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Abstract: The Lower Permian Khan Formation in the Kalmard Sub-Block consists mainly of alterna-
tion of siliciclastic (conglomerate, sandstone, siltstone and shale) and carbonate rocks (limestones and
dolostones), which were deposited in diverse coastal and shallow marine environments. The siliciclas-
tic successions reflect several nearshore lithofacies, which constitute five major palacoenvironmen-
tal associations including proximal lower-middle shoreface, upper shoreface, foreshore, tidal inlet
and washover fan/lagoon. The most abundant sedimentary structures in the Khan Formation sand-
stones are horizontal lamination, planar and trough cross stratification, bidirectional plane bed, swa-
ley and hummocky cross stratification. These successions were formed in a barrier island complex.
Carbonate production in this formation is dominated by benthic foraminifera particularly fusulinids,
brachiopods, mollusks, bryozoans, echinoderms, corals, Tubiphytes, ooids, intraclasts, and peloids.
Based on fossil content, texture and sedimentary structures, 23 different facies types have been distin-
guished that accumulated in four facies associations. The majority of facies associations (FA1-FA4)
were formed in tidal flat (FA1), lagoon (FA2), bioclastic shoal (FA3) and shallow open marine (FA4)
which deposited on a homoclinal ramp including inner and middle ramp. On the basis of facies re-
lationships and the recognition of key surfaces in the Khan Formation, four (in the Bakhshi and
Bibisene sections) and three depositional sequences (in the Tangal-e-Shotoru and Rahdar sections)
are recognized. The stratigraphic architectures of the Khan Formation deposits are the result of the
interplay between activity of the Kalmard Fault and relative sea-level changes. Palacogeographic data
show that during the deposition of the Khan Formation, the Kalmard Sub-Block was located in low
latitudes in a warm and humid climate.
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1. Introduction

The Khan Formation is a thick carbonate-siliciclastic
sequence sporadically exposed in several places in
the Kalmard area (AGHANABATI 1977). Four strati-
graphic sections (NE-SW transects) of the Khan For-
mation in the Kalmard Sub-Block were measured
and sampled for this study (Figs. 1, 2) comprising
the Bakhshi section (type section of Khan Forma-
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tion), which is located in the southeast of Kalmard
Karevansaray, approximately 92km west of Tabas,
the Tangal-e-Shotoru section, which is located 55 km
west of Tabas, the Rahdar section about 50 km west
of Tabas, and the Bibisene section, 80 km northwest
of Tabas (Fig. 1). The thickness of the Khan For-
mation in the Bakhshi, Tangal-e-Shotoru, Rahdar and
Bibisene sections is 295, 202, 199 and 427 m, respec-
tively (Fig. 3). It consists mostly of cyclic sequences
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Fig. 1. (a) Generalized tectonic map of Iran (after ALavi 1991), (b) location map of the study sections of the Khan Formation.

starting with sandstones and ending with limestones
and dolostones. The size of clasts in sandstones in-
creases upward, and the topmost portion of each cycle
is a light to dark gray, medium- to thick-bedded shal-
low water wackestone, packstone and grainstone in-
tercalated with muddy limestone, dolomitic limestone
and dolostone. Many sedimentary structures (physi-
cal and biogenetic sedimentary structures) are found
in the Khan Formation. All these structures have con-

siderable environmental and palaeocurrent importance
which can be very useful for the basin analysis of this
formation.

The aim of this study is to examine the deposi-
tional facies, sedimentary environments and sequence
stratigraphy of the Lower Permian (Khan Formation)
successions exposed in the Kalmard Sub-Block. The
aforementioned well-exposed successions provide a
favorable opportunity to study the vertical and lateral
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Fig. 2. Geological map of the Khan Formation in the Kalmard area (modified from AzZHDARI 1999; SHIEKHOLSLAMI &
ZAMANI 1999), with four study sections.
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Fig. 3. The stratigraphic sections (Bakhshi, Tangal-e-Shotoru, Rahdar and Bibisene) of the Lower Permian Khan Formation
showing the sedimentological characteristics, depositional environments and sequence stratigraphic units.
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facies variations of different environments in detail via
sequence stratigraphy that can help for the reconstruc-
tion of the Lower Permian palacogeography in Central
Iran.

2. Geological setting

Iran is divided into several tectonic provinces based
on several structural and sedimentary features (STOCK-
LIN 1968; STAMPFLI 1978; EFTEKHARNEZHAD 1980;
BERBERIAN & KING 1981; Aravi 1991). Central
Iran is one of the most active provinces which
has been divided into four tectonic blocks includ-
ing the Lut, Tabas, Posht-e-Badam and Yazd blocks
(Fig. 1) according to Aravi (1991). The Kalmard
Sub-Block, in the west of Tabas town, is narrow and
sandwiched between the Posht-e-Badam and Tabas
blocks, and stretches along the large Kalmard Fault
(ErRNsT & GoOrGE 2013). The Kalmard Sub-Block
studied in this paper is located between 31°51’5” N
and 55° 59’ 30" E and separated from the Tabas Block
by the Kalmard and Kuhbanan faults. AGHANABATI
(2004) considered the Kalmard area as a part of the
Tabas Block based on a strong resemblance of the
Precambrian basement in the Kalmard and Tabas ar-
eas. Since the Kalmard area is located between two
active faults (Kalmard Fault in the East and the cov-
ered Naeini Fault in the West), he proposed that it is
possible to designate this area as an isolated sub-block
within the Tabas Block.

The Permian strata (Khan Formation) in the Kal-
mard Sub-Block (Central Iran) were deposited in a
shallow marine environment (AGHANABATI 2004). Re-
cent biostratigraphic studies on this formation, based
on fusulinids and colonial corals, suggest a late Sak-
marian to early Artinskian age (DAVYDOV & AREFI-
FARD 2007; BADPA etal. 2014). Early Permian succes-
sions in the north of the Kalmard region are recog-
nized by the formal Khan Group showing various fea-
tures in different outcrops. This group is made up of
three different informal formations from lower to up-
per parts: Chili, Sartakht and Hermez (SHAHRAKI et al.
2015; EMRANINASAB etal. 2016; EMRANINASAB et al.
2017). The lower boundary of the Khan Formation is
located above the disconformity of the Carboniferous
Gachal Formation. It is overlain by the Lower Trias-
sic yellow vermiculite limestone of the Sorkh Shale
Formation with a disconformity marked by a bauxite
horizon (Figs. 2, 3).

3. Material and methods

Four complete stratigraphic sections were selected at the
well-developed Lower Permian successions of the Khan
Formation (Fig. 1). The studied sections were measured,
sampled and described bed-by-bed for lithological changes
and sedimentary structures. 500 rock samples were collected
and examined in 481 thin sections for the determination of
the lithofacies. The sandstone lithofacies were described fol-
lowing the classification of PETTUOHN etal. (1987). The
terminology for the environmental zonation of siliciclas-
tic successions was based on MACEACHERN & PEMBER-
TON (1992), MACEACHERN etal. (1999a) and MACEACH-
ERN etal. (1999b) who separated the shoreface and offshore
environments from those of the shelf. Limestone microfa-
cies were described following the classification of DUN-
HAM (1962), with the modifications of EMBRY & Kro-
VAN (1972). Facies definition was based on the microfa-
cies characteristics, including depositional texture, grain
size, grain composition, and fossil content (WiLsON 1975;
FLUGEL 2010). Recognition of depositional sequences and
sea-level changes were interpreted based on the studies of
CATUNEANU (CATUNEANU etal. 2009; CATUNEANU et al.
2011; CATUNEANU etal. 2013).

