized micrite and dolomudstone with birdseye and
gypsum/anhydrite casts were deposited in the supratidal to up-
per intertidal sub-environments. The sandy intraclast/ooid
grainstone was deposited in a high energy, upper intertidal
sub-environment, which is supported by the lack of micrite and
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TEXT-FIGURE 6

A Photograph of the dolosparite of the Khan Formation.
B-C, Photomicrographs of the lagoonal facies of the Khan For-

mation. E

B Bioclastic wackestone showing crinoid stem and bi-
valve fragments.

C  Fusulinid bioclastic grainstone showing poorly sorted
grainstone with fusulinid and crinoid stem fragments.

D  Photomicrograph of the shoal facies of the Khan For-
mation, with bioclast packstone/grainstone illustrat-

ing grain supported packstone/grainstone, with
common crinoid stems and brachiopod fragments.

Photomicrograph of the open marine facies of the
Khan Formation’s bioclastic wackestone/packstone
showing a crinoid stem fragment and a smaller
foraminifer shell in a micritic matrix. Scale bar is
0.1mm.

71



Sakineh Arefifard and Peter E. Isaacson: Permian Sequence stratigraphy in east-central Iran: Peri-Tethyan and Peri-Gondwanan events

TEXT-FIGURE 7

The Khan Formation at the Halvan location showing the sequence boundaries and the depositional sequences, with the view toward the southwest.

vertical association with lagoonal and proximal tidal flat facies
(Shinn 1983). The high compositional and textural maturity in
the Khan Formation quartz arenite, as well as flaser bedding,
cross-bedding and laminations indicate a high energy depo-
sitional environment for this facies. Vertical grading of the
quartz arenite to lithic sandstone, flaser bedding, herringbone
cross-bedding, and a vertical association of the clastic facies
with carbonate tidal facies point to sedimentation in a shallow
supratidal to an upper intertidal environment. In some outcrops,
the quartz arenites were replaced by local conglomerates. This
conglomerate has angular pebble and cobble clasts that indicate
these clasts were proximal to their source area(s).

A-6- Diagenetic dolomite

There are three types of dolomite crystals that were identified in
the Khan Formation on the basis of their textural changes, inter-
nal structure and crystal shape. These are very fine crystalline
dolomites or dolomicrites, fine crystalline dolomites or dolo-
microsparites and medium crystalline dolomites or
dolosparites. Dolomitization and dolomites are very common
throughout the Khan Formation. Dolomite bed thicknesses are
variable.

Dolomicrite. Dolomite crystals show xenotopic fabric and are
fully dense and have no porosity. The relics of original
allochems are also present (including crinoid stems and brachi-
opod shells). The size of the dolomite rhombs ranges between 5
to 16 microns (with a mean of 11 microns) (text-fig. 5G).

Dolomicrosparite. These dolomites are subhedral to non-
euhedral and have fabrics equal with hypidiotopic (Friedman
1965), idiotopic-s (Gregg and Sibley 1984) and planar-s
(Mazzullo 1992). The crystal faces are of the planar-s type.
They consist of 16-62 micron-sized crystals (with a mean of 40
microns) (text-fig. SH).

Dolosparite These dolomites consist of anhedral crystals with
non-planar faces and have a xenotopic fabric. The size of the
dolomite crystals ranges from 62 to 270 microns (with a mean
of 170 microns) (text-fig. 6A).

Interpretation

The dolomicrites are considered as syngenetic. They formed
during very early diagenesis in supratidal and upper intertidal
environments (Adabi 2004). Given the texture and fine crystals
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in the dolomites, the retention of the primary sedimentary
structures such as birdseyes, and the presence of quartz grains
scattered in the dolomicrites of the Khan Formation, these
dolomites were formed under near-surface low temperature
conditions (Sibley and Gregg 1987; Gregg and Shelton 1990).
The dolomicrosparites are formed by the replacement of lime-
stones or recrystalization of dolomicrites under critical tempera-
tures (less than 60° C; Gregg and Shelton 1990; Mazzullo
1992). In the Khan Formation, the dolomicrosparites are the rel-
ics of allochems including brachiopod shells and intraclasts.
The original sedimentary textures in the dolosparites of the
Khan Formation are not preserved. The dolosparites are formed
at very high temperatures and replace the limestones (Gregg and
Sibley 1984; Sibley and Gregg 1987; Gregg 1988; Gregg and
Shelton 1990).

