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Abstract— This research attempted to reconstruct the sedimentary environment and depositional sequences of the Qom Formation in
Central Iran, using biofacies and taphofacies analyses. The Qom Formation in the Andabad area (3°48'12.6" N, 47°5928" E) is 220 m in
thickness. The thickness of the Qom Formation in the Nowbaran area (35°05'22.5" N, 49°41'00"” E) was found to be 458 m. In both areas,
the formation consists mainly of shale and limestone. The lower boundary between the Qom and Lower Red Formations is unconformable
in both areas. In the Nowbaran area, the Qom Formation is covered by recent alluvial sediments. In the Andabad area, the Qom Formation is
unconformably overlain by the Upper Red Formation. A total of 122 limestone and 15 shale rock samples were collected from the Andabad
area, and 94 limestone and 24 shale rock samples were collected from the Nowbaran area. Analysis of the collected samples resulted in the
recognition of nine biofacies, one terrigenous facies, and five taphofacies within the Qom Formation in both areas. Based on the vertical
distributions of biofacies, the Qom Formation is deposited on an open shelf carbonate platform. This carbonate platform can be divided into
three subenvironments: inner shelf (restricted and semirestricted lagoon), middle shelf, and outer shelf. Two third-order and one incomplete
depositional sequences were identified in the Nowbaran area, but in the Andabad area, three third-order and one incomplete depositional

sequences were distinguished.
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INTRODUCTION

The Central Iran zone is one of the eight structural-sedi-
mentary zones introduced by Berberian and King (1981)
and Heydari (2008) (Fig. 1a). The researchers divided the
Iranian plateau into eight structural-sedimentary zones: Zag-
ros, Sanandaj-Sirjan, Urumieh-Dokhtar magmatic arc, Al-
borz, Central Iran, Lut, Kopeh Dagh, and Makran (Berberi-
an and King, 1981; Heydari, 2008). The Central Iran zone is
located in the Alpine-Himalayan orogenic belt and is
bounded from north and south by Paleotethys and Neotethys
Ocean suture zones (Aghanabati, 2006; Nadimi, 2007). The
Oligocene—Miocene deposits (Qom Formation) were report-
ed in different areas of the Central Iran zone (Schuster and
Wielandt, 1999; Harzhauser, 2004; Daneshian and Dana,
2007; Khaksar and Maghfouri Moghadam, 2007; Reuter et
al., 2009; Behforouzi and Safari, 2011; Moghadam, 2011;
Mohammadi et al., 2011; Seddighi et al., 2011; Yazdi et al.,
2012; Mohammadi et al., 2013; Abbassi et al., 2016; Dane-
shian and Ghanbari, 2017; Rahiminejad et al., 2017; Mo-
hammadi et al., 2018). However, studies on the Qom For-
mation were focused on biostratigraphy and paleontology
(Daneshian and Dana, 2007; Khaksar and Maghfouri Mog-
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hadam, 2007; Behforouzi and Safari, 2011; Moghadam,
2011; Abbassi et al., 2016; Daneshian and Ghanbari, 2017),
paleoecology (Schuster and Wielandt, 1999; Harzhauser,
2004; Yazdi et al., 2012; Rahiminejad et al., 2017), and bio-
facies and sedimentary environment (Mohammadi et al.,
2011; Seddighi et al., 2011; Mohammadi et al., 2013; Mo-
hammadi et al., 2018). On the other hand, studies of se-
quence stratigraphy and taphofacies analysis were not con-
ducted in the Qom Formation. In 1972 and 1976, the concept
of biofacies was developed (Flugel, 1972; Wilson, 1976).
Subsequently, the biofacies analysis was used for the recon-
struction and interpretation of sedimentary environments
(Flugel, 1982, 2010). However, the influence of taphonomic
processes (e.g., grain dispersal and distribution) was not
considered in reconstruction of sedimentary environments
based on biofacies analysis (Brachert et al., 1998). There-
fore, Brachert et al. (1998) introduced the term “taphofa-
cies”. In 2011, the concept of taphofacies was developed
and applied to reconstruction and interpretation of paleoen-
vironmental conditions based on taphonomic processes (Sil-
vestri et al., 2011). Therefore, the objectives of the present
study include (1) identification of biofacies and taphofacies
in the Miocene sediments of Qom basin, and (2) reconstruc-
tion of sedimentary environment and identification of depo-
sitional sequences in the Qom Formation and correlation
between these depositional sequences and the sequences
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Fig. 1. Paleogeographic setting of the studied area. a, Eight structural-sedimentary zones introduced by Heydari (2008); b, paleogeography map
of the Tethyan seaway in Miocene (QB, Qom sub-basin; ESB, Esfahan—Sirjan sub-basin; UD, Urumieh-Dokhtar; ZB, Zagros Basin) (modified
from (Harzhauser and Piller, 2007; Reuter et al., 2009)); ¢, schematic block diagram for the Esfahan—Sirjan and the Qom basins in the early Mio-

cene time (modified from (Reuter et al., 2009)).

formed at the southern margin of the Neotethys basin and of
the Paratethys Basin.