4, Siliciclastic facies

The siliciclastic sediments are widely distributed and
present in all studied sections. The grains mostly con-
sist of monocrystalline quartz, chert, lithic sandstone
and reworked carbonate grains such as eroded skele-
tal grains. The lithofacies group is composed of a
variety of gravel, sand and silt- to clay-sized grains.
Conglomerate usually occurs at the base of the suc-
cessions and exhibits massive structures. Sandstone
has sedimentary structures such as horizontal lam-
ination, planar and trough cross lamination, swaley
and hummocky cross stratification and normal and
reverse graded bedding. Siliciclastic mudstones are
seen between the sandstone beds. Quartz arenites are
the dominant lithofacies in the siliciclastic deposits of
the Khan Formation which have a good textural and
mineralogical maturity. Based on the sedimentologi-
cal and stratigraphic framework, the siliciclastic facies
of the Khan Formation are differentiated into the fol-
lowing facies.

4.1. Facies A: Proximal lower-middle shoreface

This facies is dominated by thin to thick (10—40cm),
laterally extensive, sharp erosional basal contact, and
fine- to medium-grained sandstones which is made
of thoroughly amalgamated, well-to medium-sorted
sandstone units. The dominant sedimentary structures
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Fig. 4. Sedimentary structures of proximal lower-middle shoreface facies (a, b) Thin beds and laminations of sandstone of
proximal lower-middle shoreface (Facies A) contain HCS, planar lamination and bedding. (c) Thickly amalgamated tabular
cross-stratified and hummocky beds in fine- to medium-grained sandstone in the middle shoreface facies. (d) Massive and
planar lamination as well as the bedding of fine- to medium-grained sandstone with fugichnia in the middle shoreface facies.

consist of massive sandstone as well as low-angle,
parallel- and hummocky/swaley cross-stratified sand-
stones (Figs. 3, 4a—d). Some of parallel laminated
sandstone is considered to represent the internal ex-
pression of SCS (LECKIE & WALKER 1982). Palaeo-
current data from tabular cross-bedding sets give north-
east/south-west palacoflow directions orientated ap-
proximately parallel to the inferred depositional strike.
Fugichnia (scape structures) can be observed in lami-
nated fine-grained sandstone.

Interpretation: The sharp-based sandstone beds re-
flect deposition in a shallow marine environment be-
low the fair-weather wave base. Massive sandstone
may indicate deposition which has taken place in
a proximal lower shoreface (e.g., CHEEL & LECKIE
1993; MYROW & SOUTHARD 1996; MYRrOW et al. 2002;
BAYET-GoLL etal. 2015a). The sedimentary structures
in this facies reflect deposition in a high energy, storm-

dominated environment influenced by a longshore cur-
rent that formed thick, amalgamated tabular cross-
beds. The transitions from proximal lower to middle
shoreface include the increase of bed thickness of tem-
pestites and the average wavelength of HCS (e.g., M-
RrROW etal. 2002; MYRow etal. 2004). The occurrence
of fugichnia in a sandstone is an indicator of tem-
pestites or storm deposits (HAjr Karim 2006). Consid-
ering the above characteristics, Facies A is interpreted
as the product of sedimentation in the proximal lower-
middle shoreface of a storm-dominated shoreline, be-
low the fair-weather wave base.

4.2. Facies B: Upper shoreface

This Facies comprises meter-thick, well-sorted, weak-
ly bioturbated, medium- to coarse-grained sandstone
characterized by the presence of 10-35 cm thick sets
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of multidirectional trough cross-stratification and tab-
ular cross-stratification sets. Cross-strata palaeocur-
rents are mainly oriented towards the northwest ap-
proximately perpendicular to the depositional strike;
moreover, most units have little or no bioturbation
(Fig. 5a, b).

Interpretation: The coarse grain size and the pres-
ence of abundant large-scale, trough to tabular cross-
stratification indicate that much of this facies was
deposited in a storm-dominated marine environment
above the fair-weather wave base (BAYET-GOLL etal.
2015b; Fa etal. 2015). High-angle cross-stratification
is indicative of upper shoreface conditions in classi-
cal siliciclastic offshore-shoreface upward-shallowing
successions (HAMPSON & Storms 2003). Addition-
ally, it is typical of onshore migration of sandbars by
nearshore currents in the surf zone during fair-weather
periods (MACEACHERN etal. 2007; MACEACHERN &
Bann 2008). Palaeocurrent data taken from trough
cross-stratification indicates migration of large three-
dimensional dunes within an upper shoreface environ-
ment. We interpreted this facies association, which
have been formed by low-regime tractive processes
generated by waves in the wave breaking and surf
zones in an upper shoreface environment.

4.3. Facies C: Foreshore

This facies is composed of meter-thick, erosional-
based, laterally continuous, sub-horizontal sets of
clean and generally well-sorted, highly mature, and
white to light gray sandstone that is predominantly
coarse- to very coarse- grained with basal micro-
conglomerate (Fig. 5S¢, d). Amalgamated beds of this
facies are up to 3 m thick and horizontal to low-angle
laminations (oriented parallel to depositional strike)
that are the most common sedimentary structures with
occasional small scale cross-laminations (Fig. 5d).
The low-angle laminations mainly dip (1-3°) in an
offshore (NW) direction that corresponds to the beach
face. This facies is not intensely bioturbated, and the
trace fossil diversity is generally very low. Besides,
there are only some plant fossils in some areas coated
by iron oxide (upper parts of the Rahdar and Tangal-e-
Shotoru sections) (Fig. 5e).

Interpretation: The well-developed horizontal lami-
nation, a high degree of sorting, and the lateral conti-
nuity of sandstone beds are all the evidence for a fore-
shore deposit. The parallel lamination reflects high en-

ergy swash and backwash transport which is typical of
beach deposits. The foreshore facies association oc-
curs at the top of the barrier between 1 m below and
2 m above the palaeco-sea-level (e.g., SEIDLER & STEEL
2001). Trough cross-stratification resulted from dune
migration under wave-generated onshore-directed sed-
iment transport. Little or no bioturbation in these de-
posits can be attributed to the abundance of well-
winnowed sand, the general paucity of food particles
for deposit feeders, the probable high energy currents
as well as high sedimentation rates in foreshore set-
tings (e.g., PEMBERTON & MACEACHERN 1997; BUA-
TOIS & MANGANO 2011).