It appears that the Khan Formation dolosparites formed as a re-
sult of a dolomicrosparite recrystallization or a displacement of
primary limestones at a high temperature and during deep burial
stages. The fabric change in the Khan Formation dolomites
from a dolomicrite to a dolomicrosparite, followed by a
dolosparite, indicates increasing alteration.

Lagoon sediments (facies B)

The lagoon sedimentary deposits are composed of a bioclastic
wackstone/peloid bioclastic grainstone and a fusulinid
bioclastic grainstone.

B-1- Bioclastic wackestone

The bioclastic wackestone consists of thin- to medium-bedded,
light to dark gray beds of skeletal debris cemented by a micrite.
The sparse skeletal fragments include fusulinids, medium-
grained crinoid stems and brachiopods, ostracodes; and less
than 5% smaller foraminifers are minor grains. The skeletal
grains are relatively intact (text-fig. 6B).

B-2- Peloid bioclastic grainstone

The peloid bioclastic grainstone consists of medium-bedded,
gray beds. The skeletal grains form 40% of this facies including
foraminifers, echinoderms, brachiopods, bivalves, and dasyclad
algae that are not closely packed with poor sorting. The oval
peloids are about 10% to 15%.
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TEXT-FIGURE 8

The Khan Formation at the Rahdar section illustrating the sequence boundaries and the depositional sequences. Note the difference between the number
of depositional sequences at the Halvan and Rahdar locations. View is toward the southwest.

B-3- Fusulinid bioclastic grainstone

This facies consists of medium- to thick-bedded gray beds with
fusulinids, brachiopods and echinoderms that form 60% of this
facies. The minor components are smaller foraminifers, dasy-
clad algae and ostracodes. The skeletal grains have micritized
boundaries, and they were cemented by sparite (text-fig. 6C).

Interpretation

The relatively low diversity. a low abundance normal marine
fauna, and the high proportion of micritic mud as well as the
partial micritization of skeletal fragments in the bioclast
wackestone suggest the deposition was in a quiet water and la-
goonal environment (Wilson 1975; Hine 1977; Nichols 2000).
This facies was deposited mainly in a sheltered lagoon environ-
ment with an open marine circulation under a low to moderate
energy near shoals. It was locally deposited in a semi-restricted
lagoon below the fair-weather wave base. This is supported by
scour-and-fill structures in the field (Aigner 1982).

Shoal sediments (facies C)

The shoal sediments include a bioclastic packstone-grainstone
and an intraclast bioclastic grainstone facies. The bioclastic
packstone-grainstone shares similar features with the the same
lithology in the Jamal Formation. The intraclast bioclastic
grainstone consists of thick-bedded, gray, crinoids and brachio-

pods rich grainstone. Subrounded to rounded intraclast grains
comprise 15% of the lithology.

Interpretation

The formation of a bioclastic packstone-grainstone (text-fig.
6D), an intraclast bioclastic grainstone, and their components
(allochems and orthochems) are the same as those in the Jamal
Formation shoal facies.

Open marine sediments (facies D)

Open marine sedimentary deposits include a bioclastic
wackestone that grades upward to a bioclastic packstone facies.
This open marine facies consists of dark gray, thin to medium
beds of poorly sorted, skeletal grains including echinoderms,
smaller foraminifers and brachiopods (text-fig. 6 E).

Interpretation

This facies is not found extensively in the Khan Formation sec-
tions, and it has some similar features with the shoal facies.
However, the abundance of carbonate mud and the poorly
sorted grains in this facies are indicative of a quiet-water and a
low-energy environment. Considering its position over the
shoal facies, an open marine setting is likely for this facies.