GEOLOGICAL SETTING

During the Eocene and early Oligocene, an uplift and
volcanic activity resulted in a continental environment in the
studied area (Morley et al., 2009). Subsidence caused by
cooling of the upper mantle led to a marine flooding during
the early Oligocene in the Central Iran zone (Morley et al.,
2009). Reuter et al. (2009) and Harzhauser and Piller (2007)
pointed out that the Qom Sea was shallow, connecting the
eastern and western basins of Neotethys. The Urumieh-
Dokhtar magmatic arc created two sub-basins (a fore-arc
Esfehan-Sirjan Basin) and a back-arc Qom Basin) in the
Central Iran zone during the Oligocene and Miocene (Re-
uter et al., 2009) (Fig. 15). The Qom Formation in the stud-
ied areas represented the back-arc sub-basin (Qom Basin)
(Fig. 1¢). The Qom Formation is distributed over a large

area of the Central Iran zone (Aghanabati, 2006). Unfortu-
nately, due to the different sedimentary facies in the Central
Iran zone, the type-section for this formation has not been
designated. In the Qom area, this formation is 1200-m-thick
and consists primarily of evaporite, siliciclastic, and carbon-
ate sediments. Loftus (1854) was the first to study this for-
mation. In the Qom area, Furrer and Soder (1955), and
Gansser (1955) divided the Qom Formation into 6 members
(A, B, C, D, E, and F). Abaie et al. (1964) identified 4 mem-
bers: C1, C2, C3, and C4. The Qom Formation in the And-
abad area unconformably overlies the Lower Red Forma-
tion. The upper boundary of the Qom Formation with the
Upper Red Formation in the area under study is unconform-
able. Deposits of the Qom Formation in the Andabad area
contain shale (lower section) and limestone (upper section).
In the Nowbaran area, the deposits of the Qom Formation
include the alternation of shale and limestone in the lower
section, and layers of limestone in the middle section. In the
upper section of the sequence under study, alternation of
shale and limestone can be observed. The lower boundary of
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the Qom Formation with the Lower Red Formation is un-
conformable in the Nowbaran area. The upper boundary of
the Qom Formation in the study area is concealed under re-
cent alluvial deposits.

MATERIALS AND METHODS

The Nowbaran area (35°05'22.5"” N; 49°41'00" E) is lo-
cated 3 km from Nowbaran (northwest of Saveh) (Fig. 2),
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whereas the Andabad area (36°48'12.6" N; 47°59'28" E) is
located 19 km northeast of Mahneshan (Fig. 2). A total of
122 (limestone) and 15 (shale) rock samples were collected
from the Andabad area, and 94 (limestone) and 24 (shale)
rock samples were collected from the Nowbaran area in or-
der to determine biofacies, taphofacies, sedimentary envi-
ronment, and depositional sequences of the Qom Formation.
Thin sections were produced from the rock samples. Micro-
fossils were extracted from shales using 10% water solution
of hydrogen peroxide (H,0,), and then picked from soaked
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Fig. 2. Geological setting of the studied area. a, Map of Iran; b, road map of the Nowbaran and Andabad areas; ¢, geological map of the Andabad
area (after (Kiani, 2001)); d, geological map of the Nowbaran area (after (Jamshidi et al., 2001)).
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and dried residue. The biofacies of both areas were identi-
fied based on sediment texture, grain size, grain composi-
tion, and fossil content. Sedimentary textures in thin sec-
tions were identified using the classification system of
Dunham (1962) and Embry and Klovan (1971). The abun-
dance of larger benthic foraminifera, coral, bryozoan, and
coraline red algae in the Andabad and Nowbaran areas can
be used to study biofacies and identify taphofacies. There-
fore, taphonomic signatures such as fragmentation, abra-
sion, encrustation, and bioerosion have been determined by
several researchers (Allison and Bottjer, 2011; Silvestri et
al., 2011). In studies by Silvestri et al. (2011) and Bover-
Arnal et al. (2017), the qualitative estimation of taphonomic
signatures (preburial stage) was performed in the thin sec-
tions. The classification was introduced to assess qualita-
tively, of the damaged test of large benthic foraminifera, by
waves and water energy (Beavington-Penny, 2004). This
qualitative classification includes four categories: (1) pris-
tine and undamaged test margin of large benthic foramin-
ifera; (2) damaged outer margin in large benthic foramin-
ifera test on both sides and outer margin irregularly in large
benthic foraminifera test; (3) destroyed outer wall in large
benthic foraminifera test and damaged test on both sides;
and (4) very damaged test belonging to symbiont-bearing
larger benthic foraminifera and test fragmented into small
pieces. The qualitative evaluation of damaged test of large
benthic foraminifera in the areas under study was performed
using the classification method introduced by Beavington-
Penny (2004). To identify taphofacies in the areas under
study, several resources are used (e.g., Brachert et al., 1998;
Nebelsick and Bassi, 2000; Allison and Bottjer, 2011; Neb-
elsick et al., 2011; Silvsteri et al., 2011). The researchers
pointed out that thickness to diameter ratio of the test of the
genus Amphistegina varies with increasing seawater depth
(Larsen and Drooger, 1977; Hallock and Hansen, 1979; Hal-
lock and Glenn, 1986; Hallock, 1999; Mateu-Vicens et al.,
2009). Mateu-Vicens et al. (2009) showed that the ratio of
thickness to diameter of the test in the genus Amphistegina
can be used as an indicator for seawater depth. By measur-
ing the thickness/diameter ratio of the test in the Amphiste-
gina genus (in axial and subaxial section) in microscopic
thin sections and calculating the morphological changes of
the test using this formula “Zom = 2.046 T/D-2.293”, under
oligo-mesotrophic condition, a diagram can be drawn to pre-
dict Amphistegina genus test changes with seawater depth
(Mateu-Vicens et al., 2009). The diagram depicted the oli-
go-mesotrophic condition and can be used to determine the
seawater depth of the past geological age (especially for Oli-

Table 1. Amphistegina T/D measurements in the Andabad area
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gocene—Miocene). In the area under study, eighty-five rep-
resentatives of the genus Amphistegina were chosen. The
diameter and thickness of tests were measured in axial and
subaxial sections. Of these samples, 26 belonged to the An-
dabad area while 59 belonged to the Nowbaran area. Then,
the thickness to diameter ratio was calculated for each sam-
ple. In the areas under study, the depth of seawater was cal-
culated for the Amphistegina genus-bearing biofacies using
the method of Mateu-Vicens et al. (2009). The curves of the
depth of seawater were drawn for both areas under study
(Figs. 6 and 7).