4.4. Facies D: Tidal inlet

This facies consists of laterally discontinuous, lens-
like units of medium-bedded (~20-35cm), medium-
to coarse-grained, medium- to poorly-sorted sand-
stone. The facies is dominated by thick tabular and
trough cross-bed sets. In some areas, the angle of re-
pose of cross-bed sets shows oppositely dipping fore-
sets in superimposed beds which result in a bidirec-
tional pattern. Superimposed beds show basal and in-
ternal erosion surfaces with gravel lags on basal sur-
faces locally (Fig. 5f). This facies is generally in ero-
sional contact with underlying deposits of Facies A, B
and C; furthermore, most units have little or no biotur-
bation.

Interpretation: The extensive tabular cross-bedding
reflects the transport of coarse-grained dunes in a
deep channel. In addition, moderate to poor sediment
sorting, bidirectional palaeocurrents (in bidirectional
plane beds) together with the lenticular geometry and
the erosional base also support the interpretation of
this facies as a tidal inlet. The lack of trace fossils sug-
gests a paucity of organisms probably due to high en-
ergy currents and high sedimentation rates in tidal inlet
settings.

4.5. Facies E: Washover fan/lagoon

Facies E is composed of interbedded fine-grained,
well-sorted, medium-bedded (15-25 cm thick) red to
brown sandstone (<45 %) and siliciclastic mudstone
(siltstone and shale). The sandstone beds (Fig. 5g)
are recognized by massive to horizontal-laminated
sandstone locally with chert-pebbles, normal grad-
ing and basal erosional contact. Bauxite/laterite hori-
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Fig. 5. Sedimentary structures of siliciclastic successions of the Khan Formation: (a,b) Outcrop photographs of the
Facies C (Upper shoreface), trough cross-stratified sandstone (a) and decimeter-scale sets of tabular cross-stratification (b),
(c) Conglomerate of foreshore facies contains chert pebbles at the base of the middle member of the Rahdar Formation,
(d) Outcrop photographs of facies C (Foreshore), amalgamated sub-horizontal sets of well-sorted coarse-grained sandstone,
(e) Plant fossils in foreshore sandstone in the uppermost part of the Rahdar section, (f) Bidirectional plane beds in tidal inlet
sandstone (facies D) with an erosional base in the middle part of the Rahdar section, (g) Interlaminated and interbedded
shale, siltstone and fine-grained sandstone of washover fan/lagoon facies (Facies E), (h) Bauxite/laterite in the uppermost
part of washover fan/lagoon deposits in the Bakhshi section as SB1.
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zons are observed in the uppermost part of the above-
mentioned facies (Fig. Sh).

Interpretation: In general, facies E reflects deposi-
tion in a lagoonal environment periodically flooded
by storm events. This facies is interpreted as an in-
terfingering of washover fan sandstone beds with fine-
grained lagoonal deposits behind a barrier island. The
turbid water and fluctuating salinity from inflows may
have made a poor habitat for most organisms. There-
fore, bioturbation is much less intense here than in
the shoreface facies. The sandstone beds have notable
features which indicate single-event deposition such
as normal grading. The low-diversity trace fossil as-
semblage in this facies is diagnostic for deposition in
environments related to periodic salinity changes and
oxygenation stresses as common in lagoonal settings
(PEMBERTON etal. 1992a).

5. Carbonate facies

The carbonates of the Khan Formation are dominated
by poorly to well-sorted skeletal and non-skeletal
packstones to grainstones. Wackestones, mudstones
and dolostones are the subordinate facies. Four facies
associations (including 23 facies) are described on the
basis of sedimentological features, composition, ma-
trix grain size and fossil content that were deposited in
a homoclinal ramp. The described facies associations
are as follow:

5.1. Tidal flat facies association (FA1) (inner
ramp)

The FA1 comprises of thin/medium-bedded mud-
stones/wackestones. In this facies association, detrital
silt-size quartz grains and skeletal grains are present
in low abundance. Facies association FA1 is divided
into five facies according to the frequency, the type of
carbonate grains and the matrix between the carbonate
grains. These facies are described as below:

MF1: Lime mudstone: This facies consists of light
gray, thin-bedded, mostly non-laminated and homo-
geneous lime mudstones. Scattered detrital silt-size
quartz grains, scattered skeletal grains (bivalves) and
fenestral fabric in some samples are also present
(Fig. 6a). This microfacies is recognized in all sections
of the Khan Formation. The main diagenetic feature in

this facies includes the replacement of micrite by mi-
crospar (Fig. 6a).

MF2: Sandy lime mudstone: This facies is repre-
sented by light gray, thin-bedded, mostly non-lamina-
ted and homogeneous sandy lime mudstones. Lime
mudstones contain only scattered skeletal grains (bi-
valves) and medium- to fine-grained, moderate to
well-sorted, sub-rounded to rounded mono-crystalline
quartz grains (about 10 % to 15 %)(Fig. 6b).

MF3: Dolomudstone: This facies consists of light
gray, thin- to medium-bedded, dense, very-fine- to
fine-grained dolomudstones (Fig. 6¢). The size of the
dolomite rhombs ranges from 5 to 16 um (with a mean
of 11 um). The main features of this facies are subtly
preserved depositional textures such as scattered detri-
tal quartz grains. In places, the dolomite diagenetically
recrystallized to coarser crystals.

MF4: Sandy dolomudstone: Light gray, medium
beds of sandy dolomudstone are characteristic for
this facies in the field. Dolostone crystals are fully
dense, i.e., with no porosity. Medium- to fine-grained,
moderate- to well-sorted, sub-rounded to rounded
monocrystalline quartz grains represent about 10 %
to 15% of the rock. No relic of the original fab-
ric is present in this facies. Additionally, the size of
the dolomite rhombs ranges between 5 and 16 um
(Fig. 6d).

MF5: Diagenetic dolostones: Three types of
dolomite crystals were identified in the Khan For-
mation which are dolomicrites (very fine crystalline
dolomites), dolomicrosparites (fine crystalline
dolomites) and dolosparites (medium crystalline
dolomites). These dolomicrosparites have the relics of
allochems such as bivalves and echinoderms. But the
original sedimentary textures in the dolosparites of
the Khan Formation are not preserved (Figs. 6e—g). In
the Bibisene section dolostones are very abundant and
the size of dolomite crystals increase upward (from
dolomicrite to dolosparite).

The dolomicrites are considered to have formed
during very early diagenesis in supratidal environ-
ments (ADABI 2004; AREFIFARD & IsaAcson 2011).
Based on the texture, fine crystals and the presence
of quartz grains scattered in the dolomicrites, these
dolomites were formed under near-surface low tem-
perature conditions (SIBLEY & GREGG 1987; GREGG &
SHELTON 1990). The dolomicrosparites are formed by
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Fig. 6. Field and photomicrographs of the carbonate facies of the Khan Formation in FA1 and FA2. (a) Lime mudstone,
(b) Sandy mudstone, (c) Dolomudstone, (d) Sandy Dolomudstone, (¢) Dolomicrite, (f) Dolomicrosparite, (g) Dolosparite.
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the recrystallization of dolomicrites under critical tem-
peratures (less than 60 °C; GREGG & SHELTON 1990).
The dolosparites are formed and replaced the lime-
stones at very high temperatures during deep burial
diagenetic stages (GREGG & SIBLEY 1984; SIBLEY &
GREGG 1987; GREGG 1988; GREGG & SHELTON 1990).

