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Abstract 

The Aghajari Formation is found across the Zagros Folded Zone. The purpose of this research is 
to investigate the depositional environment of the Aghajari Formation (Upper Miocene-Pliocene) 
in southwest Lorestan. Seven stratigraphic sections were selected in the Afrineh syncline. The 
Aghajari Formation, more than 500 meters thick, consists of conglomerate (to a lesser extent), 
sandstone, siltstone, mudstone, and shale. Field investigations resulted in recognition of eighteen 
lithofacies, which comprise three conglomerate lithofacies (Gm, Gp, Gt), nine sandstone 
lithofacies (Sp, St, Sm, Sh, Sr, Sfl, Sl, Slr, Sr (Fl)), four mudstone lithofacies (Fm, Fl, Fcf, Fl(Sr)), 
a gray shale lithofacies rich in planktonic fauna, and a bioclastic grainstone facies. The Skolithos 
facies was also identified. In the sandstones, two petrofacies, chertarenite and calclitharenite, were 
recognized. The lower part of the Aghajari Formation was deposited in a meandering river 
environment. Along with sea transgression, these deposits were overlain by the tidal flat deposits, 
and marine facies were deposited at the end of the sequence. The bioclastic grainstone and the gray 
shale are associated with shallow and deeper marine environments, respectively. The changes in 
the depositional environment in the lower part of the Aghajari Formation were caused by the sea-
level change. Following the deposition of marine shale, due to sea-level fall and regional tectonics, 
the studied sequences underwent a marine regression, resulting in the formation of fluvial deposits. 
The depositional environment changes occurred during the Miocene and Pliocene. 

Keywords: Lithofacies analysis, Depositional environment, Aghajari Formation, Miocene-Pliocene, Afrineh 
syncline, Lorestan 
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1. Introduction 

The Aghajari Formation belongs to the Fars Group, officially introduced by James and Wynd 
(1965). This formation consists of a thick sequence of red siliciclastic sediments, reaching up to 
3000 meters in some instances. It extends across extensive regions of Lorestan, Khuzestan, and 
Fars provinces and even spans into Iraq, Syria, and Turkey (Alavi, 1994; Motiei, 1995; Sakhavati 
et al., 2020). The type section of the Aghajari Formation, which is 2966 meters thick, has been 
examined in the Aghajari oil field wells. It is characterized by repeated cyclic patterns that thin out 
towards the top (Alavi, 2004; Sahraeyan et al., 2012; Motiei, 2012). The Aghajari Formation 
displays two distinct facies. Sandstone facies are found in the Inner Fars region, near Bandar 
Abbas, north of the Dezful embayment, and along the Iran-Iraq border. Conversely, a marly facies 
is evident in the coastal Fars region and the middle and southern parts of the Dezful embayment. 
The lower boundary of the Aghajari Formation is gradual with the Mishan Formation; however, 
in Lorestan Province, where the Mishan Formation is absent, it directly rests on the Gachsaran 
Formation. The Bakhtiari Formation defines the upper contact, which can sometimes appear 
gradual and conformable or abrupt and disconformable.  

The Aghajari Formation has the greatest thickness in the Dezful embayment but decreases towards 
the east and southeast (Amiri-Bakhtiar and Nouraee-Nezhad, 2022). The thickness of the Aghajari 
Formation decreases as the Mishan Formation increases; therefore, at times, the Aghajari and 
Mishan formations are considered to be the same, and the age of the Aghajari is assumed to be 
from the Middle Miocene to the Pliocene (Ghorbani, 2015). The age of the Aghajari Formation 
varies across different locations. This formation ages progressively from younger to older, from 
north to south. The Aghajari Formation is considered to have formed in lake, marine, bay, and 
river settings in the Khuzestan and Lorestan provinces (Bahrami, 2009; Gohari, 2014). In contrast, 
on the coastal Fars and Qeshm Island, it exhibits marine features (Moradi, 2014; Bahrami, 2009). 
The Lahbari member constitutes the upper part of the Aghajari Formation, distinct from its lower 
parts in terms of depositional environment, particle size, facies color, and sedimentary structures. 

The goal of this research is to reconstruct the depositional environment of the Neogene Aghajari 
Formation in the Zagros region, located within the Lorestan sedimentary basin. Consequently, a 
relationship can be established between the depositional environment and aspects such as sequence 
stratigraphy, tectonics, and sea level changes.  

 

2. Geographical and geological setting 

The Afrineh syncline is one of the largest and broadest synclines in the Lorestan basin. It is 31 km 
long and 5 km wide, lying between the Amiran anticline to the northeast and the Sarkan anticline 
to the southwest (Motiei, 2012; Emami, 2008). 

The convergence of the Arabian and Eurasian plates has led to the elevation of the Iran-Anatolia 
plate, which subsequently caused the closure of the Neotethys Sea during the Miocene-Pliocene 
(Agard et al., 2011; Vergés et al., 2019). The collision has created four structural zones in western 
Iran: the Persian Gulf foreland basin, the high Zagros zone, the Zagros folded-thrust belt, and the 
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Urumieh-Dokhtar zone. The studied area is located in the Lorestan Province and the folded Zagros 
zone (Fig. 1). The examined sections are situated in the Afrineh syncline, approximately 46 
kilometers southwest of Khorram Abad city. These sections are located near Afrineh city, along 
the Khorramabad-Andimeshk highway. Fig. 2 illustrates the locations of the sections. The Asmari, 
Gachsaran, and Aghajari formations are cropped out in the Afrineh syncline. The Mishan 
Formation is absent, and the Aghajari Formation lies directly atop the Gachsaran Formation (Fig. 
3). The Gachsaran Formation in the Zagros mountains exceeds 2000 meters in thickness and 
comprises gypsum, anhydrite, marl, and carbonate rocks deposited in a lagoon environment (Gill 
and Ala, 1972) between Oligocene-Miocene (Bahroudi and Koyi, 2004; Pirouz et al., 2015) and 
Lower-Middle Miocene (Jones and Racey, 1994). The depositional environment of the Gachsaran 
Formation in the studied area is attributed to subtidal, intertidal, lagoon, barrier, and enclosed to 
semi-enclosed marine environments (Sun et al., 2021). 

The base of the Aghajari Formation has a diachronous age, ranging from the Middle to the Upper 
Miocene (Vergés et al., 2019). According to James and Wynd (1965), the age of the Aghajari 
Formation was determined through fossil evidence, dating from the late Miocene to the Pliocene. 

 

 

Figure 1. The tectonic position of the studied area (Afrineh syncline) is located in the Zagros folded thrust zone. This 
structural zone results from the collision between the Arabian and Eurasian tectonic plates, which was subsequently 
followed by the elevation of the Iran-Anatolian plate. (After Sun et al., 2021). 
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Figure 2. Geological map of Khorram Abad and Poldokhtar, along with the location of the Afrineh syncline and the 
extension of formations in the area (after Fakhari, 1985, with modifications). Asterisks indicate the study sections. (1 
and 2: Afrineh section; 3: Abpedeh village section; 4 and 5: Dolgaz Rajab Ali village section; 6: Vareh-Zard village 
section; 7: Latvand Baraftab village section). 

 

 

Figure 3. Field photograph of the existing strata in the Afrineh syncline. (a) Gachsaran and Aghajari formations (the 
lower part of the studied sections). (b) The sharp boundary between the Gachsaran and Aghajari formations. (c) The 
sharp boundary between the Aghajari Formation and the Lahbari member. (d) Lahbari member (the upper part of the 
studied sections). 

 

3. Materials and methods 
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Seven sections were selected based on accessibility, thickness, facies variety, and least soil 
coverage (Table 1). The facies characteristics in the field have been thoroughly examined and 
documented, including their forms and lateral extensions, sedimentary structures, fossil contents, 
the nature of layer contacts, and sediment accumulation patterns. A total of three hundred samples 
were collected from all examined sections. Each sample was processed into a thin section and 
analyzed using an Olympus BH2 polarizing microscope at Bu–Ali Sina University. Miall's (2006) 
and Allen's (1964) facies codes, as well as Pettijohn's (1975) classification scheme, were employed 
to characterize the sandstones and mudstones. Carbonate facies are classified based on Dunham's 
(1962) system. Trace fossils are classified following Seilacher's (2006) approach. The depositional 
model for the Aghajari Formation within the Afrineh syncline has been established by integrating 
data from microscopic examinations, field investigations, lithofacies, and facies associations. 

