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Abstract:
This paper discussed the depositional environment and provenance analysis of the siliciclastic rocks of the
Kerman Formation for the first time. To determine the Kerman Formation’s depositional environment and
provenance sedimentological, petrographic, and geochemical investigations have been conducted accordingly.
The Kerman Formation (∼1017 m-thick), lithologically consisting of massive polymictic conglomerates in-
terbedded with some minor sandstone layers, is well-exposed in NE Central Iran. Through detailed sedimen-
tological studies, six lithofacies were recognized: matrix-supported massive conglomerate, matrix-supported
conglomerate, clast-supported massive conglomerate, clast-supported crudely bedded conglomerate, horizon-
tal bedded coarse to fine-grained sandstone, and massive coarse to fine-grained sandstone. The lithofacies
associations of Gmm, Gmg, Gcm, and Sm are related to sedimentary gravity flow architectural elements and
the lithofacies associations of Gh and Sh are related to channel-fill sandstone bodies architectural elements de-
posited in alluvial fan and braided fluvial systems. Petrographically, the Kerman Formation’s conglomerate
is categorized as a petromict conglomerate, and the sandstone is divided into volcanic arenite and feldspathic
litharenite petrofacies. Gravels are made up mainly of basalt and andesite, as well as fewer limestone and
agglomerated tuff. The sandstone plot on the QtFRF suggests that the sandstone of the Kerman Formation
derived from volcanic lithic fragments. Geochemical analysis indicates a volcanic arc source area in an active
margin tectonic setting, which can relate to the Sabzevar oceanic closure (a branch of Neotethys) volcanic
activities. Low values of the Chemical Index of Alteration suggest cool and arid climate conditions alongside
a near absence of intense alteration and recycled materials.
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1. Introduction

The Central Iranian Microcontinent (CIM), which is it-
self a fragment of the larger Central Iran domain, rep-
resents an important and regionally extensive terrane in
the eastern part of Iran (Berberian & King, 1981). Ophi-
olitic remnants of the Palaeo- and Neotethyan oceans
surrounded the CIM. Sabzevar suture is a Neotethys-
related structure, which is placed in the north of the Cen-
tral Iranian Microcontinent between the Lut and Turan
blocks (Rossetti et al., 2010; Shafaii Moghadam et al.,
2014). This ophiolite occurrence represents the remnant
of the Mesozoic oceanic or back-arc basin (GhasemShi-
razi et al., 2014; Omrani et al., 2013; Shafaii Moghadam

et al., 2015). The Sabzevar oceanic domain existed
during the Cretaceous (Rossetti et al., 2010; Shafaii
Moghadam et al., 2014) and subducted below Eurasia
during Paleocene times (Bröcker et al., 2021).

In NE Central Iran the Paleocene Kerman Formation
crops out with a thrust lower boundary and eroded up-
per boundary with upper Cretaceous carbonate rocks
and Eocene sandstone and marl, respectively. Previous
work on the Kerman Formation revealed that this con-
glomerate sequence was formed due to orogenic move-
ments at the beginning of the Paleogene period, which
affected most of north and central Iran According to
(Berberian & King, 1981), considerable parts of Cen-
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tral Iran became land following the orogenic movements
during the late Cretaceous. There was significant fold-
ing, magmatism, and uplift during the late Maastrichtian
to Paleocene time in the rocks of Central Iran, which led
to the emplacement of upper Paleocene - Eocene rocks
on older rocks with a pronounced angular unconformity
(Berberian & King, 1981).

(Huckriede et al., 1962) established the Kerman For-
mation type section, which is 300 meters thick and lo-
cated seven kilometers north of Kerman. They reported
that the conglomerate pebbles are composed of Creta-
ceous limestone in addition to Mesozoic and Paleozoic
rocks; the lower contact with hippurites-bearing lime-
stone appeared to be gradual. However, (Seyed-Emami,
1972) believed that the Kerman Formation lies with an
angular unconformity on older rocks. The upper bound-
ary in the type section is obscured, while toward the
northeast the Kerman Formation is overlain by the Pa-
leogene andesite and rhyolite volcanic rocks. The con-
glomerate beds which are distributed in Kerman, Tabas,
and Lut Plain, covered by tertiary volcanic rocks are gen-
erally called the Kerman Formation which is equivalent
to the Fajan Formation in Alborz, Pesteligh Formation
in Kopet Dag, and probably the red shale of the Pab-
deh Formation in Zagros. Central Iran’s Paleocene con-
glomerate beds likely resulted from detrital sediments
after the Laramide folding event; however, the upper
Cretaceous strata gradually came into contact with the
Paleocene conglomerate (Aghanabati, 2004). The re-
searchers (Berberian & King, 1981; Huckriede et al.,
1962; McCall, 1985; Seyed-Emami, 1972) hold differ-
ent opinions regarding the age and location of this par-
ticular formation.