Interpretation: A shallow subtidal, intertidal to a lo-
cally supratidal depositional environment for FA1 is
indicated by the dominance of the lime mudstone,
sandy lime mudstone, dolomudstone and sandy dolo-
mudstone. The low diversity of fossil assemblages
dominated by bivalves, suggests restricted conditions
(CoLoMBIE & STRASSER 2005; FLUGEL 2010). The
overall fine grain-size sediments indicate that the de-
position has taken place in a low-energy environment
with fluctuating conditions such as tidal flats and re-
stricted lagoons. Based on the fine-grained nature of
the dolomite, the absence of skeletal grains and the
presence of more than 10 % to 15 % of quartz grains
in sandy dolomudstones and sandy mudstone, the FA1
was formed under near-surface low temperature con-
ditions (GREGG & SHELTON 1990; Hoprkins 2004;
MacHEL 2004) and deposition occurred in a low-
energy, restricted intertidal and supratidal environ-
ment (WILMSEN etal. 2010; BAYET-GOLL etal. 2014,
Nowrouzi et al. 2015).

5.2. Lagoonal facies association (FA2) (inner
ramp)

Lagoonal facies association in the Khan Formation
comprises thin/medium- to thick-bedded wackestones
to packstones. Bioclasts in this facies association in-
clude green algae, gastropods, ostracods and foramini-
fers, especially miliolids and fusulinids. Non-skeletal
grains are peloids and quartz. Facies association are
divided into six facies according to the frequency, the
type of carbonate grains and the matrix between car-
bonate grains. These facies are described as follow.

MF6: Bioclastic wackestone/packstone: This facies
comprises of thin- to medium-bedded, dark to light
gray beds. The main bioclasts of this facies belong to
the typical assemblages of lagoons such as foramini-
fers, especially fusulinids and miliolids (2-10 % and
ranges between 0.1 to 0.7 mm), bivalves (2—15 % and
ranges between 0.3 to 1 mm), green algae (1-5 % and
ranges between 0.3 to 0.5 mm), echinoderms (5-10 %
and ranges between 0.2 to 1 mm) and brachiopods
(3-10 % and ranges between 0.4 to 1 mm) (Fig. 7a).

Most of the bioclasts are well-preserved and not roun-
ded. The non-skeletal fragments include peloids and
quartz which are minor (less than 4 to 5 %). The sizes
of peloids range between 0.1 and 0.5 mm; moreover,
they are subspherical and subangular, but they are
mostly rounded and show moderate to good sorting.

MF7: Peloid bioclastic wackestone/packstone
(floatstone/rudstone): This facies is characterized
by medium-bedded dark gray limestones. Peloids
are the major grain type in this facies (about 15 %
to 20 %). The size of peloids ranges between 0.1 and
0.5 mm. Peloids are subspherical, subangular; how-
ever, they are mostly rounded and show a moderate
sorting. 20-40 % skeletal grains form of this facies
encompass bivalves (3—5 % and size ranges between
0.2 to 0.5 mm), echinoderms (5-10 % and size ranges
between 0.2 to 3.5mm), brachiopods (2-5% and
size ranges between 0.2 to 0.8 mm) and gastropods
(1-3 % and size ranges between 0.2 to 0.4 mm) that
are loosely to closely packed with a poor sorting
(Fig. 7b). The grains scattered in the matrix and in
some beds form a densely packed grain-supported
fabric.

MFS8: Fusulinid bioclastic wackestone/packstone
(floatstone/rudstone): This facies consists of light
gray, thin to medium limestone beds with well-preser-
ved fusulinids (2045 % and size ranges between 0.8
to 3mm), brachiopods (2-5 % and size ranges be-
tween 0.3 to 1 mm) and echinoderms (5-10 % and size
ranges between 0.2 to 1.2 mm) that form 30-60 % of
this facies. Minor components are smaller foraminifers
(1-2 % and size ranges between 0.1 to 0.3 mm), gas-
tropods (2—-3 % and size ranges between 0.2 to 0.8 mm)
and ostracodes (1-2 % and size ranges between 0.1 to
0.6 mm) (Fig. 7c,d).

MF9: Peloid packstone: This facies consists of light
gray medium beds of poorly to moderately sorted, an-
gular to subrounded peloids (about 40 to 45 %) rang-
ing from 0.1 to 0.3 mm in diameter. Besides, minor
constituents are bivalves and rounded muddy intra-
clasts (about 3 to 4 % and size ranges between 0.2 to
1 mm) scattered in the matrix (Fig. 7e).

MF10: Sandy peloidal wackestone/packstone: This
facies is characterized by fine-grained, gray, medium-
to thick-bedded limestones. Peloids are dominant com-
ponents (about 10-35 %); their sizes range between
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Fig. 7. Field and photomicrographs of the carbonate facies of the Khan Formation in FA2: (a) Bioclastic wackestone/
packstone contains benthic foraminifers, bivalves and echinoderms from FA2; moreover, skeletal grains and sparry calcites
are replaced by dolomite in some places, (b) Peloid bioclastic wackestone/packstone (floatstone/rudstone) from FA2
contains brachiopods, echinoderms and peloids, (c) Outcrop photograph of the fusulinid bioclastic wackestone/packstone
(floatstone/rudstone) in the middle member of the Rahdar section, (d) Fusulinid bioclastic packstone/rudstone, (e) Peloid
packstone from FA2 with peloids and muddy intraclasts, (f) Sandy peloidal packstone from FA2 with peloids and sand-sized
quartz.



Facies analysis, sedimentary environment and sequence stratigraphy of the Khan Formation 141

0.1 and 0.5 mm; moreover, they are subspherical, sub-
angular, but mostly rounded and indicate low to mod-
erate sorting. The minor constituents are bivalves
(about 3 to 4 % and size ranges between 0.2 to 0.8 mm)
and sandy quartz (about 10 %) scattered in the matrix

(Fig. 7f).

MF11: Bivalve bioclastic wackestone/packstone
(rudstone): This facies is composed of gray medium
to thick beds and in places laminated wackestones/
packstones. It consists of bivalves (about 20 to 45 %)
ranging in size from 0.5 to 3 mm, and displays rela-
tively irregular elongated shapes. Gastropods (about 3
to 5 % and size ranges between 0.2 to 1 mm), bryo-
zoans (about 2 to 5 % and size ranges between (.2 to
0.6 mm) and small foraminifers (about 1 to 3 % and
size ranges between 0.2 to 0.4 mm) are other skeletal
grains which scattered in the micrite (Fig. 8a). In some
beds they form a densely-packed grain-supported fab-
ric (Fig. 8b).