 

  

 

 

 

Table 1. Selected sections from the Aghajari Formation in Afrineh syncline 

Lithology 
Thickness 
(meter) 

Geographic 
location 

Section name 

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

550 

N 33° 16 2́2.37  ̋

1- Afrineh (1) 
E 48° 01  ́06.10  ̋

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

540 

N 33° 13 ́ 14.3  ̋

2- Afrineh (2) 
E 48° 00  ́40.32  ̋

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

520 

N 33° 14 ́ 12.11  ̋

3-Abpedeh 
E 48° 01  ́35.18  ̋

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

530 

N 33° 13 ́ 24.10  ̋

4-Dolgaz 
RajabAli (1) E 48° 04  ́22.30  ̋

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

590 

N 33° 13 ́ 40.21  ̋

5- Dolgaz Rajab 
Ali (2) E 48° 02  ́15.20  ̋

560 N 33° 12 ́ 25.10  ̋6-Vareh-Zard 
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4. Lithofacies 

Lithofacies reflect the mode of transport of sedimentary bodies, the energy of the water, and the 
mechanisms of deposition. They serve as an essential basis for understanding microfacies, 
recognizing genetic sand bodies, and defining units of reservoir architecture (Dongyang et al., 
2019;  Aigbadon et al., 2023). Field investigations across seven stratigraphic sections in the 
Afrineh syncline resulted in the recognition of eighteen lithofacies. The lithofacies consist of three 
types of conglomerate lithofacies (Gm, Gp, Gt), nine types of sandstone lithofacies (Sp, St, Sm, 
Sh, Sr, Sfl, Sl, Slr, Sr(Fl)), four varieties of mud lithofacies (Fm, Fl, Fcf, Fl(Sr)), a gray shale facies 
rich in planktonic fauna, as well as a bioclastic grainstone facies (Table 2.). The sequences also 
revealed the presence of Skolithos facies. 

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

E 48° 04  ́21.30  ̋

Alternation of sandstone, 
siltstone, claystone, 
mudstone, shale, and, to a 
lesser extent, 
conglomerate. 

600 

N 33° 13 ́ 38.9  ̋

7-Latvand 
Baraftab E 48° 06  ́51.00  ̋



Accepted manuscript (author version) 
 

This article has license CC BY 4.0 https://creativecommons.org/licenses/by/4.0/ 

According to lithofacies and architectural elements, the Aghajari Formation in the studied area 
consists, from bottom to top, of Meandering rivers, tidal flats, deep and shallow marine 
environments, and Meandering and Braided rivers. Each setting is explained in detail below. 

Table 2. Summary of the characteristics of the lithofacies types encountered in the Aghajari Formation. 

Facies Lithology 
Sedimentary 
structure 

Texture Fossils Contacts Geometry 

Extent and 
lateral 
relationship
s 

Environmental 
interpretation 

Gm 
Conglomerat
e  and coarse 
sandstone 

Massive 
characteristic
s, though it 
occasionally 
shows faint 
layering 

 Matrix-
supported 
conglomerate, 
typically 
displaying 
massive 
characteristics, 
clasts range from 
sub-angular to 
sub-rounded, 
with some 
showing 
significant 
rounding.  

None 

The lower 
boundary of 
this facies is 
abrupt and 
erosional, 
whereas the 
upper 
boundary 
may be abrupt 
or gradual 

Thick, 
lenticular 
to tabular 

Usually 1-6 
m in lateral 
extent 

longitudinal 
bars 
in braided 
rivers, gravelly 
sheets, and 
channel 
deposits. 
Longitudinal 
bars in the 
gravelly rivers 

Gp 
Conglomerat
e  and coarse 
sandstone 

Planar cross-
stratification 

Grain-supported 
clasts range from 
sub-angular to 
sub-rounded 

None 

The lower and 
upper 
boundaries of 
Gp are 
erosional 

Thick, 
lenticular 
to tabular 

Usually 1-3 
m in lateral 
extent, low-
angle, 
wedge-
shaped 
lateral 
pinch-out 

Deeper parts of 
a braided river 
channel 

Gt 
Conglomerat
e  and coarse 
sandstone 

Trough 
cross-
stratification 

Grain-supported 
or 
matrix-supported, 
poor sorting, with 
particle 
sizes varying 
from granule to 
pebble.  

None 

The lower 
boundary of 
this facies 
shows good 
symmetry. 

Thick, 
lenticular 
to tabular 

Usually 1-3 
m in lateral 
extent 

Migrating 
three-
dimensional 
gravel bars in 
braided rivers 

Sp 
Fine to 
coarse 
sandstone 

Planar cross-
stratification 

Particles in this 
facies range from 
fine to coarse 
sand, medium 
roundness, and 
sorting; they are 
texturally 
immature to sub-
mature. 

None 

The facies Sp 
transitions 
vertically into 
facies Sh with 
a distinct and 
flat contact 
surface 

Thin, 
lenticular 
to 
irregularl
y wedge-
shaped 

Sand bodies 
extend over 
tens of 
meters, 
wedge-
shaped 
lateral 
pinch-out   

Migration of 
two-
dimensional 
ripples and 
dunes in 
meandering 
rivers. 

St 
Fine to 
coarse 
sandstone 

Trough 
cross-
stratification 

Particles in this 
facies range from 
fine to coarse 
sand, medium to 
well-rounded and 
indicate a textural 
range from sub-
mature to mature 

None 

Sharp 
boundaries 
between 
individual 
sets and 
cosets. 

Thin, 
lenticular, 
or wedge-
shaped 

Sand bodies 
extend over 
tens of 
meters, 
wedge-
shaped 
lateral 
pinch-out   

Migration of 
three-
dimensional 
ripples and 
dunes in the 
braided and 
meandering 
river 

Sm 
Moderate to 
fine-grained 
sandstone 

Massive 
characteristic
s, though it 
occasionally 
shows faint 
layering 

Particles in this 
facies range from 
moderate- to fine-
grain sand; grains 
are poorly to well 
sorted and well-
rounded to 
subrounded in 
texture. 
 

None 

This facies 
may or may 
not show an 
erosive lower 
surface, but 
the upper 
surface is 
commonly 
sharp and 
often 

Thin, 
lenticular 
to tabular 

Thickness 
varies from 
20 cm to 2 
m and 
maintains 
Lateral 
continuity 
between 1 
and 10 m. 

This lithofacies 
is commonly 
found in the 
channels of 
meandering 
rivers and the 
crevasse splay 
deposits. 
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undulatory or 
irregular 

Sh 
Very fine to 
Medium 
Sandstone. 

Horizontally 
stratified  

The grain size 
ranges from very 
fine to medium 
sand. These 
sediments exhibit 
fairly good 
sorting and 
roundness, and 
regarding textural 
maturity, they are 
classified as sub-
mature to mature 

None 

Facies Sh has 
been 
vertically 
transformed 
into Sr, Sp, 
Sm, and St 
lithofacies. 
The upper and 
lower 
boundaries of 
the facies are 
sharp. 

Thin, 
tabular 

The 
bounding 
surfaces 
may be 
traced for 
tens of 
meters 

This facies 
could be 
deposited via 
high-energy 
sheet floods 
that spilled into 
a lower energy 
environment 
from channels 
during 
flooding of the 
main fluvial 
channel 
system. 

Sr 
Fine to 
medium 
sandstone 

Ripple cross-
laminated 

The sandstone 
grains range from 
fine to medium, 
exhibiting 
medium to fairly 
good rounding 
and sorting. 

None 

The lower 
boundary is 
sharp and 
erosional with 
facies Sp, and 
the upper 
boundary is 
sharp with 
facies Sh, Fl, 
or Fm. 

Thin, 
lenticular, 
or wedge-
shaped 

Sand bodies 
extend over 
tens of 
meters, 
wedge-
shaped 
lateral 
pinch-out   

The upper part 
of bedforms 
and bars, 
crevasse splay 
deposits in 
overbank areas.   

Sfl 
Fine to 
medium 
sandstone 

Flaser-
laminated 

The sandstone 
grains range from 
fine to medium, 
well-sorted and 
well-rounded. 
. 

Rare 

The lower 
boundary is 
with facies 
Sh, and the 
upper 
boundary is 
sharp with 
facies Sh, Fl, 
or Fm. 