Lithofacies and petrofacies investigations are impor-
tant to understanding the depositional processes (Abdel-
Fattah & Sehsah, 2023; Bilal et al., 2023; Lee & Gihm,
2023; Smith & Platt, 2023; Zhang et al., 2021), be-
sides, knowing the elemental composition through pet-
rography and geochemical approaches creates an in-
sight into the provenance and tectonic setting (Cui et
al., 2024; Hashemi Azizi et al., 2018; Sangeeta et
al., 2023). Mineralogical and geochemical analyses
of siliciclastic rocks have been widely used to deduce
provenance, tectonic setting, and palaeoweathering con-
ditions of the source area, thus providing significant
information helpful in palaeoenvironmental, palaeocli-
matic, and palaeogeographical reconstructions (Akar-
ish & El-Gohary, 2008; Bhatia, 1983; Bhatia & Crook,
1986; Dickinson et al., 1983; Jafari & Yazdi, 2014;
Nesbitt et al., 1996; Sallam et al., 2022; Sallam &
Ruban, 2021; Sallam & Wanas, 2019) Many analytical
methods (petrological and geochemical) and discrimi-
nant functions with their plot diagrams were established
by many workers for provenance specification (Bhatia,
1983; Bhatia & Crook, 1986; Dickinson et al., 1983;
Roser & Korsch, 1988). Besides, some other function
diagrams for tectonic setting discrimination of siliciclas-
tic sediments were proposed by (Verma & Armstrong-
Altrin, 2013; 2016). Deciphering the tectonic setting is

the main way to understand provenance (Hashemi Azizi
et al., 2018; Sallam & Ruban, 2021; Sallam & Wanas,
2019). Tectonic settings play the principal role in sed-
imentary environments, thus affecting the detrital sedi-
mentary rock compositions. Footprints of the tectonic
setting are particularly recognizable in first-cycle sedi-
ments, as they are not obscured by recycling and weath-
ering. Therefore, the composition of the Kerman Forma-
tion’s first-cycled sandstone and conglomerate are im-
portant for decoding the tectonic evolution of the region
and depositional environment.

Despite previous studies on the stratigraphy, petrogra-
phy, fossil content (allochthonous), and lower and upper
boundary of the Kerman Formation (Berberian & King,
1981; Huckriede et al., 1962; McCall, 1985; Seyed-
Emami, 1972), there is a lack of recent detailed infor-
mation on lithofacies, petrofacies, and whole rock geo-
chemistry of the Kerman formation in any areas of its
outcrops. This research aims to fill this gap by exam-
ining the depositional conditions, provenance, and tec-
tonic setting of the Kerman Formation by detailed sedi-
mentological and geochemical investigations.

2. Geological setting
The Bardeskan area is located in NE Iran and is a part of
the Central Iran sedimentary-structural unit. Figure 1 il-
lustrates the location of the study area and other adjacent
sedimentary-structural units in Iran. The region exhibits
a range of rock units, extended from the Precambrian
to the Quaternary. Metamorphic and igneous rocks are
prevalent in this area. The Doruneh Fault is the largest
and most active fault in the region which runs in an
east-west direction. The Kerman Formation can be ob-
served in multiple locations within the Bardeskan area.
The Kerman Formation consists mainly of conglomer-
ates, with occasional minor beds of red sandstone. The
lithology of conglomerate clasts and sandstone has been
attempted in a selected section of 1017 m. The con-
glomerate units are thick and massive, primarily com-
posed of volcanic clasts. The Kerman Formation un-
conformably overlies the Upper Cretaceous carbonate
rocks (Figure 2a); and is topped by Eocene sandstone
and marls with erosional unconformity (Figure 2b).