RESULTS
Description of biofacies

Based on type and distribution of components, sedimen-
tology and petrography characteristics nine biofacies and
one terrigenous facies belonging to the Andabad and Now-
baran areas were identified.

MEF-1: Sandy bioclast wackestone-packstone (MF-1) was
observed in both areas under study (Fig. 3@). The main com-
ponents of this biofacies are skeletal (miliolids, bivalve, os-
tracod, and echinoderm) and clastic (fine-grained quartz).
Imperforate foraminifera such as Borelis, Archaias, Penero-
plis, and Meandropsina are the subordinate components of
MF1 biofacies.

MEF-2: The abundance of imperforate foraminifera (milio-
lids, Borelis, Archaias, and Sorites) and red algae Coralli-
naceae in the Andabad area marks the bioclast Corallina-
ceae imperforate foraminifera wackestone-packstone (MF2)
(Fig. 3b). The minor components of this biofacies are corals,
bryozoans, gastropods, echinoderms, bivalves, and ostracods.

MEF-3: Bioclast Corallinaceae perforate-imperforate fora-
minifera wackestone-packstone (MF3) was observed in the
Andabad and Nowbaran areas (Fig. 3¢). The main compo-
nents of this biofacies are imperforate foraminifera (miliol-
ids, Borelis, Archaias, Penarchaias, Peneroplis, Dendritina,
and Meandropsina), perforate foraminifera (Amphistegina,
Neorotalia, Heterostegina, and Miogypsina), and red algae
Corallinaceae. The debris of corals, bryozoans, gastropods,
echinoderms, bivalves, ostracods, and small Rotalia are the
subordinate components of the Bioclast Corallinaceae per-
forate-imperforate foraminifera wackestone-packstone bio-
facies (MF3). The thickness to diameter ratio of test in the
Amphistegina genus in the MF 3 biofacies is 0.44 mm in the
Nowbaran area and reaches 0.45 mm in the Andabad area
(Tables 1 and 2).

Sample Thickness (T), mm Diameter (D), mm Thickness/Diameter (T/D) Depth, m Biofacies
18 0/55 12 0/45 ~13 MF3
90 0/5 1/23 0/4 ~19 MF5
58 0/44 1/2 0/36 ~25 MF6
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Table 2. Amphistegina T/D measurements in the Nowbaran area
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Sample Thickness (T), mm  Diameter (D), mm  Thickness/Diameter (T/D) Depth, m Biofacies
22 0/031 0/1 0/31 ~34/5 MF38
62 0/4 1/2 0.33 ~30 MF7
52 0/7 2/1 0/33 ~30 MF6
53 0/6 1/75 0/34 ~29 MF5
32 0/8 2 0/4 ~19 MF4
86 0/55 0/85 0/64 ~8/5 MF3

MF-4: Coral is the only allochem that forms coral bound-
stone (MF4) (Fig. 3d). The corals in this biofacies were ob-
served as patch reefs and these patch reefs are discontinuous
as well as scattered colonies in both areas. Areas between the
coral colonies are filled with sediment containing bivalve,
corallinaceae algae, and gastropods, as well as foraminifera
such as miliolids and Amphistegina. In the Nowbaran area,
the thickness to diameter ratio of test in the Amphistegina
genus is 0.4 mm for the biofacies MF4 (Table 2).

MEF-5: Coral and corallinaceae algae are the abundant
components that exist in the coral corallinaceae wackestone-

packstone (MF5) (Fig. 3e). Perforate foraminifera (Miogyp-
sina, Amphistegina, and Rotalidae family), imperforate fora-
minifera (miliolids, Borelis, and Dendritina), gastropods,
echinoderms, bivalves, and ostracods are minor components
in the biofacies (MF5). Thus, the biofacies were observed in
both areas under study and the thickness to diameter ratios of
test in Amphistegina genus in the Andabad and Nowbaran
areas were 0.4 and 0.34 mm, respectively (Tables 1 and 2).
MEF-6: In both areas, bioclast corallinaceae perforate for-
aminifera wackestone-packstone (MF6) consisted of several
main components such as red algae corallinaceae, bryozoan,

Fig. 3. Biofacies types of the Qom Formation in the study areas. a, Sandy bioclast wackestone-packstone MF-1; b, bioclast Corallinaceae imper-
forate foraminifera wackestone-packstone MF-2; ¢, bioclast Corallinaceae perforate-imperforate foraminifera wackestone-packstone MF-3; d,
coral boundstone MF-4; e, coral Corallinaceae wackestone-packstone MF-5; f, bioclast Corallinaceae perforate foraminifera wackestone-pack-
stone MF-6; g, bioclast corallinaceae pelagic-perforate foraminifera wackestone-packstone MF-7; A, bioclast pelagic benthic foraminifera wacke-
stone-packstone MF-8; i, bioclast pelagic foraminifera wackestone-packstone MF-9. B, bioclasts; Q, quartz grains; M, miliolids; Co, Coralli-
nacean; S, Sorites; Am, Amphistegina; C, corals; Mi, Miogypsina; H, Heterostegina; P, planktonic foraminifera.
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and perforate foraminifera (Amphistegina, Neorotalia, Het-
erostegina, Miogypsina, and Lepidocyclina) (Fig. 3f). The
subordinate components of this biofacies were corals, bi-
valves, miliolids, and echinoderms. Bryozoans were found
to be abundant in some samples obtained from the Nowba-
ran area. The thickness to diameter ratio of test in the mea-
sured samples of Amphistegina genus was 0.23 mm in the
Nowbaran area, and this ratio reached 0.36 mm in the MF6
biofacies of the Andabad area (Tables 1 and 2).