Interpretation: In FA2, the relatively low abundance
and low diversity of a normal marine fauna, the high
proportion of micritic mud as well as the partial mi-
critization of skeletal fragments suggest deposition in
a low energy and calm environment (WILSON 1975;
HiNE 1977; NicHoLs 2000; FURsICH etal. 2003; Sri-
VASTAVA & SINGH 2017; BANERJEE etal. 2018). The
peloidal bioclastic wackestones-packstones indicate
widespread low-energy, somewhat restricted periti-
dal environments and punctuated lagoonal environ-
ments (FURsSICH et al. 2003). The textural characteris-
tics, the dominance of fusulinids, miliolids, bivalves,
gastropods, green algae, and the presence of some
micritized grains demonstrate a very shallow-marine
backshoal environment, which represents a semi-
restricted lagoon in close vicinity of tidal flats with
relatively low currents (RoMERO etal. 2002; BADE-
NAS & AURELL 2010) where large fluctuations in salin-
ity and temperature may have occurred (MARTINI et al.
2007). In the non-laminated wackestones/packstones,
the dominance of peloids and the low diversity of bio-
clasts suggest deposition on an inner ramp (MARTINI
etal. 2007). The co-occurrence of miliolids represents
a semi-restricted lagoon (MARTINI et al. 2007; PALMA
etal. 2007; FLUGEL 2010; VAZIRI-MOGHADDAM et al.
2010). Based on these interpretations, this facies asso-
ciation was deposited in a semi-restricted lagoon with
an open marine circulation under a low to moderate
energy near shoals.

5.3. Bioclastic shoal facies association (FA3)
(inner ramp)

This facies association is made up of gray, thin- to
thick-bedded limestones. Skeletal limestones, includ-
ing floatstone, grainstone and packstone facies com-
prise bioclasts such as echinoderms, corals, Tubi-
phytes, brachiopods, bryozoans, sponge spicules, bi-
valves and non-skeletal carbonate grains such as ooids,
peloids, intraclasts, and quartz.

MF12: Coral framestone: This facies consists of a
gray, coarse-grained, thick-bedded coral limestone. In
this facies, the colonies of rugose and tabulate corals
formed patch reefs. This facies is characterized by
solitary and platy colony corals embedded in a sparite
calcite and micrite (Figs. 8c, d). Bryozoans are another
type of bioclasts which make up about 5-10 %.

MF13: Echinoderm bioclastic grainstone-rudstone:
This facies consists of gray to dark gray, thick-bedded
limestone with cross lamination. This facies is mostly
composed of echinoderms (about 35 to 50% and
size ranges between 0.5 to 4 mm) and other bioclasts
such as bivalve fragments (about 1 to 5% and size
ranges between 0.2 to 0.7 mm), bryozoans (about 5
to 15% and size ranges between 0.5 to 2mm) and
brachiopods (about 2 to 5% and size ranges be-
tween 0.5 to 0.8 mm) which exhibit planar and trough
cross lamination (Fig. 8e,f). In some areas, skele-
tal grains have close packing producing dissolution-
compaction structures such as stylolites; furthermore,
some echinoderms are surrounded by syntaxial ce-
ment.

MF14: Bryozoan bioclastic grainstone/rudstone:
This facies consists of a gray, thin- to medium-bedded,
coarse-grained limestone (Fig. 9a). Bryozoans are the
major grain type in this facies (about 20 to 40 % and
size ranges between 0.5 to 4.5 mm) (Fig. 9b). Other
bioclasts are represented by corals (2 to 5 % and size
ranges between 0.5 to 0.8 mm), bivalves (2 to 3%
and size ranges between 0.3 to 0.5 mm), fusulinids
(2 to 5 % and size ranges between 0.5 to 1.2 mm) and
echinoderms (2 to 5 % and size ranges between 0.3 to
0.7 mm). In this facies non-skeletal grains are minor
components which consist of ooids (1 to 2 % and size
ranges between 0.1 to 0.3 mm) and rounded muddy in-
traclasts (about 1 to 2 % and size ranges between 0.2
to 0.6 mm).

MF15: Intraclastic grainstone: This facies is a gray
to light gray, thin- to medium-bedded, composed of
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Fig. 8. Field and photomicrographs of the carbonate facies of the Khan Formation in FA2 and FA3. (a, b) Bivalve bioclastic
wackestone/packstone (rudstone) in micrite with bivalve fragments, gastropods, echinoderms and bryozoans, (c) Outcrop
photograph of the coral framestone: the rugose and tabulate colony of corals have constructed a patch reef in the lower
member of the Bakhshi section, (d) Coral framestone facies in FA3, (e) Outcrop photograph of the echinoderm bioclastic
grainstone-rudstone with planar and trough cross-lamination in the middle member of the Bakhshi section, (f) Echinoderm
bioclastic grainstone-rudstone facies in FA3 with echinoderms, bryozoans and skeletal grains.
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Fig. 9. Field and photomicrographs of the carbonate facies of the Khan Formation in FA3. (a) Outcrop photograph
of the bryozoan bioclastic grainstone/rudstone in the middle member of the Tangal-e-Shotoru section, (b) bryozoan
bioclastic grainstone/rudstone facies with bryozoans and fusulinid fragments in FA3, (c) Intraclastic grainstone with
intraclasts and echinoderms. The intraclasts contain bivalves, brachiopod fragments and quartz, (d) Sandy ooid peloidal
grainstone—packstone facies in FA3, (e) Outcrop photographs of the ooid grainstone with trough and planar cross-
laminations in the middle member of the Rahdar section, (f) Well-sorted ooid grainstone with quartz nuclei.
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muddy intraclasts (20 to 40 %) which range in size
from 0.5 to 2mm. Besides, they display rounded
and moderately sorted components (Fig. 9c), which
contain bivalves, brachiopods and quartz fragments.
Echinoderms are another component in this facies
(about 5 to 8 % and size ranges between 0.2 to 0.7 mm).

MF16: Sandy ooid-peloidal packstone-grainstone:
This facies consists of thinly-bedded, dark gray lime-
stone. Peloids are the major non-skeletal carbonate
grain type (25-30 %) which are spherical to elongated
and range from 0.05 to 0.1 mm in diameter. Ooids
which range from 0.1 to 0.3 mm in diameter, are an-
other non-skeletal carbonate grain (10-15 %) that are
sorted and subrounded. The minor constituent is sandy
quartz (about 10-12 %) (Fig. 9d).

MF17: Oolitic grainstone: This facies consists of
a light gray, medium-bedded, fine- to coarse-grained
oolitic grainstone with planar and trough cross lami-
nation (Fig. 9¢). The moderately to well-sorted ooids
with quartz nuclei form 85 % of this facies (size ranges
between 0.3 to 0.6 mm). Some of ooids exhibit poorly
preserved concentric structures due to the dolomitiza-
tion process (Fig. 9f).

MF18: Intraclastic ooid grainstone: This facies
forms thin- to medium-bedded, light to gray beds
composed of moderately sorted ooids (35-40 % with
size ranges between 0.3 to 0.8 mm) and broken intra-
clasts (20 % and size ranges between 0.3 to 1.1 mm)
which contain ooids and bivalves surrounded by sparry
cement (Fig. 10a). The bioclasts such as smaller
bryozoans (2-3 % with size ranges between 0.2 to
0.5 mm) and echinoderms (3—5 % with size ranges be-
tween 0.3 to 0.6 mm) are present as minor compo-
nents.