Thin, 
tabular 

Sand bodies 
extend over 
tens to 
hundreds of 
meters.  

Lower 
intertidal 
subenvironmen
t 

Sl 
Fine to 
medium 
sandstone 

Ripple cross-
laminated 

The sandstone 
grains range from 
fine to medium, 
medium to fairly 
good rounding 
and sorting. 

Rare 

The lower 
boundary is 
with facies Sp 
and Fm, and 
the upper 
boundary is 
sharp with 
facies Fl or 
Fm. 

Thin, 
lenticular, 
low-angle 
cross-
laminatio
n (less 
than  10°) 

Sand bodies 
extend over 
tens of 
meters, 
wedge-
shaped 
lateral 
pinch-out   

Channels of a 
meandering 
river. 

Slr 
Fine to 
medium 
sandstone 

Ripple cross-
laminated 

The sandstone 
grains range from 
fine to medium, 
medium to fairly 
good rounding 
and sorting. 

Rare 

The lower 
boundary is 
with facies 
Fm; the upper 
boundary is 
sharp with 
facies Fl or 
Fm. 

Thin, 
tabular, 
low-angle 
cross-
laminatio
n 

Sand bodies 
extend over 
tens of 
meters, 
wedge-
shaped 
lateral 
pinch-out   

Channels of a 
meandering 
river. 

Sr(Fl) Sandstone 

Sand ripples 
containing 
laminated 
mud. 

The sandstone 
grains range from 
fine to medium, 
exhibiting 
medium to fairly 
good rounding 
and sorting. 

Rare 

The lower 
boundary is 
sharp with 
facies Sh, and 
the upper 
boundary is 
sharp with 
facies Sh, Fl, 
or Fm. 

Thin, 
sheet-like 
packages 

Lateral 
extent, 
which can 
commonly 
be traced 
over 200 
meters. 

Tidal flat 
environment 

Fm 
Fine-grain 
mudstone 

Massive, 
poorly 
laminated 
structures 

This facies 
mainly consists of 
siltstone, 
homogeneous 
mudstone and 
minor portion of 
fine to 

None 

Due to the 
underlying 
topography, 
the lower 
boundary is 
commonly 
flat and 
irregular; the 

Thick, 
sheet-like 
packages 

Broad 
lateral 
extent, 
which can 
commonly 
be traced 
over 1000 
meters. 

Meandering 
rivers overbank 
and floodplain 
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coarse-grained 
sandstone 

upper 
boundary is 
erosional with 
St facies. 

Fl 
Fine-grain 
mudstone 

Parallel 
laminated 
structures 

This facies 
mainly consists of 
siltstone and 
claystone, 
 

None 

The lower and 
upper bed 
boundaries 
are generally 
sharp 
and planar 

Thick, 
sheet-like 
packages, 
rarely 
wedge-
shaped. 

Broad 
lateral 
extent, 
which can 
commonly 
be traced 
over 300 
meters. 

Meandering 
rivers overbank 
and floodplain 

Fcf 
Fine-grain 
mudstone 

Massive, 
poorly 
laminated 
structures 

This facies 
mainly consists of 
siltstone, 
homogeneous 
mudstone and 
minor portion of 
fine to 
coarse-grained 
sandstone 

None 

The lower 
boundary is 
commonly 
flat and 
irregular due 
to the 
underlying 
topography; 
the upper 
boundary is 
erosional with 
St facies. 

Thick, 
sheet-like 
packages 

Broad 
lateral 
extent, 
which can 
commonly 
be traced 
over 1000 
meters. 

Meandering 
rivers overbank 
and floodplain 

Fl(Sr) Mudstone 

Laminated 
mud 
containing 
sand ripples 

This facies 
mainly consists of 
siltstone and 
claystone with 
sand ripples 
 

Rare 

The lower 
boundary is 
with facies 
Sh, and the 
upper 
boundary is 
sharp with 
facies Sh or 
Fm. 

Thin, 
sheet-like 
packages 

Lateral 
extent, 
which can 
commonly 
be traced 
over 200 
meters. 

Tidal flat 
environment 

Shale Shale Lamination 
Medium to fairly 
sorting. 

Rich in 
planktoni
c fauna 

The lower 
boundary is 
sharp with 
facies Fm, 
and the upper 
boundary is 
sharp with 
facies Sr, Fl, 
or Fm. 

Thick, 
sheet-like 
packages 

Lateral 
extent is 
restricted 

Deep marine 

Bioclas
t 
grainst
one 

Bioclast 
grainstone 

Layering 
Grain supported 
with intergranular 
calcite cement. 

Rich in 
bivalves, 
echinoder
ms, and 
small 
gastropod
s 

The lower 
boundary is 
sharp with 
facies Fm, 
and the upper 
boundary is 
sharp with 
facies Sr, Fl, 
or Fm. 

Thin, 
sheet-like 
packages 

Lateral 
extent is 
restricted 

Shallow 
marine 

 

4.1. Facies association in the lower to middle part sections 

Sandstone lithofacies 

Sandstone facies within depositional environments arise from the movement of sand by traction 
currents, either as bed load or saltation load (Miall, 1996; Stow et al., 2020). Medium-grained 
sandstone facies are particularly prevalent due to their formation in various flow regimes (Tucker, 
1991). A total of seven sandstone facies were recognized within the meandering river setting, 
comprising ripple sandstone lithofacies (Sr), ripple cross-lamination (Slr), horizontally stratified 
(Sh), planar cross-lamination (Sp), trough cross-stratification (St), massive (Sm), and low-angle 
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cross-lamination (Sl). In these lithofacies, chertarenite and calclitharenite have been recognized 
alongside sandstone petrofacies. 

Ripple cross-laminated sandstone facies (Sr) 

Description 

The Ripley sandstone facies (Sr) is commonly found in sandstone deposits and displays a 
significant prevalence. The sandstone grains range from fine to medium, exhibiting medium to 
fairly good rounding and sorting. A main feature of these lithofacies is the occurrence of various 
types of asymmetric ripple marks (current ripple), including straight and sinuous-crested, linguoid 
ripples, and climbing ripples (Fig. 4). The X-ripple lamination shown in Fig. 4e developed during 
the movement of ripples. These submature sandstones consist of chertarenite and calclitharenite 
petrofacies (Fig. 4).  

Interpretation 

The asymmetrical current ripples and cross-lamination covered by clay layers suggest that 
deposition occurred through alternating subaqueous traction and suspension (Miall, 1996). This 
facies likely indicates a temporary halt in bar migration, resulting from either the receding 
floodwaters or deposition in areas with slow-moving or stagnant water between bars or overbank 
zones (Bose and Chakraborty, 1994; Zamaniyan et al., 2021). Facies Sr may be linked to the 
downstream movement of asymmetrical ripples in meandering rivers under controlled sediment 
supply conditions in a lower, low-intensity flow regime (Allen, 1983). Consequently, this facies 
reflects gradual sediment accumulation within mostly inactive channels, resulting in fill deposits 
(Miall, 1996). 

 

Figure 4. Types of ripples found in the Aghajari Formation. (a) Asymmetrical ripple with straight and bifurcated 
crescents. (b) Linguid ripples. (c) Climbing ripples. (d) sinuous-crested ripples. (e) X-Ripples formed in the medium-
grained sandstone. (f) An example of a small-scale ripple (black arrow) formed inside a sandstone. (g) Coarse-grained 
sandstone (calclitharenite) is found in the lower part, and (h) Fine-grained sandstone (calclitharenite) is found in both 
the lower and middle parts of the Aghajari Formation. 
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Ripple cross-lamination facies (Slr) 

Description 

Lithofacies Slr consists of fine- to medium-grained sandstone characterized by ripple cross-
lamination. In addition to the cross-lamination, siltstone layers are also seen (Fig. 5). The ripples 
are asymmetric, suggesting the direction of the current from right to left (northeast to southwest). 
These sandstones fall into the submature category and are identified as chertarenite petrofacies. 
The main difference between the Slr and Sr lithofacies is their characteristics: Sr lithofacies 
presents sandy formations with ripples, while Slr lithofacies does not exhibit these ripple 
structures. 