MEF-7: Corallinaceae, bryozoan, perforate foraminifera
(Amphistegina, Neorotalia, Heterostegina, Miogypsina, and
Lepidocyclina), and planktonic foraminifera are the main
components of the bioclast corallinaceae pelagic-perforate
foraminifera wackestone-packstone (MF7) (Fig. 3g). Sym-
biont-bearing larger benthic foraminifera are abundant in
this biofacies. Corals, bivalves, ostracods, and echinoderms
are the minor components of this biofacies. MF7 was only
found in the Nowbaran area, and the thickness to diameter
ratio of the test in the Amphistegina genus of this biofacies
reached 0.33 mm (Table 2).

MF-8: Bioclast pelagic benthic foraminifera wackestone-
packstone (MF8) mainly consisted of perforate foraminifera
(Amphistegina, Heterostegina, Operculina, and Neorotalia)
and planktonic foraminifera (Fig. 3/). Corallinaceae algae,
bivalves, and echinoderms can be subordinate components
in this biofacies. MF8 was only found in the Nowbaran area.
The thickness to diameter ratio of test in the Amphistegina
genus of MF8 reached 0.31 mm (Table 2).

MF-9: Planktonic foraminifera are the main components
of the bioclast pelagic foraminifera wackestone-packstone
(MF9) (Fig. 3i). The minor components of this biofacies
contained Neorotalia, bivalves, and echinoderms. MF9 was
only found in the Andabad area.

Terrigenous facies (shale)

The thickly laminated gray shale can be observed in the
study areas. In the Nowbaran area, this terrigenous facies
alternates with the lagoon biofacies (MF1 and MF4). Also,
this facies alternates with the lagoon biofacies (MF2 and
MF4) in the Andabad area. This terrigenous facies contained
perforate foraminifera (Elphidium, Amphistegina, Discor-
bis, and small Rotalia), imperforate foraminifera (miliolids
and Borelis), bryozoans, and ostracods.

Taphofacies analysis

Five taphofacies were identified in the Andabad and
Nowbaran areas. These taphofacies are categorized based on
their main components and taphonomic signatures including
fragmentation, bioerosion, encrustation, disarticulation, and
abrasion.

MTF-1: Taphofacies 1 contains Corallinaceae and imper-
forate large benthic foraminifera (Borelis, Peneroplis, Ar-
chaias, and Sorites). This taphofacies was only found in the
Andabad area. The taphofacies 1 showed moderate to high
fragmentation and disarticulation rates (Fig. 4a). Bioerosion
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and encrustation rates were low and low to moderate, re-
spectively. Also, the taphofacies 1 showed various abrasion
rates from low to high. In the Andabad area, the rate of dam-
age incurred to walls of large benthic foraminifera in the
taphofacies 1 was high (category 2 to 3). Moreover, red al-
gae Corallinaceae, corals, perforate foraminifera (Amphiste-
gina, Neorotalia, Heterostegina, and Miogypsina), and im-
perforate foraminifera (Borelis, Peneroplis, Archaias, and
Penarchaias) are the abundant components in taphofacies 2.

MTF-2: Taphofacies 2 was found in both Andabad and
Nowbaran areas (Figs. 4b and 5a). The Nowbaran area sho-
wed moderate rates of fragmentation and disarticulation, as
well as abrasion, but there was no bioerosion. The encrusta-
tion rate in taphofacies 2 in the Nowbaran area was low to
moderate, while the abrasion and encrustation rates in tapho-
facies 2 in the Andabad area were low to moderate. The An-
dabad area showed low rate of Bioerosion. The fragmenta-
tion and disarticulation rate of Corallinaceae and corals in
taphofacies 2 varied from low to high. In the Nowbaran area,
the rate of damage incurred to the outer shell of large benthic
foraminifera varied from low to moderate (category 1 to 2),
while in the Andabad area, it was high (category 2 to 3).

MTF-3: Taphofacies 3 was found both in the Nowbaran
and Andabad areas, and this taphofacies mainly consisted of
corals (Figs. 4c and 5b). The rates of taphonomic signatures
including fragmentation, abrasion, and encrustation, were
lower in both areas. Taphofacies 3 showed a low rate of bio-
erosion only in the Nowbaran area.

MTF-4: Taphofacies 4, which was found in both areas,
showed abundant Corallinaceae and corals. In both study ar-
eas, taphofacies 4 showed low to moderate fragmentation
and abrasion rates. Taphofacies 4 contained moderate to
high rate of encrustation. This taphonomic feature was
found in both study areas (Figs. 4d and 5c¢); in the Nowbaran
area, similar to Corallinaceae, bryozoans encrusted various
types of allochems. In both areas, multilayered encrustation
was found around various types of skeletal grains. Taphofa-
cies 4 showed a low rate of bioerosion in the Andabad area,
and a low to moderate in the Nowbaran area.

MTE-5: The abundance of Corallinaceae, corals, bryozo-
ans, and large perforate foraminifera (Amphistegina, Neoro-
talia, Heterostegina, Operculina, and Miogypsina) marked
taphofacies 5 in both study areas (Figs. 4e and 5d). The frag-
mentation rates in both areas were moderate to high. The
Nowbaran area showed low to moderate rates of abrasion
and encrustation. However, the Andabad area showed mod-
erate and low rates of abrasion and encrustation, respective-
ly. Both areas showed low rates of bioerosion.