73



Sakineh Arefifard and Peter E. Isaacson: Permian Sequence stratigraphy in east-central Iran: Peri-Tethyan and Peri-Gondwanan events

1
i 2 -
& =3 3 5
] be ; =3
= 2 s i 55 3
S E z i
: g i
T = SH, is
A i £§
T ik [E: : i
W 52 3 3}
i - | T SI )
L i o 5
a
# si z
# 2
'l' 23 |2
; f 5 E % T;' +
=
E E[% 9
= 4 -
= - - -]
F HE
H £ E| &
g £l § & £
= M 5% t
2 sl ZIEE 1] H
alsT 5 3
E ¥ 2gE . E 3
4 1 = = £
[ # "5 2
E K 3
ba %3
;‘ i
i -
2
h | A H
— Bl
W [ Carbonate and Siliciclastic Classification Size
o Upper Case Lower Case
B
= T T 2 Memudstone or micrite memud/micrite
k| = = Wewackestone sesilt
=z o P=packstone sf=very fine sand
=z M Grgrainstone T-fine sand
E " B-boundsione memediam sand
= ' B SLT=sklistone e=coarse sand
= L ¥ vesvery coarse sand
4 E -granule
£ A2 prpebble
i vallk e
= =houlder
B iq
. I e @ Dolomitic limestone  —————=1| Sandy limestane
i o
2 Bakhshi Section b
3 Gachal Section

TEXT-FIGURE 9

Stratigraphy and the depositional sequences (second-, third-, and fourth-order) of the Khan Formation at the Halvan, Bakhshi and Gachal sections. The
depositional sequences and related sequence boundaries (SBs) are identified. SB1: a type 1 sequence boundary.

DEPOSITIONAL MODEL

The depositional systems for the Jamal and Khan formations
were different. The Jamal Formation deposition was on a
homoclinal ramp (sensu Read 1982, 1985), particularly on an
inner-ramp and mid-ramp (Wright 1986; Burchette et al. 1990).
This is supported by the abundance of deposits characteristic of
shoal, lagoon and tidal flat sediments, and lesser occurrences of
graded beds, hummocky cross-stratification (HCS) and storm-
related features.

In distally steepened ramps, as described by Tucker and Wright
(1990) and Tucker et al. (1993), a slope break is situated be-
tween the outer ramp and the basin. Many of these include
slumping and slope apron deposits, which are not present in the
Jamal Formation. In the Jamal Formation inner-ramp, the de-
posits consist mostly of bioclastic and oolitic allochems that
build shoal sediment bodies. The lagoonal facies show a variety
of mud-, wacke- or packstone sediments. Computer simulations
demonstrated that models with a uniform sediment production
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across ramps form more homoclinal morphologies (Elrick and
Read 1991; Read et al. 1991). High oolitic production in shal-
low water characterizes ramp-dominated environments, which
occur in the Jamal Formation, especially at the type section.

Although we propose a carbonate ramp model for the
depositional environment of the Jamal Formation at its type sec-
tion and the Bagh-e-Vang sections, there are some distinct dif-
ferences among facies between them. The lagoon and shoal
facies are more dominant in the type section than at the Bagh-
e-Vang section. The lagoon sub-environment in the type section
can be subdivided into three parts. The shoal and lagoon facies
include ooid and bioclastic grainstones that follow lagoon facies
through the formation. The mid-ramp facies does not occur in
the type section.

On the other hand, the presence of the chert nodules and lenses
with fossils including the radiolaria and/or calcispheres and the
sponge spicules (D-2 microfacies, Jamal Formation) at the
Bagh-e-Vang section represent deposition in the calmer water
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Stratigraphy and the depositional sequences (second-, third-, and fourth-order) of the Khan Formation at the Madbeiki and Rahdar sections. The
depositional sequences and the related sequence boundaries (SBs) are identified. SB1: a type 1 sequence boundary.

of the mid-ramp with some influence from the shallow ramp.
This facies is common in Paleozoic and Mesozoic basinal car-
bonates, deeper shelf carbonates as well as in mid-ramp and
outer-ramp settings (Flugel 2004).

The Kalmard Basin was characterized by cyclic sequences
composed of thick siliciclastic deposits and relatively thin car-
bonate sediments during the Lower Permian. A shoreline envi-
ronment with mixed siliciclastic-carbonate sediments describes
the depositional setting of the Khan Formation. Globally, the
Permo-Carboniferous rocks contain especially good examples
of mixed siliciclastic-carbonate sequences (Mack and James
1985). The accepted sedimentary environment model for mixed

siliciclastic and carbonate deposition involves shelves in which
clastic sediments are trapped in the near shore zone with simul-
taneous deposition of carbonate sediments in clear, deeper-wa-
ter subtidal, as well as intertidal settings (Myrow and Landing
1992).