Interpretation 

This facies is interpreted as a sediment suspension over the upper parts of sandy bedforms or across 
low-relief, abandoned floodplains (Allen, 1964). The internal structures of this facies are 
distinguished by unevenly wavy lamination and thin mud lamina atop the sandy beds. A few 
asymmetrical and symmetrical ripples can be observed. 

 

Figure 5. (a) Ripple cross-lamination observed in finely laminated sandstone; (b) Ripple cross-lamination created in 
the medium-grained sandstone layer. (c) Ripple cross-lamination was identified in the fine-grained sandstone layer. 
(d) A ripple cross-lamination example is shown after the hand specimen of sandstone was polished (indicated by 
yellow arrows). 

Horizontally stratified sandstone facies (Sh) 

Description  

This lithofacies is prominently present in the sections examined. It appears as thin laminae, 
creating a sequence that varies in thickness from several centimeters up to a maximum of 1.5 
meters (see Fig. 6). The grain size ranges from very fine to medium sand. These sediments exhibit 
fairly good sorting and roundness, and regarding textural maturity, they are classified as sub-
mature to mature. Their petrofacies consist of chertarenite and calclitharenite. Facies Sh has been 
vertically transformed into Sr, Sp, Sm, and St lithofacies. In the river channels, the horizontal 
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laminations are associated with an upper flow regime, while cross-laminations indicate a lower 
flow regime. Within the analyzed lithofacies, the horizontal laminations at the base have evolved 
into trough cross-laminations in the upper section, indicating a reduction in flow energy as one 
moves upward through the sequence (Fig. 7a and b). In Figure 6d, voids aligned with the plane of 
the lamination (yellow dashed line) can be seen. These are remnants of granules and mud clasts 
that have been excavated. 

Interpretation 

Lithofacies Sh can develop in higher and lower flow regimes (Boothroyd and Ashley, 1975; Harms 
et al., 1982; Allen, 1984; Miall, 1996; Jo et al., 1997; Lee and Chough, 2006). 

Consequently, coarse-grained sandstone facies emerge under an upper-flow regime, while fine-
grained sandstones are formed in a lower-flow regime (Miall, 1985 and 2000).  

 

Figure 6. (a) Horizontal lamination caused by alternating sand and silt. (b) The horizontal laminae in the lower section, 
marked by the red arrow, changed into trough-cross laminae at the upper section. (c) Horizontal bedding in medium 
to thick-layered sandstones. (d) Horizontal laminations (Sh) are present at the bottom (red arrow), while the upper 
section has transitioned into massive sandstone (Sm). (e) and (f) Illustrations of fine-scale sedimentary structures 
(microstructure) of horizontal laminations that can be seen after polishing the cut surface. 

Planar cross-stratified sandstone facies (Sp) 

Description 

 The facies Sp transitions vertically into facies Sh with a distinct and flat contact surface (Fig. 7). 
The particles of this lithofacies exhibit medium roundness and sorting, indicating textural 
immaturity to submaturity. The migration of two-dimensional ripples and dunes plays a significant 
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role in the development of these facies. The petrofacies of the lithofacies consist of chertarenite 
and calclitarenite. 

Interpretation 

This lithofacies features planar cross-stratification, signifying that unidirectional currents formed 
it during deposition. (Tucker, 2001; Longhitano et al., 2012; Davis, 2012). The particles in this 
facies range from fine to coarse and primarily develop in lower flow regime conditions, 
characterized by two-dimensional mega ripples and ripples (Harms et al., 1982; Miall, 1985; 
Strand, 2005; Therrien, 2006). 

Trough cross-bedded sandstone facies (St) 

Description 

This lithofacies is defined by its trough cross-stratified, fine- to coarse-grained sandstones. In the 
lower and middle sections of the sequences, fine- to medium-grained sandstones exhibit small-
scale brown-red trough laminations, whereas the upper sections reveal coarse-grained gray 
sandstones featuring larger-scale trough laminations in the Lahbari member. The thickness of each 
set of trough cross-lamination typically ranges from 10 to 50 cm and can extend laterally up to 1 
m (Fig. 7). The grains in this facies are medium to well-rounded and indicate a textural range from 
sub-mature to mature. Chertarenite and calcarenite are the identified petrofacies.  

Interpretation 

Lithofacies St typically develops in a lower flow regime (Harms et al., 1982; Miall, 1985) as a 
result of the migration of three-dimensional ripples and dunes (Miall, 1996; Gani and Alam, 2004; 
Therrien, 2006; Ghosh et al., 2006). 

Low-angle cross-lamination sandstone facies (Sl) 

Description 

This lithofacies appears brown-red with a lenticular shape (see Fig. 8). It is characterized by low-
angle cross-lamination (less than 10°) and is predominantly found in the lower and middle sections 
of the studied area.  

Interpretation 

This lithofacies develops in lower and upper flow regimes (Boothroyd and Ashley, 1975; Harms 
et al., 1982; Allen, 1984; Miall, 1996; Jo et al., 1997; Miall, 2000). Nonetheless, it is predominantly 
created under conditions of higher velocity and low sediment load (Harms et al., 1982; Miall, 
2000). Facies Sl is indicative of unidirectional traction currents or the movement of ripple marks 
(Tucker, 1991). Based on the sedimentary structures present and the geometry of the strata, it can 
be inferred that these sandstones were deposited in the channels of a meandering river. 
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Figure 7. (a), (b), and (c) The interchange of Sp and Sh signifies variations in energy and flow velocity. The coin is 
observed as a scale (black arrow); (d) Low-angle planar cross-bedding (15 to 20°). Gravel and mud fragments (yellow 
arrows) are present on the surface of the lamination. (e) Fine-grained mud between the facies St (black arrow); (f) a 
close-up view of (e), the arrow shows the flow direction; (g) and (h) Two sets of St facies. 

 

Figure 8. Field photos of low-angle cross-stratified sandstone (Sl). 

Massive sandstone facies (Sm) 

Description 

This lithofacies features sand that ranges from moderate to fine grain size, with a channel- or lens-
shaped structure. Thickness varies from 20 cm to 2 m and maintains lateral continuity between 1 
and 10 m (Fig. 9). Toll marks can be seen on the surfaces of the layers (Fig. 9-f), and convolute 
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bedding is present within sandstone beds in facies Sm (Fig. 9-e). This lithofacies is found chiefly 
between the talweg and point bar, as well as in crevasse splay and levees. In the upper part, it ends 
in sandstone with a parting lineation characterized by a high Froude number. These sandstones are 
immature to submature and consist of calclitharenite petrofacies. 

Interpretation 

The absence of internal structure has been attributed to a plentiful sediment supply and currents 
that carry a significant sediment load (Miall, 2000; Tucker, 2003). This lithofacies is commonly 
found in the channels of meandering rivers and the crevasse splay deposits in the lower parts of 
the studied sequence. The erosion of channel banks and the rapid accumulation of sediment in 
these rivers contribute to the absence of internal structures in the deposits (Miall, 2000). Facies 
Sm has also been attributed to quick deposition from suspension in upper flow regimes (Harms et 
al., 1982; Reading, 1996; Miall, 1996).  

 

Figure 9. (a) Meandering channel with Sm lithofacies; (b) A close-up of (a); (c) Massive sandstone facies changes 
vertically into horizontally laminated facies (Sh); (d) The top surface of facies Sm displays traces of gravel; (e) 
convolute bedding (red arrow); (f) the tool's path on the bedding surface, indicated by the red arrow. 

Fine-grained facies Association 

The studied sections predominantly revealed fine-grained lithofacies, which comprise over 60% 
of the sequences in the lower and middle regions of the Aghajari Formation. Three siltstone and 
mudstone facies were recognized in these areas: Fm, Fl, and Fcf. 

Parallel laminated siltstone and claystone facies (Fl) 

Description  

In all the sections studied, the Aghajari Formation sequence begins with laminated mud facies 
placed on the Gachsaran Formation (Fig. 10). The mudstones at the boundary between the Aghajari 
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and Gachsaran formations have a thickness ranging from 20 to 50 cm. This facies is frequently 
seen in overbank and floodplain settings, mainly in the lower and upper parts of the studied 
sequences. This lithofacies displays small-scale sedimentary features (micro-structures) like 
lamination and concretions. Microscopic photographs of these features are presented in Fig. 12-e 
and f. The concentration of iron oxide along the laminations suggests that this lithofacies formed 
under oxidizing conditions (in a continental environment). 