MF19: Bioclastic packstone/grainstone (rudstone/
floatstone): This facies consists of dark gray, medium-
bedded packstones/grainstones. The skeletal grains in-
clude brachiopods (15-20 % with size ranges between
0.8 to 2 mm), bryozoans (15-20 % with size ranges be-
tween 0.5 to 3 mm) and echinoderms (3—5 % with size
ranges between 0.3 to 0.6 mm) (Fig. 10b). Not only al-
lochems are cemented by sparry calcite, but some of
them (echinoderms) are surrounded by syntaxial ce-
ment.

MF20: Sandy ooid bioclastic packstone/grainstone:
This facies is a gray to light gray, thin- to medium-
bedded grainstone to packstone. This facies is dom-

inated by bioclasts such as bryozans (15-20 % with
size ranges between 1.2 to 2.5mm), echinoderms
(58 % with size ranges between 0.3 to 0.6 mm), green
algae (1-3 % with size ranges between 0.2 to 0.5 mm)
and gastropods (1-2 % with size ranges between 0.3 to
0.4 mm). Ooids (about 10 % with size ranges between
0.3 to 0.5mm) and muddy intraclasts (3-5% with
size ranges between 0.3 to 0.6 mm) are as non-skeletal
carbonate grains. Fine to coarse-grained, moderate to
well-sorted, sub-angular to sub-rounded monocrys-
talline quartz grains represent about 10 % to 15 % of
the rock. This microfacies is characterized by the mi-
critic matrix cemented by sparry calcite (Fig. 10c).

MF21: Bioclast intraclastic packstone/grainstone:
This facies is a gray to light gray, thin- to medium-
bedded limestone dominated (up to 20 %) by large in-
traclasts (from 1 to 3 mm), which contain bryozoans,
echinoderms and brachiopod fragments enveloped
by micrite. The clasts are well-rounded and well-
sorted with spherical to elongated forms. Echinoderms
(5-10% with size ranges between 0.3 to 0.7 mm),
bryozoans (3-5 % with size ranges between 0.3 to
0.8 mm), green and red algae (5-10 % with size ranges
between 0.3 to 0.6 mm), bivalves and ostracods (2-3 %
with size ranges between 0.3 to 0.6 mm) are skeletal
components in this facies. This microfacies is charac-
terized by a micritic matrix cemented by equigranular
calcite crystals; moreover, some echinoderms are sur-
rounded by syntaxial cement (Fig. 10d).

MF22: Tubiphytes bioclastic packstone/rudstone:
This facies is composed of thin-bedded, light to dark
gray Tubiphytes bioclastic packstone/rudstone and
contains both heterozoan (sponge spicules (5-15 %
and size ranges between 0.05 and 0.2 mm), bryozoans
and brachiopods (totally 5 % with size ranges between
0.2 and 0.8 mm)) as well as photozoan elements (Tubi-
phytes with 15-35 % abundance and size ranges be-
tween 0.2 and 1 mm). The components are enveloped
by micrite and sparry calcite (Fig. 10e).

Interpretation: The abundance and high diversity of
skeletal fauna (such as echinoderms, bryozoans, bra-
chiopods, and bivalves) suggest high-energy rework-
ing and deposition in a barrier setting that can be dif-
ferentiated this facies from facies in supratidal, inter-
tidal, and restricted platform areas (Novak etal. 2013;
Srivastava & SINGH 2017). The presence of ooids
and peloids in MF16 with a grainstone texture sug-
gests the reworking of grains from nearby the fair-
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Fig. 10. Field and photomicrographs of the carbonate facies of the Khan Formation in FA3 and FA4: (a) The intraclas-
tic ooid grainstone contains well-sorted ooids, muddy intraclasts and intraclast with bryozoan fragments, (b) Bioclastic
packstone/grainstone (rudstone/floatstone) with bryozoans, brachiopods and echinoderms, (¢) Sandy ooid bioclastic pack-
stone/grainstone with bryozoans, echinoderms, gastropods, ooids and sandy quartz in FA3, (d) bioclast intraclastic pack-
stone/grainstone with intraclasts, bryozoans, echinoderms and ostracodes in FA3. The intraclasts contain bivalves, bryozoans
and brachiopod fragments, (e) Tubiphytes bioclastic packstone/rudstone with Tubiphytes, sponge spicules and bryozoans in
FA3. (d) Bioclastic wackestone/packstone facies of a shallow open marine environment (FA4).
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weather wave base (BErRTOLA etal. 2013). The pres-
ence of photozoan elements such as corals and Tubi-
phytes may reflect oligotrophic conditions which con-
firm warm and shallow water environment above the
FWWB (HaLLock & GLENN 1986). The existence of
fully preserved colonies of corals and bryozoans with
residual growth and branched Rugosa indicate a shal-
lower and warm environment near the FWWB. The
presence of cross lamination in MF13 and MF17 sug-
gests deposition in relatively high energy shoal en-
vironments with normal marine conditions (CORTES
etal. 2009; BANERJEE et al. 2018). The ooid grainstone
indicates a high energy environment that has been sub-
jected to constant wave agitation and produced a well-
sorted grainstone (FLUGEL 2010; TUCKER & WRIGHT
1990). The intraclastic ooid grainstone implies depo-
sition in the highest energy portion of a seaward shoal
within the surf zone. The presence of grain-supported
and mud-free (or lesser amounts of mud) textures in
the bioclastic rudstone/floatstone indicate that wave
and current activity occurred in a high energy depo-
sitional environment, i.e., bioclastic shoals developed
in a seaward shoal environment. The bioclast intra-
clastic grainstone was deposited in a high energy, up-
per intertidal sub-environment supported by the lack
of micrites (SHINN 1983). In MF23, the presence of
bryozoans, brachiopods and siliceous sponge spicules
are interpreted as mid-ramp (shallow open marine) el-
ements immigrating into inner ramp (shoal) areas due
to an underlying cooling from warm to subtropical
(warm temperate) conditions. A similar biotic com-
position has been observed in the Canadian Arctic
(Sverdrup Basin) by REID etal. (2007) and BENSING
(2007) within the late Sakmarian to earliest Artinskian
Raanes Formation, representing inner- to middle ramp
areas.

5.4. Shallow open marine facies association:
mid-ramp (FA4)

The shallow open-marine facies association is mainly
composed of gray, thin bedded wackestones/pack-
stones. Facies association FA4 contains only one fa-
cies including bioclastic wackestones/packstones as
described below.

MF23: Bioclastic wackestone/packstone: This fa-
cies consists of gray to dark gray, thin-bedded lime-
stone. The skeletal grains consist of echinoderms
(10-20 % with size ranges between 0.2 to 1.5 mm),
brachiopods (1-5 % with size ranges between 0.3 to

1 mm), bivalves (1-5 % with size ranges between 0.3
to 1mm) and small foraminifers (1-5% with size
ranges between 0.3 to 0.5 mm) (Fig. 10f) surrounded
by micrite.