The tidal flat facies are widespread in the Khan Formation. The
carbonate allochems significantly increase upwards, reflecting
diminished siliciclastic input as sea level rose and in sifu car-
bonate production increased. These carbonate facies are subdi-
vided into the lagoon and shoal sub-environments and a very
rare open marine facies. They are capped by a tidal flat facies.
Bauxite deposits record subaerial exposure.
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DEPOSITIONAL SEQUENCE

Khan Formation

The Lower Permian (the Sakmarian to the early Artinskian in
age) Khan Formation in the Kalmard basin displays a cyclic
sedimentation (text-figs. 7, 8, 9, 10). Like other mixed silici-
clastic-carbonate depositions, the sequence cyclicity in the
Khan Formation is commonly observed elsewhere (Mack and
James 1985; Myrow and Landing 1992; Barnaby and Ward
2007; Lubeseder et al. 2009). The asymmetric parasequences
reveal a vertical facies change commensurate with a seaward
progradation of the shoreline. The Khan Formation can be di-
vided into second- and third-order, shallowing-upward
depositional sequences. Each sequence records a transgression
and a regression.

Sequence 1 is a third order cycle and was deposited at the
Bakhshi, Rahdar, Madbeiki, and Gachal locations, and it is
missing at the Halvan section (text-figs. 7, 8, 9, 10). The LST
deposits of the Sequence 1 include quartz sandstones. These
siliciclastic deposits are also included in the lower part of the
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TST (text-figs. 9, 10). The transgressive system tract in
Sequence 1 is composed mainly of a lagoonal facies. The HST
deposits are recognized by a shallowing-upward progradational
stacking pattern, which mostly includes a subtidal facies with a
more restricted fauna. The lower and upper boundaries of Se-
quence 1 are both a type 1 at the sections mentioned above
(text-figs. 7, 8, 11).

Like Sequence 1, Sequence 2 (second-order cycle) begins with
LST sedimentary deposits composed of sandstones and are in-
cluded in the lower part of the TST (text-figs. 9, 10). The TST is
characterized by a bioclastic packstone, a bioclastic ooid
grainstone, an intraclastic grainstone, and a bioclastic
wackestone/packstone. The MFS is marked by fusulinid- rich
beds. The transition from the lagoon to mainly a tidal flat facies
indicates a sea level fall, gradual shallowing conditions, and a
reduced accommodation during the HST. The HST deposits are
indicated by a progradation of the tidal flat facies over a lagoon
and a foreshore facies. The lower and upper boundaries of Se-
quence 2 are both a type 1.
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TEXT-FIGURE 12

The Jamal Formation at the Jamal location showing the sequence boundaries and the depositional sequences. View is toward the north.

The transition from the Sequence 2 to Sequence 3 (third-order
cycle) is accompanied by a major change from a humid/temper-
ate to an arid climate, as well as a switch to continental condi-
tions. This is inferred from a transition of sandstones containing
plant remains to bauxite. Sequence 3 was deposited at the
Bakhshi and Halvan sections. The LST deposits included in the
lower part of the TST are composed of sandstones. The TST at
Halvan is characterized by a bioclastic wackestone, an intra-
clastic grainstone, and a bioclastic packstone containing algae,
Tubiphytes, echinoderms, crinoids and brachiopods. At the
Bakhshi section, a TST is indicated by a dolomitized bioclastic
wackestone/packstone, a dolomitized ooid grainstone, a dolo-
mitized wackestone that are interpreted to indicate lagoon to
fore-shoal environments. The HST is missing at the Bakhshi sec-
tion, and it is thin and composed of tidal flat facies at the Halvan
section. The upper boundary of the Sequence 3 is a type 1.

Sequence 4 (third-order cycle) is represented only at the Halvan
section. This sequence starts with sandstones of a lowstand
transgressive system tract. The TST deposits are characterized
by an aggradational stacking pattern. The HST sediments are in-
dicated by four shallowing-upward and thinning progradational
parasequences. The upper boundary of the Sequence 4 is a type
1.