Interpretation 

This lithofacies consists of particles ranging in size from silt to clay, primarily deposited from 
suspension (Higgs et al., 2012; Powell et al., 2016). It is distinguished by its fine and parallel 
laminae, which typically display red-brown colors. The red color results from the oxidizing 
conditions in the depositional environment (Davis, 2012;  Zamaniyan et al., 2018).  

 

Figure 10. Laminated mudstones (a) located at the base of the Aghajari Formation; (b) mudstones with the presence 
of concretions; (c) and (d) facies Sm lies above Fl on an erosional surface (yellow arrow). (Sm: Massive sandstone 
lithofacies; Fl: Laminated mudstone). e: Mudstone lithofacies with concretion structure. f: Mudstone lithofacies with 
lamination structure.  

Massive mudstone facies (Fm and Fcf) 

Description 

These lithofacies are massive and arranged in thick beds, exceeding 5 m in thickness (Fig. 11). 
They exhibit red-brown and purple colors. Concretions are commonly found as diagenetic 
sedimentary structures. Lithofacies Fcf primarily consists of mudstone characterized by massive 
structures.  
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Interpretation 

They are associated with other fine-grained facies, suggesting the rapid deposition of suspended 
particles in a low-energy setting, such as floodplains in fluvial environments (Woo et al., 2006; 
Miall, 2006). These lithofacies are interrupted by river-channel facies and possess significant 
thickness, suggesting they may have developed within a meandering river floodplain (Miall, 1977). 

 

Figure 11. Massive mudstone layers are found in the lower section of the Aghajari Formation. Sandstone interlayers 
and lenticular bodies are visible. In (a), the field photo has a width of 80 meters, whereas in (e), it measures 850 
meters, and in (f), it is 130 meters. 

4.2. Facies association in the middle part of the sections 

This facies association occurs in the lower intertidal, upper intertidal, and, to a lesser extent, upper 
subtidal subenvironments. Interference and wavy ripples, flaser bedding, and mudstones 
intersected by small and minor sandy channels indicate upper sub-tidal, inter-tidal, and upper 
intertidal areas, respectively. 

Upper subtidal subenvironment 

Ripple sandstone lithofacies (Sr) 

Description 

Ripple lithofacies (Sr) are present in shallow marine settings influenced by tidal activity. These 
lithofacies comprise fine- to medium-grained, well-sorted, and well-rounded sandstones and 
consist of chertarenite and calclitharenite petrofacies. Symmetrical and interference ripples are 
recognized as features of shallow marine settings. The lithofacies Sr, accompanied by lenticular, 
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wavy, and flaser beddings (Fig. 12), indicate their development in tidal shallow marine sands. The 
usual thickness of individual units varies between 0.5 and 1 meter and typically spans 50 to 100 
meters in lateral extent.  

Interpretation 

Symmetrical ripples (straight-crested) occur in shallow near-coastal areas within the wave 
agitation zone (Dalrymple et al., 1992), while interference ripples are related to tidal activity. They 
indicate they are created under varying flow regime conditions (Longhitano et al., 2012).  

 

Figure 12. Ripple sandstone lithofacies: (a) and (b) interference ripples; (c) and (d) symmetrical ripple sandstone 
lithofacies. (The black arrows point to the symmetrical ripple, and the yellow arrows indicate the laminated mudstone 
formed on the ripples.) 

Lower intertidal subenvironment 

Sandstone flaser laminated lithofacies (Sfl) 

Description 

Figure 13 illustrates the sedimentary structures created by tidal action. In Fig. 13a and b, the change 
from wavy to lenticular bedding indicates a decrease in tide energy within the environment. This 
lithofacies exhibits sandstone petrofacies characterized by a significant presence of chert and 
carbonate lithics, featuring well-sorted grains (Fig. 13). The typical thickness of individual units 
generally ranges from 0.5 to 1.5 meters. It typically spans 50 to 100 meters in lateral extent.  

Interpretation 

Flaser, wavy, and lenticular beddings are typical features in shallow marine environments 
influenced by tides (Bhattacharya and Chakrabarty, 2000). 
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Figure 13. (a) and (b) Wavy (black arrows) and lenticular beddings (red arrows) formed in the tidal flat setting; (c) 
and (d) flaser bedding. (e) and (f), photomicrograph of well-sorted and rounded sedarenite petrofacies. (Red and 
yellow arrows show chert and carbonate rock fragments, respectively) 

Fine-grained lithofacies with Fl (Sr)/ Sr (Fl) sandstone interlayers 

Description 

Two different lithofacies, including Fl(Sr) (laminated muds containing sand ripples) and Sr (Fl) 
(sand ripples containing laminated muds), are included in this association (Figure 14a-d). The 
sandstones are classified as immature to submature and comprise chertarenite and calclitharenite 
petrofacies. Individual units typically measure between 0.5 and 3.5 meters in thickness and extend 
laterally from 10 to 15 meters in length. 

Interpretation 

These lithofacies are formed due to changes in the energy level within depositional systems (Zand-
Moghadam et al., 2014). As a result, low energy forms mud facies (lithofacies Fl), and high energy 
forms sand facies (lithofacies Sr) (Fig. 14). Flaser and lenticular bedding within these facies 
suggest the presence of tidal flat environments. When the water is stagnant (slack water), 
suspended mud settles on the crests of small ripples created on the sands after the water's velocity 
drops to zero. (Longhitano et al., 2012). 
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Upper intertidal subenvironment 

Sandstone trough cross-stratification facies (St) 

Description 

This lithofacies is frequently found in meandering river environments, although it also occurs in 
smaller quantities within tidal channel settings. A notable feature of this lithofacies is the 
alternating clay and sand laminations in trough cross-beds, which are commonly observed in tidal 
channel areas (Fig. 14e-h). The particle sizes within the lithofacies vary from fine to medium sand, 
with occasional coarse sand exhibiting moderate to good sorting and rounding. These are typically 
classified as sub-mature to mature, showing lithofacies of chertarenite and calclitharenite. Fig. 14-
g depicts a set of cross-laminations that display reactivation surfaces. The main characteristics of 
this environment include a prevalence of clay-rich sediments and minor sand bodies, which exhibit 
cross-stratification. Typical dimensions of individual units range from 0.5-1m in thickness and 
usually 3-5 m in lateral extent.  

Interpretation 

Mud laminations within sandstone (mud drape) suggest they were formed in a tidal environment 
typically found near coastal areas (Selley, 2000). Tidal channels often exhibit a lens-like geometry, 
characterized by an eroded base, limited lateral extension, and a maximum depth of approximately 
one meter. The essential features of this facies are a gently eroded surface, lateral accumulation, 
channel geometry, lens-like shape, and the presence of reactivation surfaces, which suggest 
sedimentation occurred within a tidal channel (Miall, 1992).  

Ichnofacies 

In every examined section, a single ichnofacies was identified, referred to as the Skolithos 
ichnofacies, which is detailed and interpreted in the following section. 

Skolithos ichnofacies 

Description 

This ichnofacies contains an association of trace fossils of Lockeia (Lockeia isp), which relates to 
bivalve burrowing in sandy environments, as well as traces from Costa and Polycipes shells, traces 
of Planolites (Planolites isp), created by worm-like burrowing creatures, traces of Ophiomorphs 
(Ophiomorphs isp), related to crab burrowing in coastal areas, traces of Paleophycus (Paleophycus 
isp), and traces of Taenidium (Taenidium isp) have been noted (Fig. 15). 

Interpretation 

Skolithos ichnofacies were recognized in specific layers classified as shallow marine sandy shores 
(Seilacher, 2006).  
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Figure 14. (a) and (b) Sr (Fl) lithofacies. The patterns created by ripples influence the formation of mud laminae; (c) 
and (d) Fl (Sr) laminar mudstone facies containing rippled sands. (e) Tidal channel facies with a lenticular shape and 
an erosional base; (f) a close-up view of the (e); (g) Cross-laminations (red arrows) are enclosed by reactivation 
surfaces (yellow dashed lines); (h) A close-up view of the polished surface of the sample showed in (g), Reactivation 
surfaces (yellow dashed lines) and mud drapes (black arrows) can be observed. 