Interpretation: This facies association is not found
extensively in the Khan Formation. The presence of
thin bedding in bioclastic wackstones/packstones is
characteristic for low rates of sedimentation and low-
energy depositional environment. This facies was de-
posited in the shallower part of an open marine en-
vironment (AREFIFARD & IsaacsoN 2011). Skeletal
fragments such as brachiopods and echinoderms are
common in the middle ramp environment in both shoal
and open marine (POMAR 2001a; PoMAR 2001b; Coso-
vic etal. 2004; MARTINI etal. 2007; SARDAR ABADI
etal. 2017). The abundance of carbonate mud and the
poorly sorted grains in this facies association is in-
dicative of a quiet-water and low-energy environment
(AREFIFARD & IsaAcsON 2011; SARDAR ABADI etal.
2017). Hence, an open marine environment is likely
for this facies.

6. Discussion

6.1. Depositional model

Five facies (A to E) were recognized in siliciclastic
successions which represent depositional environ-
ments ranging from proximal lower shoreface, mid-
dle shoreface, upper shoreface, foreshore, tidal in-
let and washover fan/lagoon. The seaward prograda-
tion of shoreline produced coarsening-upward pack-
ages in the siliciclastic deposits of Khan Formation
which indicates an upwards increase in depositional
energy (Fig. 3). Coarsening and thickening upward
successions are interpreted as a prograding shoreface/
foreshore system (Fig. 11a). It appears that the en-
ergy level was sufficient for the transport and depo-
sition of sand as well as gravel, and the prograding
of a shoreface/foreshore system during the deposition
of the Khan Formation. The facies distributions indi-
cate that the barrier margin of the lagoon was influ-
enced by storm washover sand destruction of the bar-
rier, which was apparently the main source of sandy
sediment to the lagoon. The development of the bar-
rier may have been aided by the influx of sediment by
an earlier sea-level fall and the reworking into barri-
ers during the subsequent transgressions (STAPOR &
STONE 2004). A generalized model which illustrates
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the main depositional environments of the siliciclastic
successions is shown in Fig. 11a. Based on the con-
tinuous outcrops of the Khan Formation, we recon-
structed the sedimentary environment of the carbon-
ate successions using skeletal and non-skeletal compo-
nents, sedimentological features as well as the matrix
grain-size. Based on the absence of oncoids, cortoids,
aggregate grains and large barrier reefs and the pres-
ence of vast areas of tidal flats and the low abundance
of open marine carbonates, we consider the carbon-
ate successions were deposited on a homoclinal car-
bonate ramp (READ 1985). The previous work con-
firms this depositional environment for the Khan For-
mation deposits (SHADAN & HosSEINI-Barz1 2010;
AREFIFARD & IsAAcsON 2011; SHAHRAKI et al. 2015;
EMRANINASAB et al. 2016; EMRANINASAB et al. 2017).
Four facies associations are identified comprising tidal
flats, lagoons, shoal and shallow open marine envi-
ronments which developed in the inner and middle
ramp. The most important criteria of tidal flat con-
ditions in the fine crystalline dolomites are the fine
grain nature and the presence of detrital quartz. The
textural features and dominance of fusulinids, mili-
olids, bivalves, gastropods and the presence of some
micritized grains indicate a very shallow-marine back-
shoal environment. It represents a semi-restricted la-
goon in close vicinity of tidal flats with relatively low
currents (RoMERO etal. 2002; BADENAS & AURELL
2010), where large fluctuations in salinity and tem-
perature may have occurred (MARTINI etal. 2007).
The high energy inner-ramp (shoal) is characterized
by the appearance of non-skeletal carbonate grains
like peloids, ooids and intraclasts and skeletal grains
like echinoderms, bryozoans, corals and Tubiphytes in
a grainstone/rudstone to packstone texture (TESTA &
BOSENCE 1998; SARDAR ABADI etal. 2017). The shal-
low marine facies association is not widespread in the
Khan Formation. As a result, the carbonate succes-
sions of the Khan Formation represent a homoclinal
ramp with a wide inner and mid-ramp as shown in
Fig. 11b.

6.2. Depositional sequences

The Lower Permian (late Sakmarian to early Artin-
skian) Khan Formation in the Kalmard sub-basin dis-
plays a cyclic sequence (Fig. 3) which can be divided
into third-order shallowing-upward depositional se-
quences. On the basis of facies relationships and the
recognition of key surfaces in the Khan Formation,

four (in the Bakhshi and Bibisene sections) and three
depositional sequences (in the Tangal-e-Shotoru and
Rahdar sections) are recognized which are composed
of lowstand, transgressive and highstand systems tract.
Each sequence records a transgression and a regres-
sion.

Sequence 1 was deposited in all sections. The LST
deposits of the sequence 1 include siliciclastic deposits
which also occur in the lower part of the TST. The
LST succession contains a lower/middle shoreface to
foreshore facies which shows a coarsening-upward
trend in all sections. The transgressive system tract
in sequence 1 is composed mainly of siliciclastic (in
the lower part of the TST) and carbonate succes-
sions which start with lower/middle shoreface (in the
Bibisene section), upper shoreface (in the Bakhshi and
Tangal-e-Shotoru sections) and tidal inlet (in the Rah-
dar section) as transgressive surface (TS), and then
in a deepening-upwards trend it ends with a shal-
low open marine carbonate facies (bioclastic wacke-
stone/packstone) as maximum flooding surface (mfs).
The HST deposits are recognized by a shallowing-
upward progradational stacking pattern, which mostly
includes lagoonal and tidal flat facies with more re-
stricted faunas. The lower and upper boundaries of se-
quence 1 in the Rahdar section are both of type 1 (be-
cause of a disconformity with the Gachal Fm. in the
lower boundary and the presence of a bauxite/laterite
horizon in the upper boundary) and in the others are of
type 1 and type 2, respectively (Fig. 3).

Like sequence 1, sequence 2 starts with LST sedi-
mentary deposits composed of sandstones (foreshore
facies in the Rahdar section and lower/middle shore-
face in the others) at the beginning of LST and mud-
stones (shale and siltstone) at the end of it, except in
the Tangal-e-Shotoru section, which ends with fore-
shore sandstones. Siliciclastic deposits continued in
the lower part of the TST as transgressive surface
in the Tangal-e-Shotoru and Bibisene sections. The
TST is characterized by alternating carbonates of la-
goon and barrier facies. This deepening-upward trend
ends with shallow open marine carbonate facies (bio-
clastic wackestones/packstones) as maximum flooding
surface (mfs) in all sections except Tangal-e-Shotoru
which is ended by barrier carbonates (mfs). The HST
is marked by fusulinid-rich beds. The transition from
barrier to mainly lagoonal and tidal flat facies indi-
cates a sea-level fall, gradual shallowing conditions,
and a reduced accommodation space during the HST.
The upper boundary of sequence 2 is type 2 (SB2) in
the Tangal-e-Shotoru and Rahdar sections and type 1
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(SB1) in the Bakhshi and Bibisene sections because of
bauxite/laterite horizons (Fig. 3).

Sequence 3 was deposited in the Bakhshi and Bibi-
sene sections completely, but in the Tangal-e-Shotoru
and Rahdar sections it is only composed of LST sili-
ciclastic deposits. The LST deposits start with sand-
stones (lower/middle shoreface to washover fan fa-
cies), which gradually change upwards to alternating
sandstone and mudstone (washover fan/lagoon facies).
At the top of LST, the appearance of a bauxite/laterite
horizon in the Tangal-e-Shotoru and Rahdar sections
marks the end of the sedimentation of the Khan For-
mation in these sections.