The upper boundary of the Khan Formation defines a signifi-
cant disconformity that is related to epeirogenic movements af-
ter the deposition of the Khan Formation at the end of the
Sakmarian to the early Artinskian stages. This disconformity is
widespread and very useful for correlation. After deposition of
the Khan Formation, the Kalmard area witnessed a significant
regression. From the late Early Permian through Early Triassic
time this area was subaerially exposed, as evidenced by the
bauxite horizons at the top of the Khan Formation.

Jamal Formation

The Middle Permian Jamal Formation in the Shotori area con-
sists of three third-order shallowing-upward depositional se-
quences (text-figs. 12, 14). The depositional Sequence 1 (lower
Roadian in age) was deposited during a transgression over the
Carboniferous Sardar Formation siliciclastics. The TST depos-
its are characterized by open-marine, fore-shoal and lagoon fa-
cies and show an aggradational parasequence stacking pattern.
The MFS is indicated by bioclastic grainstones which are com-
posed completely of brachiopods and crinoids. The HST shows
transition from lagoon to tidal flat environments. The
shallowing-upward trend from shoal/lagoon to supratidal facies
is characteristic of a progradational stacking pattern during
highstand system tract (HST). Also the presence of lime
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TEXT-FIGURE 13

The Jamal Formation at the Bagh-e-Vang section, illustrating the sequence boundaries and depositional sequences; view is toward the north.

mudstone, dolomudstone with calcite pseudomorphs after gyp-
sum/anhydrite, birdseye structures, and quartz sand are inter-
preted to indicate a progressive progradation during the late
HST and subaerial exposure. The lower and upper boundaries
of the Sequence 1 are both a type 1 (text-figs. 12, 15).

The Sequence 2 of the upper Roadian Stage is similar to Se-
quence 1, in that the TST deposits are succeeded by the la-
goonal and shoal parasequences of the HST deposits. The
transgressive system tract of the Sequence 3 (the Wordian to the
Capitanian in age) is composed of a bioclastic wackestone, an
intraclastic grainstone, an intraclast oncoid grainstone and a
bioclastic wackestone/packstone. A retrogradational stacking
pattern is indicated by thickening-upward facies which changes
from a intraclastic grainstone, and a dolomitized ooid
grainstone to a crinoid, fusulinid, brachiopod packstone. The
MES is recognized by bioclastic wackestone/packstone that
contains an open marine facies. The HST is characterized by a
transition from an open marine to a shoal, a lagoon and ulti-
mately a tidal flat facies. The dolomitic limestones appear in the
uppermost portion of the Jamal Formation. The abundance of
the ooid grainstone and the lagoon and the tidal flat facies indi-
cate a remarkable reduction in accommodation rate. The lower
boundary of the Sequence 3 is a type 1. The upper boundary of
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the Jamal Formation in this section is faulted with the Lower
Triassic Sorkh shale Formation.

The Artinskian to the early Wuchiapingian in age Jamal Forma-
tion in the Bagh-e-Vang section in the Shirgesht area consists of
two second order and one third-order depositional sequences
(text-figs. 13, 14). The first sequence (the Artinskian to the
Kungurian in age) is a second-order cycle that was deposited
over the Carboniferous Sardar Formation sandstones. The lower
contact of the Jamal Formation with the Sardar Formation is a
widespread disconformity in the study area. It is a major se-
quence boundary and a transgressive surface. The TST deposits
of Sequence 1 are characterized by a bioclastic grainstone, a
bioclastic peloid grainstone and a bioclastic wackestone/
packstone, with both containing algae, echinoderms, gastro-
pods, corals, brachiopods and fusulinids. It is interpreted as in-
cluding a lagoon to an open marine environment. In the middle
part of this sequence, there are fine-grained siliciclastics
interbedded with limestones that decrease upwards. The MFS is
characterized by a bioclastic packstone, with fusulinids, algae,
and echinoderms. The HST is composed mainly of a lagoon fa-
cies with restricted fauna and tidal flat deposits, showing a
progradational stacking pattern. The upper sequence boundary
of Sequence 1 is a type 1 (text-figs. 13, 15). There is no evi-



Stratigraphy, vol. 8, no. 1, 2011

nd order

Depositional Seg

Ik to At order

L. Trinss.
Depasitional Seq.

onder

Guadalupian
Roadian-Capitanian
2ned
Deposational Soq.