DEPOSITIONAL ENVIRONMENTS
AND SEQUENCES

Reconstruction of carbonate platform based
on biofacies and taphofacies

Based on the distribution of benthic and pelagic foramin-
ifera, vertical changes in biofacies, as well as the absence of
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Fig. 4. Taphofacies of the Qom Formation in the Andabad area. a, MTF-1; b, MTF-2; ¢, MTF-3; d, MTF-4; e, MTF-5. F, Fragmentation; E, en-

crustation; A, abrasion.

bioclast, ooid, and reef barrier, an open-shelf carbonate plat-
form can be considered for the Qom Formation in the stud-
ied areas (Figs. 6, 7, and 8). A carbonate ramp (particularly,
a homoclinal carbonate ramp) interpretation has been ex-
cluded from the consideration because of the absence of
diagnostic bioclast, ooid, and reef barrier deposits (Read,

1982, 1985; Flugel, 2010). The open-shelf platform can be
divided into three environments: inner shelf, middle shelf,
and outer shelf. The inner shelf also includes subenviron-
ments such as a restricted and a semirestricted lagoon. Wil-
son and Evans (2002) pointed out that a biofacies similar to
the sandy bioclast wackestone-packstone (MF1) could be
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Fig. 5. Taphofacies of the Qom Formation in the Nowbaran area. a, MTF-2; b, MTF-3; ¢, MTF-4; d, MTE-5. F, Fragmentation; E, encrustation;

A, abrasion.

formed in nearshore lagoonal settings. Also, carbonate de-
posits containing siliciclastic grains could be formed in
swamps found within shallow coastal waters of a lagoon en-
vironment (Flugel, 2010; Pomar et al., 2015). The presence
of skeletal (miliolids and gastropod) and clastic allochems
(quartz) indicated that this biofacies (MF1) was deposited in
a restricted lagoon with high salinity seawater (Romero et
al., 2002; Wilson and Evans, 2002). Imperforate foramin-
ifera and red algae Corallinaceae indicated the existence of
a high-energy shallow semirestricted lagoon with seagrass
meadows for the bioclast Corallinaceae imperforate fora-
minifera wackestone-packstone (MF2) (Beavington-Penney
et al., 2004; Renema, 2006; Tomassetti et al., 2016; Pomar
et al., 2017). Biofacies similar to MF2 were identified in the
Asmari and Jahrum formations (Vaziri Moghaddam et al.,
2006; Taheri et al., 2008; Taheri, 2010). The presence of
imperforate-perforate foraminifera and red algae corallina-
ceae, a semirestricted lagoon with seagrass meadows can be
demonstrated for the bioclast corallinaceae perforate-imper-
forate foraminifera wackestone-packstone (MF3) (Romero
et al., 2002; Beavington-Penney et al., 2006; Afzal et al.,
2011; Nebelsick et al., 2013). In the Nowbaran and Andabad

areas, MF3 sediments were deposited in a shallow lagoon
with ~8.5 and ~13 m depth. Terrigenous facies of the stud-
ied areas consisted of perforate foraminifera (Elphidium,
Amphistegina, Discorbis, and small Rotalia) and imperfo-
rate foraminifera (miliolids and Borelis) which are indica-
tive of the semirestricted lagoon environment for this ter-
rigenous facies (Geel, 2000). In the studied areas, coral
colonies (MF4) were observed as small patch reefs. Riegl et
al. (2010) argued that such small patch reefs are formed in
an environment with high level of water salinity and influx
of siliciclastics. In addition, patch reefs characterize lagoon
environment (Beresi et al., 2016). Other researchers found
biofacies similar to MF4 in the Qom and Asmari formations
(Amirshahkarami et al., 2007; Mohammdi et al., 2011; Sed-
dighi et al., 2011). In the Nowbaran area, given the T/D ratio
of the genus Amphistegina, MF4 was found in an environ-
ment with an estimated depth of ~19 m. Biofacies, such as
MFs 2, 3, and 4, were formed in the inner shelf and above
the fair weather wave base. Similarities in major allochems
suggested that MTFs 1, 2, and 3, too, were formed in a shal-
low lagoon environment. Nebelsick et al. (2011) believed
that fragmentation is in direct relationship with wave base
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Fig. 6. Vertical biofacies distribution and sequences of the Qom Formation at the Andabad area (Northeast of Mah Neshan), Iran.

and seawater depth so that the highest fragmentation rate
could be observed in the inner shelf (lagoon). In the present
study, the moderate rate of fragmentation indicates low to
high-energy levels of sedimentation environment (Nebel-
sick et al., 2011). Moderate to high fragmentation and abra-
sion rates in taphofacies 1 indicate high-energy level of
sedimentation environment, while low to moderate encrus-

tation and bioerosion rates of this taphofacies in the And-
abad area indicate lack of proper sedimentation condition
for growing corallinaceae algae and burrowing microorgan-
isms. Severe fragmentation of large benthic foraminifera
and destruction of the outer wall and marginal cord of these
foraminifera (category 2 and 3) are indicative of either high
transportation of their test by sea wave or their test destruc-
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tion by fishes and other destructive organisms (Beavington-
Penny, 2004). Low-moderate to high fragmentation and
abrasion rates of taphofacies 2 in the Andabad area repre-
sent a low to high-energy environment. Given the fragmen-
tation and abrasion rates of the Nowbaran area, an environ-
ment with higher energy can be expected compared to the
Andabad area. This is indicative of the higher water depth in
the Andabad area. The low to moderate fragmentation rate
(categories 1 and 2) of test (large benthic foraminifera) in
the Nowbaran area, as compared to the moderate to high
fragmentation rate (category 2 and 3) of test (large benthic
foraminifera) in the Andabad area showed that the test in
these animals in the latter area were more intensely re-
worked by waves compared to the Nowbaran area. Low ta-
phonomic signature rates of fragmentation, bioerosion, en-
crustation, disarticulation, and abrasion, in both study areas,
showed that taphofacies 3 were formed below wave base.
This is consistent with the depth estimated for the patch
reefs (MF4) (~19 m). The coral coralinaceaec wackestone-
packstone (MF5) and bioclast corallinaceae perforate fora-
minifera wackestone-packstone (MF6) were deposited in
the proximal middle shelf environment. The abundance of
coral and corallinaceae in MF5, a middle shelf with meso-
photic-oligophotic condition can be expected for this biofa-
cies (Pomar et al., 2017). Biofacies MF5 was formed under
high-energy conditions (near and below fair weather wave
base) and in the middle shelf environment (Pomar, 2001;
Flugel, 2010; Sarkar, 2017). Biofacies MF5 were formed at
water depth of ~29 m in the Nowbaran area and ~19 m in
the Andabad area. This suggests that the seawater in the
Nowbaran area was deeper than the Andabad area. The bio-
clast corallinaceae perforate foraminifera wackestone-pack-
stone (MF6) contained red algae corallinaceae, bryozoan,
and perforate foraminifera (Amphistegina, Neorotalia, Het-
erostegina, Lepidocyclina, and Miogypsina) and was depos-