 

Figure 15. Trace fossils associations from shallow sandy shores: (a) Lockeia (Lockeia isp) (yellow arrow), Costa and 
Polycipes (red arrows), Planolites (Planolites isp) (blue arrows). (b) Ophiomorphs (Ophiomorphs isp); (c) Paleophycus 
(Paleophycus isp); (d) Planolites (Planolites isp); (e) and (f) Taenidium (Taenidium isp). 
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Biostratigraphy 

Due to the clastic lithology of the studied sequences in the Agajari Formation, the fossil content 
within this formation is limited. The only fossils that have been identified include Trilobatus 
primordius, Globigerinata, Echinoderm stem, Bolivina (d'Orbigny, 1839), cf. ammonia, Ammonia 
beccarii var. tepida (Cushman, 1926), Elphidium excavatum (Terquem, 1875), Elphidium sp., and 
Ammonia sp. (Figs 16 and 17). These fossils have extensive ranges and do not indicate a specific 
age. 

 

Figure 16. Photomicrograph of the gray shale and the marine fossils in this layer. (a) Trilobatus primordius; (b) 
Globigerinata; (c) Echnoderm stem; (d) Ammonia; (e) Bolivina d'Orbigny, 1839; and (f) cf.ammonia. 

 

Figure 17. Scanning Electron Microscope images of the microfossils present in the gray shale unit . (a) Ammonia 
beccarii var. tepida Cushman, 1926 (umbilicus view); (b) Elphidium excavatum (Terquem, 1875); (c) Elphidium sp.; 
(d) Ammonia beccarii var. tepida Cushman, 1926 (spiral view); (e) and (f) Ammonia sp. 
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Deep marine facies association 

Gray shale facies containing marine fauna 

Description 

This gray shale layer acts as a reference bed across the study area. Its thickness varies between 6 
and 10 meters and contains very thin sandstone (chertarenite) interlayers (Fig. 18a-d). This unit 
occurs in the middle of the Aghajari Formation and is rich in marine fauna (Refer to figs 16 and 
17). Following the regression of the sea and the development of a shallower basin environment, 
interbedded sandstone and bioclastic grainstone formed. The thickness of the sandy interbeds can 
reach up to 20 centimeters; however, their lateral extent is restricted. 

Interpretation 

Gray shales, rich in planktonic fauna, developed during sea transgression and increased basin 
depth. 

Shallow marine facies association 

Bioclastic grainstone microfacies 

Description 

This microfacies can be observed in the field as layers varying from a few centimeters to a 
maximum of 1.5 meters, which overlie the marine shale unit. It consists of bioclastic grainstones 
containing bivalves, echinoderms, and small gastropods. 

The thickness of this microfacies diminishes laterally and eventually disappears (Fig. 18e-h).  

Interpretation 

These sediments settled in the nearshore region when the sea level dropped, forming the bioclastic 
grainstone facies. This microfacies is related to the gray shale facies. 

4.3. Facies association in the middle to the upper part of the sections 

Massive conglomerate lithofacies (Gm) 

Description 

This lithofacies can be observed in the upper sections of the Aghajari Formation within the Afrineh 
syncline (Fig. 19a). The thickness of this facies varies from 0.5 to 4.5 m. It presents as a 
conglomerate with a matrix, typically displaying massive characteristics, though it occasionally 
shows faint layering. The constituent clasts range from subangular to subrounded, with some 
exhibiting significant rounding (Fig. 19b). The lower boundary of this facies is abrupt and 
erosional, whereas the upper boundary may be abrupt or gradual. It generally consists of a massive, 
matrix-supported conglomerate with a matrix of medium to coarse sandstone or gravels (2-4 mm) 
primarily comprising siliceous material (chert), filling the space between clasts. Clasts are mostly 
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sub-angular to sub-rounded, fine to coarse pebbles, but cobble-sized clasts also occur in the lower 
parts. 

Interpretation 

According to Harms et al. (1982), this lithofacies results from strong currents, which relate to the 
occurrence of a fine-grained matrix during waning flow. The poor sorting of the clasts, the large 
quantity of grains, and the massive structure suggest the presence of powerful currents (Ghazai 
and Mountney, 2009). The absence of cross-stratification is attributed to a lower ratio of water 
depth to average particle size (Rust, 1978). According to Costa (1988) and Shanmugam (1996), 
the massive structure, poor sorting, and sandy matrix indicate deposition resulting from non-
cohesive granular flow. Simpson et al. (2002) related facies Gm to highly concentrated flows. The 
considerable volume of sediment is essential for forming this facies (Kumar et al., 2003, 2007). 
The Gm reflects longitudinal bars in braided rivers, gravelly sheets, and channel deposits 
(Williams and Rust, 1996; Hein and Walker, 1977; Reineck and Singh, 1980; Miall, 1996). 

 

Figure 18. (a) Gray shale unit (the yellow dashed line); (b) A close-up view of (a). The yellow arrow marks the 
interbedded sandstone; (c) and (d) represent the sandy interbed and bioclastic grainstone facies, respectively; (e), (f), 
and (g) Field photographs of the bioclastic grainstone microfacies; (h) photomicrograph of the bioclastic grainstone. 
The fossil fragments show alignment (yellow arrows). 
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Planar cross-bedded conglomerate lithofacies (Gp) 

Description 

This grain-supported lithofacies features cross-beds inclined at angles ranging from 15 to 25 
degrees. (Fig. 19-c and d). The thickness of this facies is variable from 0.5 to 2.5 m. It displays 
planar cross-stratification. The lower and upper boundaries of Gp are erosional. Occasionally, 
erosional surfaces create separations between the cross-beddings. It generally consists of normal 
grading, matrix to clast-supported conglomerate, characterized by a matrix of medium to coarse 
sand or gravel (2-4 mm) that primarily comprises siliceous material (chert) filling the space 
between clasts. Clasts are mostly sub-angular to sub-rounded, fine to medium to coarse pebbles, 
but cobble-sized clasts also occur in the lower parts. 

Interpretation 

Each set of Gp is less than 2.5 meters thick, forming smaller sediment bodies (Bose and 
Chakraborty, 1994; Chakraborty et al., 2017). The erosional surfaces form due to variations in 
local current velocity and sediment supply (Allen, 1983). Miall (1985) describes Gp as the 
migration of transverse bars in the deeper parts of a channel. Harms and Fahnestock (1965) 
observed that higher flow velocities lead to the deposition of coarse grains in braided rivers, while 
periods of lower flow velocities result in the deposition of fine-grain sediments. The occurrence 
of lenticular sandstones within Gp can be attributed to a reduction in the current strength (Miall, 
1985). 

Trough cross-bedded conglomerate lithofacies (Gt) 

Description 

This lithofacies is characterized by conglomerates that can be grain-supported or matrix-supported, 
often accompanied by trough stratification (Fig. 19-e). The thickness of this facies is variable from 
0.5 to 2 m. The conglomerate found within this lithofacies exhibits moderate to poor sorting, with 
particle sizes ranging from granules to pebbles. It demonstrates a range of roundness and sphericity 
that can be classified as moderately to well-rounded. Most particles consist of siliceous material 
(chert) and carbonate. This lithofacies is mainly found as a set and a coset of cross-strata. The 
lower boundary of this facies shows good symmetry. Lithological characteristics of gravels are 
generally similar to those of lithofacies Gm and Gp. Typical dimensions of individual units range 
from 0.5-1m in thickness and usually 1-3m in lateral extent.  

Interpretation. 

The symmetry observed in the lower boundary implies a fast accumulation of material within the 
channel cutouts (Teisseyre, 1975; Yagishita, 1997). A single set in Gt suggests that the filling 
occurred in one stage (Ramos and Sopena, 1983). This facies is formed through channel infilling 
(Miall, 1977). However, some researchers related it to migrating three-dimensional gravel bars in 
braided rivers (Bridge and Mackey, 1993; Browne and Plint, 1994). 
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Figure 19. (a) Lithofacies Gm with abundant pebble-sized clasts; (b) Lithofacies Gm with abundant granule-sized 
clasts. The black arrow indicates the well-rounded cherty gravel; (c) A two-set cross-stratification in Gp; (d) 
Lithofacies Gp showing normal grading; (e) Lithofacies Gt.  