S8 P Bsh

Penns,

Carbonate and Siliciclastic Classification Siee Lower Case

= Upper Case

i Memudstone or micrite m-mud/micrite
¥
iE Wewackestone sesilt
y it Pepackstane vi=very fine sand
e Gograinstone T-fine sand

£ B-baundstone m=medium sand

SLT=siltstone e=coarse sand

vesvery coarse sand
gegranule
pepehble
ch-cobible
bl=boulder

ﬁ Marly limestone

o= o e xR

]
H]
R
1 -
L
: &
111
: : :
2 H
: RERECE T
e Ea =
B
300 L
H H H
= | 270. e g¥ -]
HE 7|51 :
2|2 F YRBES ¢
- ;5 | | 5 8
=, H
221 z
210 “EEas
195. o
5 180, L
E
-.'3 165. o H
a L 4 &
150. 4 i =
v 3
sl{ s vdBAEE 2
= 11373 i
2= 120 o ’&
g2
3 E 108, YLl = s
G|z K|
I 3
2
i 75 L &
3 i &
e - =
SH1
45
sld g e E
L2 2 £ 34
w B[z 3 SE
= SIEE 2
ok o1
sui
om
H
%
1 Bagh-¢-Vang Section 5
2 Jamal Section
3 Shesh Angosht Section 5

TEXT-FIGURE 14

@ Dolomitic limestone Sandstone

=] e

Stratigraphy and depositional sequences (second-, third-, and fourth-order) of the Jamal Formation at the Bagh-e-Vang, Jamal and Shesh Angosht sec-
tions. The depositional sequences and the related sequence boundaries (SBs) are identified. SB1: a type 1 sequence boundary.

dence of the Sequence 1 deposits in western outcrops (Shesh
Angosht location).

Although there is a local conglomerate at the base of the Se-
quence 2 (second-order cycle) at the Bagh-e-Vang section, the
boundary between Sequences 1 and 2 is marked by a signifi-
cant deepening and a conspicuous shift in the depositional en-
vironment. The HST deposits of the Sequence 1 are
characterized by several shallowing- and thickening-upward
parasequences. These parasequences formed in a mid ramp
setting and are not followed by shallower facies. Therefore,
they are indicative of a progressive progradation of the
mid-ramp toward deeper waters. The absence of a shallow wa-
ter fauna and the presence of sponge spicules, radiolaria
and/or calcispheres support a TST interpretation. HST depos-
its include the thickening and coarsening-upward
parasequences that show aggradational and progradational
normal marine packstone and grainstone cycles. The upper
boundary of Sequence 2 is type 1. The TST and HST deposits

at the Sheshangosht section are very thin, and they do not in-
clude a mid-ramp facies in this section.

Sequence 3 (third-order) of the early Wuchiapingian Stage is
composed of three thickening-upward parasequence sets with
the presence of sponge spicules, calcispheres, and possible
radiolaria. The HST deposits in the Sequence 3 are character-
ized by abundant benthic organisms and a marked increase in
carbonate production. The MFS is marked by a transition from
an open marine facies to a shelf margin facies. The upper
boundary of the Sequence 3 is a type 1 with the Lower Triassic
Sorkh shale Formation. The Sequence 3 was not deposited at
the Shesh Angosht section.

The Sequence 1 (the Artinskian to the Kungurian in age) of the
Jamal Formation at the Bagh-e-Vang section was not deposited
at its type section in the Shotori area. Also Sequence 2 (the
Roadian to the Capitanian in age) at the Bagh-e-Vang section is
comparable with the Sequence 1 (also the Roadian to the
Capitanian in age) at the Jamal Formation type section.
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DISCUSSION

The Carboniferous and Lower Permian glaciations covered ex-
tensive areas of Gondwana (Crowell 1978; Isbell et al. 2003).
They have been considered as a driving force for cyclicity of
Permo-Carboniferous rocks in many parts of the world
(Boardman and Heckel 1989; Dickinson et al. 1994; Heckel
1994). Isbell et al. (2003) proposed that Gondwana glaciation
was less widespread during Permian time, and therefore that
glacio-eustatic fluctuations were smaller than previously hy-
pothesized. As well as possible glacio-eustactic controls on sea
level, the development of accommodation space through tec-
tonic activity strongly influenced the accumulation of the car-
bonate rocks in both the Tabas and Kalmard regions.