ited in a proximal middle shelf environment with the oligo-
mesotrophic conditions (Brandano et al., 2012; Brandano et
al., 2016; Sarkar, 2017). The T/D ratio of the genus Amphi-
stegina in biofacies MF6 suggests seawater depth of ~30 m
in the Nowbaran area and ~25 m in the Andabad area. The
bioclast corallinaceae pelagic-perforate foraminifera wacke-
stone-packstone (MF7) and the bioclast pelagic benthic for-
aminifera wackestone-packstone (MF8) were formed in dis-
tal middle shelf environment in the Nowbaran area.
Basically, the presence of large perforate foraminifera such
as Heterostegina, Operculina, Neorotalia, Miogypsina, and
Amphistegina indicate a middle shelf environment with the
oligophotic condition (Brandano et al., 2012; Pomar et al.,
2014). Biofacies such as MF7 and MF8 contained large per-
forate foraminifera (Heterostegina, Operculina, Neorotalia,
Miogypsina, and Amphistegina), corallinaceae, and plank-
tonic foraminifera. Yet, this biofacies belongs to a distal
middle shelf environment with the oligophotic condition
(Brandano et al., 2012; Sarkar, 2017). The T/D ratio of Am-
phistegina genus in MF7 and MF8 suggests deposition at
depth of ~30 and ~34.5 m in the Nowbaran area. The bio-
clast of pelagic foraminifera wackestone-packstone (MF9)
was deposited on the outer shelf environment in the And-
abad area (Geel, 2000; Knoerich and Mutti, 2003). The pres-
ence of abundant planktonic foraminifera in MF9 is indica-
tive of a deep basin (outer shelf). The main allochems of
MTFs 4 and 5 are very similar to MFs 5, 6, 7, and 8. Yet,
taphofacies 4 was formed in the proximal middle shelf envi-
ronment, and taphofacies 5 was formed in the proximal to
distal middle shelf environment. As a result of great similar-
ity with MF5, taphofacies 4 was formed at water depths of
~29 and ~19 m in the Nowbaran and Andabad areas. At a
depth of 20 m, encrustation reached its highest rate (Green-
stein and Pandolfi, 2003). Moreover, a high rate of encrusta-
tion is indicative of high-energy environment and low sedi-
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mentation rate (Silvestri et al., 2011; Cosovié et al., 2012;
Bover-Arnal et al., 2017). The encrustation rates in both ar-
eas were moderate to high suggesting a high-energy envi-
ronment with low sedimentation rate. In the Nowbaran area,
similar to corallinaceae, bryozoans encrusted corals and
other skeletal grains. Such encrustation is only seen in a
moderate to high-energy setting (Berning et al., 2009).
Meanwhile, multilayer encrustation was observed in both
areas where corallinaceaec were replaced with bryozoans
during the encrusting process. This indicates a change in the
environmental condition. Moderate to high rates of frag-
mentation and abrasion in taphofacies 5 may be indicative
of a high-energy setting, while moderate fragmentation rate
suggests a middle shelf setting. By analogy with MF6, ta-
phofacies 5 was deposited at water depth of ~25 m. Also
similar to MFs 6, 7, and 8, this taphofacies was formed at
~30-34.5 m water depth in the Nowbaran area. Fragmenta-
tion of the tests of large perforate foraminifera was moder-
ate (category 2) in the Andabad area, but in the Nowbaran
area, it varied from low to high (category 1 to 3). As a result,
the dispersal rate of large perforate foraminifera tests in the
Andabad area was higher compared to the Nowbaran area.

Sequence stratigraphy

The end of the 20th century witnessed the definitions of
components and conceptual models of sequence stratigra-
phy (Sarg, 1988; Van Wagoner et al., 1988; Handford and
Loucks, 1993). Within this conceptual framework, Catunea-
nu et al. (2011) defined lowstand systems tract (LST), trans-
gressive systems tract (TST), highstand systems tract (HST),
and falling-stage systems tract (FSST). In the Nowbaran
area, two third-order depositional sequences and one incom-
plete depositional sequence have been recognized in the
Aquitanian Stage. On the other hand, three third-order depo-
sitional sequences and one incomplete depositional se-
quence (Burdigalian Age) have been identified in the And-
abad area (Figs. 6 and 7).

Sequence 1. This sequence (Aquitanian Age) was identi-
fied in the Nowbaran area (Figs. 9 and 7). It reaches a thick-
ness of 96 m and consists of alternating shale and limestone.

Fig. 9. Outcrop view of the first depositional sequence in the Nowba-
ran area.
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Fig. 10. Outcrop view of the second depositional sequence in the Now-
baran area.

The sequence boundary between this sequence and the Low-
er Red Formation is the Type I sequence boundary. This
sequence boundary is an unconformity boundary. Addition-
ally, the erosional surface of this sequence boundary can be
observed between sandstone of the Lower Red Formation
and shales of the Qom Formation. Sequence 1 began with
terrigenous facies (shale) indicative of a lagoonal setting.
The transgressive systems tract (TST) of this sequence con-
sisted of alternating shale and limestone deposited in the
lagoon environment. In terms of biofacies, the TST included
lagoonal biofacies (sandy bioclastic wackestone-packstone
biofacies MF1) and a terrigenous facies (shale). The bioclast
pelagic benthic foraminifera wackestone-packstone biofa-
cies (MF8) indicated the maximum flooding surface (MFS)
of sequence 1. The maximum water depth in sequence 1
reached ~34.5 m. Biofacies such as MFs 4, 5, 6, 7, and 8
were deposited as a highstand systems tract (HST). The
HST contains limestones deposited in inner and middle
shelf settings. The sequence boundary between the first and
second sequences was marked by the coral boundstone
(MF4). This sequence boundary is a sequence boundary of
Type II, because no erosional surface has been seen between
the first and second sequences.