Sandstone facies with trough cross-stratification (St)  

Description 

This facies can be found in all parts of the sequences within environments like meandering rivers, 
shallow marine coastlines, and braided river systems. The primary distinction between facies St in 
braided rivers and those in meandering rivers lies in the scale of the sedimentary structures (Fig. 
20), particle size, and color variations. Facies St in braided rivers exhibits significantly larger 
dimensions, coarser grains, a gray color, and high lateral extension. In contrast, in meandering 
rivers and the shallow sea (the lower sections of the investigated sequence), facies St is typically 
smaller, features finer grains, and exhibits a brown to red color. These sandstones are submature 
and consist of chertarenite and calclitharenite petrofacies. 

Interpretation 

Unimodal orientation of trough cross-beds is favorable in a fluvial bed system (Eriksson et al., 
1998; Miall, 1996). Trough cross-bedded sandstone is interpreted as the product of 3-D dunes 
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migrating in channels under the upper part of the lower flow regime or infilling of scour hollows 
(Collinson and Thompson, 1992; Harms et al., 1982; Miall, 1977)  

 

Horizontally stratified sandstone facies (Sh) 

Description 

This lithofacies is prevalent throughout the entire sequences, particularly in the upper parts. The 
main features include significantly thick sandstone units (exceeding 6 meters) that extend laterally 
over large areas, as well as parting lineation (see Fig. 20c, d, e). The associated sediments vary 
from medium to coarse sand and demonstrate poor to moderate degrees of roundness and sorting. 
The main elements of their petrofacies consist of chertarenite and calclitharenite.  

Interpretation 

Facies Sh typically develops in braided river settings characterized by upper flow regimes, as noted 
by Boothroyd and Ashley (1975), Harms et al. (1982), Allen (1984), Miall (1996), Jo et al. (1997), 
and Lee and Chough (2006). 

Massive sandstone facies (Sm) 

Description 

The facies Sm is characterized by a substantial thickness ranging from 2 to 6 meters, a 
predominance of coarse-grained sand particles, and a limited lateral extent (Fig. 20-f). It occurs as 
sand bars situated within the channels of braided river systems. These sandstones are submature 
and consist of calclitharenite petrofacies. 

Interpretation 

Sm facies, alongside lenticular mudstones and conglomerate facies, provide evidence for 
associating this lithofacies with braided river environments (Harms et al., 1982; Reading, 1996; 
Miall, 1996). 

Fine-grained lithofacies 

The fine-grained lithofacies can be found in the lower parts of all investigated areas. These 
particular lithofacies primarily develop as overbank deposits in meandering river systems. In 
contrast, the mudstones form distinct lens shapes within braided river deposits with limited lateral 
extension (Fig. 20 g and h). These muddy lenses are characteristic of low-energy settings between 
sandy and gravelly bars. 
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Figure 20. (a) and (b) Large-scale trough bedding in sandy deposits of braided river systems; (c), (d) and (e) the Sh 
lithofacies in braided river systems. It is featured by significant thickness and parting lineation (yellow arrows in b); 
(f) Massive sandstone lithofacies; (g) and (h) Limited extension of lens-shaped fine-grained facies (within the yellow 
dashed lines) in braided rivers. 

 

5. Discussion 

Depositional model for the Aghajari Formation (Afrineh syncline) 

Field observations and lithofacies analysis indicate that the lower parts of the Aghajari Formation, 
which lie over the Gachsaran Formation, originated in a meandering river environment. Following 
a marine transgression, these meandering river deposits were subsequently overlain by tidal flat 
sediments, which were later buried under both deep and shallow marine deposits. As a result, these 
sequences underwent a marine regression, leading to the deposition of meandering and braided 
river sediments on top of them.  

The Aghajari Formation begins with the emergence of the initial facies, characterized by red 
mudstone and sandstone. Three significant structural elements were genetically classified based 
on facies associations, geometry, sedimentary structures, and lithology within the Aghajari 
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Formation. These elements consist of channel (CH), crevasse splay (CR), and floodplain (OF). 
The lower part of the Aghajari Formation features sandstone facies (St, Sp, and Sh), concave-
upward erosion surfaces, single-story channels, and a lenticular shape, with thicknesses reaching 
up to 5 meters and widths varying from 7 to 15 meters. 

The structural component CR was recognized in this section. Crevasse splays primarily exhibit 
lenticular or wedge-shaped forms and have thicknesses ranging from 0.1 to 0.6 m, gradually 
reducing their lateral extent (Fig. 21). The fine-grained sandstone or siltstone (facies Sh) displays 
horizontal lamination and is surrounded by reddish-brown mudstone deposits (Fm) is interpreted 
as crevasse splay complexes created by overtopped channel levees during flood events (Miall, 
2006; Ghazi and Mountney, 2009; Teng et al., 2024). In this research, the overbank flow structural 
element (OF), which is quite prevalent, primarily consists of massive reddish-brown mudstone 
facies (Fm). The assemblages of overbank deposits feature both large- and small-scale lensoidal 
channel facies (St and Sh), which correspond to structural elements CH and CR, along with 
massive mudstone (Fm). The thickness of the overbank deposits exceeds 60 m. The facies 
assemblage contains trace fossils, including ichnofossils like Skolithos, Ophiomorpha, and 
Thalassinoides. 

According to the evidence presented, it can be concluded that the lower part of the Aghajari 
Formation within the Afrineh syncline, which is adjacent to the Gachsaran Formation, consists of 
meandering river facies (Fig. 21): 

1- The lens-shaped channels, characterized by erosional bases and restricted lateral extent, have 
cut the floodplain mudstones. 

2- The mudstone and siltstone facies, characterized by their sheet-like shape and broad lateral 
extent, suggest that they were formed in an overbank setting. 

3- The sandstone facies related to the crevasse splay had a wedge-like shape due to river levees 
being breached during floods, leading to sediment deposition on the floodplain. 

4- There are multiple sand and shale cycles, transitioning from sand to shale upwards. 

5- Abundant trace fossils in the facies . 

6- Sandstones with poor textural and compositional maturities indicate a fluvial setting (Gingras 
et al., 2011) . 

Therefore, it can be inferred that the sequences of the Aghajari Formation in the Afrineh Syncline 
were developed in four distinct depositional environments: meandering rivers, tidal flats, deep and 
shallow marine environments, and meandering and braided rivers (Fig. 22). 
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Figure 21. (a) A meandering river channel cut the fine-grained deposits. (b) A smaller-sized meandering river channel. 
The middle part of the studied sequences. (c) A meandering river channel and crevasse splay (The red arrow indicates 
the boundary between two subenvironments). 

 

The sandstone lithofacies found in shallow marine coastal regions influenced by tidal activity 
typically show moderate to good sorting. This environment features sedimentary structures, 
including flaser bedding, interference ripple marks, symmetrical ripple marks, and reactivated 
surfaces (Figs. 12-14). Furthermore, the Skolithos trace fossil is found in facies associated with 
shallow, sandy coastal settings. Considering its connection to flaser and wave-dominated strata, it 
can be inferred that these relate to intertidal sandy shorelines (Dashtgard et al., 2010; Chakraborty 
et al., 2017). The trace fossils discovered in this environment are Lockeia, Planolites, irregular 
Ophiomorphs, Paleophycus, and Taenidium (Fig. 15). These trace fossils are closely related to the 
Skolithos trace fossil, associated with intertidal sandy shorelines (Seilacher, 1967 and 2006; 
Aguirre et al., 2010; Sharafi et al., 2012). 

In all sections, a gray shale layer rich in planktonic fauna has been identified, indicating the 
presence of a key bed. The thickness of this layer varies between 2 and 10 meters (see Figs. 16-
18). Another lithofacies in the marine environment is the bioclastic grainstone facies, which forms 
in shallower areas. These marine deposits overlay the meandering river facies and are primarily 
found in the central part of the Aghajari Formation. The thickness of this microfacies ranges from 
a few centimeters up to a maximum of 1.5 meters, gradually thinning laterally until it disappears. 
The bioclastic grainstone comprises 80 to 90 percent bivalve skeletal remains and small gastropods 
exceeding 2 millimeters. Calcite cement fills the pore spaces between skeletal grains (see Figs. 
18e-h). 
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Figure 22. Changes in the depositional environment of the Aghajari Formation in the Afrineh syncline were caused 
by the transgression and regression of seawater. These changes occurred in four stages: a) the expansion of the 
meandering river facies. b) the beginning of the rise of sea level and the formation of the facies of the shallow tidal 
part. c) The vast advance of the sea level and the formation of shales in the deep part of the sea. d) the falling sea level 
and the formation of the braided and meandering river facies. 