The TST in the Bakhshi and Bibisene sections is
characterized by alternating carbonates of tidal flats,
barriers and lagoons with a general deepening-upward
trend ending in barrier carbonates (dolomitized ooid
grainstone facies in the Bakhshi section and dolomi-
tized echinoderm bioclastic packstone/grainstone fa-
cies in the Bibisene section) as maximum flooding sur-
face. The HST is thin and composed of lagoonal (in the
Bibisene section) and tidal flat facies (in the Bakhshi
section). The upper boundary of the sequence 3 is
type 2.

Sequence 4 is represented in Bakhshi and Bibisene
sections and only composed of LST. This sequence
starts with coarse-grain sandstones of the upper shore
face and foreshore which gradually change to al-
ternating sandstones and mudstones of a washover
fan/lagoonal facies. The upper boundary of the se-
quence 4 with the Lower Triassic Sorkh Shale Forma-
tion is SB1.

The upper boundary of the Khan Formation shows
a significant disconformity, which is related to epeiro-
genic movements at the end of the Sakmarian to
the early Artinskian stages. This disconformity is
widespread and very useful for correlation. After the
deposition of the Khan Formation, the Kalmard Sub-
Block has experienced a significant regression. From
the late Early Permian through Early Triassic times,
this area was subaerially exposed, as evidenced by the
bauxite horizons on top of the Khan Formation (ARE-
FIFARD & IsAACSON 2011).

The stratigraphic architecture of the Khan deposits
are the result of the interplay between regional up-
lift caused by the Kalmard Fault and relative sea-
level changes. Fault-driven subsidence and the contin-
uous creation of accommodation in the hangingwall of
the Kalmard Fault led to marked spatial variability in
stratal stacking patterns, systems tracts and key stratal
surfaces (BAYET-GOLL etal. 2018).

6.3. Palaeogeography

The similarity between most Iranian Palaeozoic de-
posits to their counterparts in the Arabian Plate con-
firmed the idea that Iran was part of Gondwana during
the Late Palaeozoic (STOCKLIN 1968; BERBERIAN &
KiNnG 1981). Following the opening of Neo-Tethys,
Iran with other Cimmerian terranes, including Turkey,
Afghanistan, Karakoram, Tibet, and Qiangtang rifted
away from Gondwana in Early Permian times, and
moved northward across Palaeo-Tethys Ocean; finally
it collided with the Eurasian margin which created
the Eo-Cimmerian Orogeny (RUBAN et al. 2007; MUT-
TONI etal. 2009a; MuTTONI et al. 2009b; ZANCHI et al.
2009;BERRA & ANGIOLINI 2014). Besides, the Per-
mian Period recorded a drastic palacoclimatic change
from a global icehouse in the Carboniferous—early
Cisuralian (Lower Permian) towards a greenhouse
state in the Lopingian (Late Permian) (FIELDING etal.
2008; SHI & WATERHOUSE 2010; AREFIFARD 2017).

In the Khan Formation sections, the evidence such
as the presence of bauxite/laterite horizons, highly
mature quartz grains and plant fossils in siliciclas-
tic successions and the presence of photozoan fauna
such as corals and Tubiphytes in carbonate deposits
indicate that the Khan Formation was deposited in a
warm and humid condition. Moreover, BADPA etal.
(2014) stated that the colonial corals in the middle
part of the Khan Formation in the Rahdar section
belong to the Tethyan Realm which was only con-
fined to tropical latitudes of 35 degrees and lived in
turbulent shallow water as patch reefs. On the other
hand, the presence of a heterozoan fauna, like echin-
oderms, bryozoans, and sponges in the carbonate suc-
cessions suggests a cooler climate. Moreover, accord-
ing to DAVYDOV & AREFIFARD (2007) fusulinids of
the Khan Formation belong to a temperate transitional
cool to cold water fauna of higher latitudes. So, there
is an alternation of cool to warm and humid climate
during the deposition of the Khan Formation (late
Sakmarian—early Artinskian) which is consistent with
several discrete icehouse times punctuated by warmer
periods of glacial minima, and involved in a series of
cycles of glaciation/deglaciation during the Permian
(FIELDING etal. 2008; BisHoP etal. 2009). The sea-
level highstands of the Lower Carboniferous Gachal
Formation changed to lowstands in the lower silici-
clastic part of the Khan Formation during the Sakmar-
ian caused by glaciations (Ross & Ross 1988; Ross &
Ross 1996; NaAkazawa & UENO 2009).
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Decreasing water temperatures and the presence of
a cool water fauna like the fusulinids and heterozoan
fauna of the Khan Formation are probably caused by
the upwelling of cold, nutrient-rich deep waters of
higher latitudes cutting off warm-water masses from
the Tethys in low latitudes along the southern margin
of Gondwana (BLOMEIER etal. 2011). Higher nutrient
and energy levels as well as increased siliciclastic in-
put are probably due to more humid climatic condi-
tions marked by increased precipitation and the up-
lift of a local siliciclastic source area caused by the
Kalmard Fault activity (BAYET-GOLL etal. 2018).

This conclusion confirms the recently published re-
sults of AREFIFARD (2017) about deposition of Khan
Formation on low latitude setting during late Sak-
marian—early Artinskian. Moreover, the previous ideas
of DAvYDOV & AREFIFARD (2007) which states fusu-
linids of the Khan Formation belong to temperate tran-
sitional cool to cold water fauna of higher latitudes is
confirm with the upwelling of cold water to low lati-
tude warm water.

7. Conclusions

The detailed study of the Lower Permian Khan For-
mation in Central Iran (Kalmard Sub-Block) indicates
a range of siliciclastic and carbonate environments
which frequently changed through time, and consists
of conglomerates, sandstones, mudstones, limestones,
dolomitic limestones and dolostones. Based on the
sedimentological and stratigraphic framework of the
Lower Permian Khan Formation, the siliciclastic suc-
cessions accumulated on a shallow marine environ-
ment and include proximal lower-middle shoreface,
upper shoreface, foreshore, tidal inlet and washover
fan/lagoonal deposits. These successions are thicken-
ing and coarsening upward. Thus, the siliciclastic suc-
cessions of Khan Formation belong to a pragradational
barrier island complex. The carbonate facies of the
Khan Formation formed on a homoclinal ramp, mostly
on the inner and middle ramp, including tidal flats,
lagoons, barriers, patch reefs and shallow open ma-
rine environments. Horizontal lamination, planar and
trough cross-lamination, swaley and hummocky cross-
stratification are the most abundant sedimentary struc-
tures in the Khan Formation. Sequence stratigraphy
studies indicate 3 and 4 depositional sequences (third-
ordered sequence) in the Tangal-e-Shotoru, Rahdar
and Bakhshi, Bibisene sections, respectively, where
each cycle shows a progradation and regression. Based

on highly mature quartz grains, the presence of baux-
ite/laterite and terrestrial plant fossils in the siliciclas-
tic successions, the Khan Formation was deposited un-
der warm and humid conditions.
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