Sequence 2. Sequence 2 reaches 109 m in thickness and
consists primarily of limestone deposited in the Nowbaran
area during the Aquitanian Age (Figs. 7 and 10). It starts
with the bioclast corallinaceae perforate foraminifera wac-
kestone-packstone (MF6). The transgressive systems tract
(TST) consisted of open marine biofacies (MFs 5, 6, and 7)
represented by limestones (middle part of the studied suc-
cession) deposited in a middle shelf environment. The bio-
clast corallinaceae pelagic-perforate foraminifera wacke-
stone-packstone (MF7) marks the maximum flooding sur-
face (MFS) for sequence 2. The estimated water depth
reached ~30 m in this sequence. The highstand systems tract
(HST) in this sequence included MFs 1, 3, 4, 5, 6, and 7.
This systems tract (HST) contains limestones of the lagoon
and middle shelf environment characterized by the absence
of terrigenous sediment input. The sequence boundary be-
tween the second and third sequences was marked by the
sandy bioclast wackestone-packstone (MF1). This sequence
boundary is marked by limestone of the lagoon environ-
ment. The sequence boundary between the second and third
sequences is a Type II sequence boundary.
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Sequence'3

Fig. 11. Outcrop view of the third depositional sequence in the Now-
baran area.

Sequence 3. This is an incomplete aggradation sequence
reaching 255 m in thickness and formed in the Nowbaran
area (Figs. 7 and 11). Sequence 3 was formed during the
Aquitanian Age and mainly consisted of lagoon shale and
limestone. The maximum water depth did not exceed
~8.5 m, and this sequence included the sandy bioclast wac-
kestone-packstone (MF1), as well as the terrigenous facies
(shale). The upper boundary of this sequence in the Nowba-
ran area was Type I sequence boundary, which separates the
Qom Formation from the Recent Alluvial Sediments. The
erosional surface between this sequence (Qom Formation)
and the Recent Alluvial Sediments can be observed. This
erosional surface indicates that the Qom Formation was not
deposited during the Burdigalian Age.

Sequence 4. A Type I sequence boundary separates the
first sequence of the Qom Formation from the Lower Red
Formation and is characterized by an erosional surface. Se-
quence 4 is marked by terrigenous sediments (shale). This is
an incomplete aggradation sequence formed during the Bur-
digalian Age in the Andabad area (Figs. 6 and 12). The se-
quence mainly consisted of lagoon shale and was deposited
at water depth ~13 m. The thickness of this sequence was

Fig. 12. General view of the first, second, and third depositional se-
quence in the Andabad area.
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106 m. Sequence 4 is bounded from above by a Type II se-
quence boundary. The bioclast Corallinaceae perforate-im-
perforate foraminifera wackestone-packstone (MF3) marks
the boundary between this sequence and sequence 5. No
evidence of erosion or incision could be observed at this se-
quence boundary in the Andabad area.

Sequence 5. Sequence 5 reaching 17 m in thickness was
formed in the Andabad area during the Burdigalian Age
(Figs. 6 and 12). The sequence consists primarily of lime-
stone and commences with the bioclast corallinaceae perfo-
rate-imperforate foraminifera wackestone-packstone (MF3).
Transgressive systems tract (TST) of this sequence included
MFs 3, 4, and 5. The coral corallinaceae wackestone-pack-
stone (MF5) marks the maximum flooding surface (MFS) of
sequence 5. The maximum water depth the during deposi-
tion this sequence has been estimated as ~19 m. Highstand
systems tract (HST) was also identified with MFs 1, 2, 3, 4,
and 5. The sandy bioclast wackestone-packstone (MF1)
marks the boundary between this sequence and sequence 6.
Additionally, the lack of any evidence of erosion or incision
suggests that it is a Type Il sequence boundary.

Sequence 6. This sequence reaching 11 m in thickness
and consisting of limestone was formed in the Andabad area
during the Burdigalian Age (Figs. 6 and 12). The bioclast
Corallinaceae perforate-imperforate foraminifera wacke-
stone-packstone (MF3) marks the beginning of this se-
quence. TST comprises biofacies MF3. The sequence starts
with limestones suggesting a lagoon environment. Maxi-
mum Flooding Surface (MFS) is lined by the bioclast pe-
lagic foraminifera wackestone-packstone (MF9). In this se-
quence, the estimated maximum water depth exceeded
~25 m. The biofacies such as MFs 1, 3, and 5, were depos-
ited as a highstand systems tract (HST). The boundary be-
tween this sequence and sequence 7 is marked by the sandy
bioclast wackestone-packstone (MF1). This sequence’s
boundary (taking into account the absence of signs of ero-
sion and incision) is a Type II sequence boundary.

Sequence 7. This sequence, 86 m in thickness, formed
during the Burdigalian Age in the Andabad area (Figs. 6 and
13) consists primarily of limestones corresponding to inner

Fig. 13. Outcrop view of the fourth depositional sequence in the And-
abad area.



M. Mahyad et al. / Russian Geology and Geophysics 60 (2019) 1368—1384

and proximal middle shelf environments and commences
with the bioclast corallinaceae perforate-imperforate fora-
minifera wackestone-packstone (MF3). This biofacies is
succeeded by MFs 2, 3, 4, and 5 comprising the transgres-
sive systems tract. The bioclast corallinaceae perforate fora-
minifera wackestone-packstone (MF6) marks the maximum
flooding surface (MFS) when estimated water depth reached
~15 m. Biofacies such as MFs 1, 2, 3, 4, 5, and 6 were de-
posited as a highstand systems tract (HST). The boundary
between the Qom Formation and the Upper Red Formation
is a Type I sequence boundary. No evidence of erosion has
been observed between the Qom Formation and the overly-
ing Upper Red Formation in the Andabad area.