 

The Lahbari member covers the marine sediments, suggesting a falling sea level (Fig. 22-d). The 
lower part of the Lahbari member comprises deposits from meandering rivers that gradually 
transition into a braided river setting in the upper parts. One of the significant features of braided 
river deposits is the presence of conglomerate facies alongside sandstone bodies that appear in 
sheets and lenses, as well as mudstones that show limited lateral extents (Figs. 19 and 20). The 
Lehbari Member is distinct from the middle and lower sections of the Aghajari Formation in terms 
of particle size, sedimentary structure dimensions, and coloration. The Lehbari member contains 
coarser particles, and its sedimentary structures are of greater scale. This member displays a color 
range from gray to cream. The depositional settings of the Aghajari Formation within the Afrineh 
syncline, from the base to the top of the sections, consist of meandering rivers, tidal flats, marine 
environments, and meandering and braided river systems. Global sea level changes, resulting from 
tectonic activities or climate changes, can explain these shifts. The transgression and regression of 
seawater have led to changes in the depositional settings. A meandering river environment 
developed on the Gachsaran Formation at the first stage (see Fig. 22a). As sea levels rose, a tidal 
sandy shore was deposited (see Fig. 22b), and a deeper marine shale bed was laid down (see Fig. 
22c). Later, as sea levels fell, shallow marine sediments accumulated, succeeded by meandering 
and braided river facies atop the sequences (Fig. 23). 

The findings of this study align with global sea level fluctuation charts (Haq et al., 1987; Torfstein 
and Steinberg, 2020; Sosdian et al., 2020), global oxygen isotope variations during the Miocene-
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Pliocene period (Lewis et al., 2014), and, based on the Nd isotope record (Bialik et al., 2019), 
suggest that the fall in sea levels commenced in the early Miocene (Langhian stage). Significant 
global glaciation was observed during this period, which may have been the primary cause of the 
worldwide sea level fall. This global decrease has also been documented in other regions 
(Passchier et al., 2013; Griener et al., 2015; Bassant et al., 2017; Raitzsch et al., 2021). The 
Miocene sedimentary basin in Iran was linked to other oceans (Reuter et al., 2009), and this 
worldwide sea level fall influenced the deposits in Iran, resulting in the formation of continental 
facies, such as a meandering river system. At the end of the Middle Miocene, a rapid rise in sea 
level occurred due to the melting of glaciers, resulting in the development of marine facies. 
Subsequently, during the upper Miocene, the sea retreated, leaving behind continental facies.  

The study in the region is based on recognizing and interpreting lithofacies and structural elements, 
followed by recognizing different depositional environments along the sections studied. These 
depositional environment changes are caused by the marine transgression and regression that 
occurred in the study area during the Miocene/Pliocene period. These results are consistent with 
those of Sun et al. (2021) in the study area. Sun et al. (2021) investigated the sedimentary 
sequences of the Aghajari and Gachsaran formations within the Afrineh syncline through magnetic 
stratigraphy. This research yielded several key findings, including the following points: 

1- Four sedimentary sequences (S1, S2, S3, S4) have been recognized within the Afrineh syncline. 
The sequences S1 (from 17 to 15 million years) and S2 (from 15 to 13.8 million years) are 
associated with the Gachsaran Formation, whereas sequences S3 (from 13.8 to 12.8 million years) 
and S4 (from 12.8 to 10 million years) are related to the Aghajari Formation. 

2- The age of the boundary separating the Gachsaran and Aghajari formations was determined to 
be 13.8 million years based on magnetic stratigraphy. 

3- The top of the deep marine shale bed was established 12.8 million years ago. Consequently, the 
lower part of the Aghajari Formation was deposited over approximately one million years. 

4- The sedimentation rate in the lower part of the Aghajari Formation (Afrineh syncline) is 218 
meters per million years; thus, changes in global climate have exerted the most significant impact 
on the sedimentation cycles in this lower part, while tectonics played the most negligible role. 

5- The top of the gray marine shale bed, aged 12.8 million years, was identified as the maximum 
flooding surface. 

6- The sequences of the Gachsaran Formation (sequences 1 and 2) indicate shallow marine 
conditions found primarily in lagoon and sabkha settings. Between the lower boundary of the 
Aghajari Formation and the marine shale bed (sequence 3), the facies demonstrate variations 
between marine and continental settings. From the top of the marine shale bed to the top of the 
sequences (sequence 4), continental deposits formed due to the expansion of Antarctic glaciers 
(sea regression) and the effects of regional tectonics. 

7- The upper part of the Gachsaran Formation and the lower part of the Aghajari Formation 
(sequences 2 and 3) are affected by mid-Miocene climatic changes over 2.2 million years. 
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8- The boundary between the Aghajari and Gachsaran formations (aged 13.8 million years) 
coincides with the expansion of the East Antarctic ice sheets (Antarctica). 

In the study area, the lower sequences of the Aghajari Formation, which are adjacent to the 
Gachsaran Formation, were formed in a meandering river setting. As a result of marine 
transgression, these sediments lie underneath the sediments of tidal flats and marine deposits. The 
melting of the Antarctic ice sheets has a global impact on these changes. As a result, these 
sequences encountered a regression, leading to the deposition of meandering and braided river 
facies above them. From the highest point of the marine shale, seen as the maximum flooding 
surface, to the top of the sequences, the region is more influenced by local tectonic activities. The 
stratigraphic architecture of alluvial successions can be controlled by three allogenic processes, 
including sea level changes, climate, and tectonics (Alonso-Zarza et al., 2012; Allen et al., 2013b). 

Meandering rivers develop in areas with more stable tectonic activity and gentle gradients, whereas 
braided rivers emerge in regions with steeper slopes and more significant tectonic activity. The 
shift from the meandering river to braided river deposits at the upper part suggests the impact of 
increasing tectonic activities in the region (Burke et al., 1990; Catuneanu and Elango, 2001; 
Catuneanu, 2003; Vandenberghe et al., 2003; Miall, 2010; Alonso et al., 2012; Allen et al., 2013a).  

 

 

Figure 23. This stratigraphic column illustrates the sections of the Aghajari Formation located in the Afrineh syncline, 
accompanied by the depositional model (not to scale). A. Represents a meandering river environment, marking the 
base of the sequences; B. Indicates the onset of marine transgression, leading to the development of tidal flat facies; 
C. Shows ongoing marine transgression and submergence, which results in the formation of deep marine shale facies 
and bioclastic grainstone within a shallow marine setting; D. depicts marine regression resulting in the creation of 
meandering river facies; E. Illustrates the expansion of braided river facies. 
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6. Conclusion 

Field investigations conducted on seven stratigraphic sections of the Aghajari Formation located 
in the southwest region of Khorramabad (Afrineh syncline) have resulted in the identification of 
three conglomerate lithofacies (Gm, Gp, Gt), nine sandstone lithofacies (Sp, St, Sm, Sh, Sr, Sfl, 
Sl, Slr, Sr(Fl)), four mudstone lithofacies (Fm, Fl, Fcf, Fl(sr)), one gray shale facies rich in 
planktonic fauna, and one bioclastic grainstone facies. A trace fossil of Skolithos, commonly found 
in association with sandy shorelines, was discovered within these layers. The lower part of the 
Aghajari Formation, situated above the Gachsaran Formation, was formed in a meandering river 
environment. Following marine transgression, these sediments are covered by tidal flat deposits 
and gray shale, indicative of a deep marine environment and bioclastic grainstone facies associated 
with a shallow marine setting. 

The melting of Antarctic glaciers has led to changes in depositional environments. As a result, a 
marine regression allowed for the deposition of meandering and braided river facies, which are 
part of the Lahbari Member. This member formed due to a drop in global sea levels and the effects 
of regional tectonics. 

The sequences found in the Aghajari Formation within the Afrineh syncline appear to have 
developed in various sub-environments, including meandering rivers, tidal flats, deep marine 
environments, shallow marine environments, and meandering and braided river systems. The 
changes in depositional environments in the lower parts of the Aghajari Formation, comprising 
meandering rivers, tidal flats, deep marine, and shallow marine environments, are driven mainly 
by global sea level fluctuations. In contrast, the Lahbari Member, which represents the upper parts 
of the Aghajari Formation (characterized by meandering and braided river environments), is 
primarily influenced by regional tectonic changes. 
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