Distinguishing tectonic versus eustatic sedimentation cyclicity
has been addressed in Batt et al. (2007), and Grader et al. (2008)
in two late Paleozoic sequences deposited in active tectonic ar-
eas that serve as proxies for the glaciations. Tectonic accommo-
dation produced sections much thicker than coeval ones that
were less affected by tectonics. Nevertheless, even in those sec-
tions affected by tectonics, the authors demonstrated that
eustatic cyclicity quickly overprints upper parts of the
depositional cycles.

In east-central Iran, it is clear from overall sedimentary thick-
nesses that significant accommodation was provided tectoni-
cally. These effects were more significant in some sections than
other, coeval sections. Regardless of tectonic influence, eustatic
cyclicity is evident in all sections, as the carbonate factory al-
ways exceeded rate of subsidence.

Text-figsures 11 and 15 delineate Khan and Jamal formation
biostratigraphic ages, respectively, and they also delineate the
timings of tectonic subsidence and generation of accommoda-
tion space. Biostratigraphic data suggest that subsidence oc-
curred in Sakmarian time, producing accommodation space for
the Khan Formation.

Eustatic cyclicity is evident in all sections of the Khan Forma-
tion, because each section records a sequence boundary in the
same relative stratigraphic position. Parasequences correlate
well across the depositional transect. Each has a sandstone to
thin-bedded subtidal carbonate, to more offshore shelly bank in
its TST sequence. The Khan Formation was subsequently partly
eroded.

The Jamal Formation has a relatively similar cyclic develop-
ment as the Khan Formation. That is, after significant subsi-
dence and accommodation in late Cisuralian time, longer-term
(third-order) cyclicity commenced after a long hiatus of
subaerial exposure and non-deposition. Parasequences are dif-
ferent from those in the Khan Formation, in that there are fewer
sandstone beds to mark initial beds of parasequences. The
Jamal section shows the most accommodation space, relative to
the Bangh-e-Vang and the Shesh Angosht sections. However,
all have parallel parasequences developed within the more sub-
tle changes from a carbonate mudstone and a wackestone
through a packstone. Towards the top of the Jamal Formation
are dolomitic units, signifying cyclic HSTs reaching a stagnant
sea surface with evaporation. Triassic subaerial exposure pro-
vided an erosional top to the Jamal Formation.

Owing to the lack of more detailed biostratigraphic zonations,

assigning specific biostratigraphic ages to possible gla-
cially-caused eustatic cycles in both the Tabas and the Kalmard
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regions remains difficult. With more precise biostratigraphic
data in Permian sections in Iran (e.g. in the Alborz and Zagros
mountains) better proxies for Gondwana glaciation may be
demonstrated.

CONCLUSIONS

1. The Khan Formation in the Kalmard area (within the
Posht-e-Badam block) was deposited in a nearshore environ-
ment. The Lower-Upper Permian deposits of the Jamal Forma-
tion in the Shotori and Shirgesht areas (within the Tabas block)
were deposited on a homoclinal carbonate ramp showing a
deeper water facies in the northern sections (Bagh-e-Vang sec-
tion) relative to the southern locations.

2. The Khan Formation is represented by second- and third-or-
der cyclic sequences of thick siliciclastic deposits and thin car-
bonates. The Lower-Upper Jamal Formation sections show
second- and third-order shallowing-upward carbonate se-
quences.

3. The principal control of the cyclic development in both the
Khan and the Jamal formations cannot be exclusively attributed
to Gondwana glaciation because of imprecise biostratigraphic
data. We suggest that the cyclicity in the Permian was initially a
product of local tectonic loading producing accommodation
space, with a eustatic overprint.
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