Correlation between depositional sequence of north/
south margin of Neotethys and Paratethys Basins

The Qom Basin was located on the northern margin of
the Neotethys Basin (Harzhauser and Piller, 2007; Reuter et
al., 2009). The Neotethys Basin itself was connected with
the Paratethys Basin (Harzhauser and Piller, 2007). As a re-
sult, the present study attempted to correlate the deposition-
al sequences formed in the Qom Basin with depositional
sequences of the Asmari Formation (southern margin of
Neotethys), as well as with depositional sequences formed
in the Paratethys Basin (Vakarcs et al., 1998; Ehrenberg et
al., 2007; van Buchem et al., 2010) (Fig. 14). During the
Aquitanian Age, two third-order depositional sequences and
one aggradation sequence were formed in the Nowbaran
area, and two depositional sequences were formed on the
southern margin of Neotethys and Paratethys Basins. This
indicates the activity of local faults during this Age. During
the Burdigalian Age, three third-order depositional sequenc-
es and one incomplete (aggradation) depositional sequence
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were deposited in the Andabad area. The correlation bet-
ween depositional sequences of the Andabad area and depo-
sitional sequences identified in the southern margin of Neo-
tethys and Paratethys Basins show that, during the
Burdigalian Age, the Qom Formation was more affected by
sea level fluctuations on a global scale. In addition, the pres-
ence of the third depositional sequence at the end of the
Aquitanian Age in the Nowbaran area, as well as of the
fourth depositional sequence at the beginning of the Burdi-
galian Age in the Andabad area suggest the lack of sea level
fluctuations in the Qom Basin from the late Aquitanian Age
to the early Burdigalian Age (Figs. 6 and 7).

DISCUSSION

Several authors suggested that the deposition of the Qom
Formation started at different times in the northern margin
of the Neotethys Basin (Mohammadi et al., 2013). There-
fore, the formation could be diachronous in different areas in
the northern margin of the Neotethys Basin during the Oli-
gocene—Miocene time (Mohammadi et al., 2013). This study
deals with two sequences of the Qom Formation in different
areas of the back-arc sub-basin (Qom basin), specifically in
the Nowbaran area (Aquitanian age) and in the Andabad
area (Burdigalian age). This formation in both studied areas
was deposited in similar carbonate platform settings. How-
ever, the Qom Formation in the Nowbaran area was formed
in a deeper environment compared to the Andabad area
(Figs. 6 and 7). Additionally, Morley et al. (2009) suggested
that local faults could have been active in the northern mar-
gin of Neotethys Basin (Qom Basin) during the Oligocene
and Miocene ages. In fact, the presence of the terrigenous
facies (shales) of the Aquitanian age (the lower and upper

. Sequences
Standard chronostratigraphy SEPM global Seq;:rr;ct::tsh)cgthe (Ehrenberg etal.,| (van Buchem Sequences of
or Tethyan (haq | (y/axarcs et al., 2007) etal., 2010) the study
and Schultter, 1998) areas
Epoch Stage 2008)
Bur5 Bur5 Sequence 7
Bur4 Bur4 Sequence 6
o Sequence 5
Burdigalian Bur3 -Base Gachsaran-{— Surface VII —
Bur2 Bur3
Miocene ur Bur2 Sequence 4
—— Bu20 SB —— Surface VI —
Burt Bur1
Sequence 3
Aquitanian Aq2 - Aq2o/ButosB 4 Surface V
Aq2 Sequence 2
Aq1 Intra-Aq10 Surface IV Sequence 1
Ag1 — Aq10 SB —
Oligocene Chattian

Fig. 14. Correlation of depositional sequences between south Tethyan seaway basin and the Paratethys basin with the studied areas.
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sections of sequence in the Nowbaran area) and of the Bur-
digalian age (the lower section of sequence in the Andabad
area) could be related to the activity of local faults and in-
creasing terrigenous sediment input. The influence of local
faults on the depositional sequences and the position of se-
quence boundaries can be observed in the study areas (Fig.
14). In addition, the subsidence of the northern margin of
the Neotethys Basin (Qom Basin) during the Oligocene and
Miocene ages could be related to local fault activity (Morley
et al., 2009). The activity of local faults is the reason for the
observed inconsistencies in position of the sequence bound-
aries of to the depositional sequences in both studied areas,
as well as in other studies (e.g., Vakarcs et al., 1998; Ehren-
berg et al., 2007; van Buchem et al., 2010).

CONCLUSIONS

For the purpose of the present study, two sections in the
Andabad and Nowbaran areas were selected. The Nowbaran
area is located 3 km away from the southwest of Nowbaran
city and northeast of Saveh city. The Anadabad area is lo-
cated at 19 km away from northeast of Mahneshan city.
With 122 (limestone) and 15 (shale) rock samples from the
Andabad area and 94 (limestone) and 24 (shale) rock sam-
ples from the Nowbaran area, nine biofacies, one terrige-
nous facies, and five taphofacies have been identified in the
studied areas. According to the vertical distribution of biofa-
cies and the lack of bioclast, ooid, and reef barrier, an open-
shelf carbonate platform can be considered for the Qom For-
mation in the studied areas. Open-shelf platform can be
divided into three environments: inner shelf (restricted and
semirestricted lagoon), middle shelf, and outer shelf (open
marine). Finally, seven depositional sequences have been
identified, of which three belong to the Aquitanian Age and
four belong to the Burdigalian Age.
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cial, or not-for-profit sectors.
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