The Kerman Formation in this area has rough and
rugged exposure mostly of massive reddish and gray-
colored conglomerates. The clast sizes in the conglom-
erates range from 2 to 210 mm, with the largest clast
size at the base of the sequence being 210 mm, which
gradually reduces to 76 mm towards the top of the
sequence. The conglomerate layers are mostly clast-
supported, with matrix-supported conglomerates being
less common. In the lower 200 m of the sequence,
the most conspicuous sedimentary structures are mas-
sive conglomerates, normal and inverse grading, and
scoured lower contacts. The next 500 m of the sequence
is dominated by horizontal bedding, while the upper 300
m exhibits a return to massive conglomerates, normal
grading, and scoured lower contacts. Sandstone interca-
lations are primarily massive, coarse-grained, and red to
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Figure 1. (a) Tectonic-structural map illustrating the sedimentary-structural units in Iran (Angiolini et al., 2007; Berberian & King, 1981); (b) Geologic
map of the Bardeskan area (Shahrabi, 2010)

Figure 2. (a) Thrust lower boundary of the Kerman Formation; the inset picture is a fossiliferous limestone photomicrograph from the lower unit (PPL);
(b) Erosional upper boundary of the Kerman Formation; the inset picture is a sandstone photomicrograph from the upper unit (XPL)
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gray, with some layers showing thin horizontal bedding,
without a specific trend. The thickness of sandstone lay-
ers increases from 4-6 m to 16-21 m towards the top of
the formation. The conglomerate parts have an overall
thickness of 911.5 m, accounting for 89.6% of the for-
mation, while the sandstone parts cover 10.4% of the
formation with a total thickness of 105.5 m.

3. Materials and Methods
Sedimentary rocks were sampled from an outcrop of
1017 m-thick. Lithofacies investigation was conducted,
including examining grain-size analysis, texture, degree
of clast rounding and sorting, bed thickness, and sed-
imentary structures. After a detailed examination of
350 pebbles and 40 sandstone samples, 53 samples
were selected for thin sections from which 25 are peb-
bles and 28 are sandstones. 10 selected sandstone sam-
ples underwent point-counting analysis based on the
Gazzy-Dickinson method (Ingersoll et al., 1984). Litho-
facies interpretation was carried out according to Mi-
all’s classifications (Miall, 1977; 1978; 2000), conglom-
erate petrofacies interpretation according to (Boggs,
2009), and sandstone petrofacies investigation using
(Folk, 1980; Pettijohn et al., 1987) classifications.

Nine fresh fine-grained sandstone samples devoid of
calcite veins were selected for whole-rock geochemi-
cal analysis. Major oxides (SiO2, TiO2, Al2O3, Fe2O3,
MnO, MgO, CaO, Na2O, K2O, and P2O5) and trace el-
ement (V, Cr, Co, Ni, Y, Zr, Nb, Rb, Sr) concentra-
tions were determined on a Philips PW 1480 𝑋-ray spec-
trometer in AmethystLab in Iran. All Fe is reported as
Fe2O3. The calculation of the Chemical Index of Al-
teration (CIA) was performed using molecular propor-
tions, according to (Nesbitt & Young, 1982): CIA=100
×Al2O3 / (Al2O3 + CaO* + Na2O+K2O), where CaO*
represents the quantity of CaO included in the silicate
fraction of the rock and quantified using a formula de-
veloped by Fedo et al. (1995): CaO* = mol CaO — mol
CO2(calcite) — (0.5 × mol CO2)(dolomite) — [(10/3)
× mol P2O5](apatite).

The index of compositional variability (ICV) is a
helpful metric for evaluating the compositional maturity
of fine-grained siliciclastics. To calculate the ICV, (Cox
& Lowe, 1995) proposed the following formula: ICV =
(Fe2O3 + K2O + Na2O + CaO + MgO + TiO2)/Al2O3;
in this equation, CaO includes the Ca sources related to
detrital carbonate and phosphate. (Verma & Armstrong-
Altrin, 2013) proposed a multi-element discrimination
diagram used for tectonic discrimination. This diagram,
partitioned into three main categories (arc, collision,
and rift settings) is based on two discriminant functions
using ten major oxides, including SiO2, TiO2, Al2O3,
Fe2O3, MnO, MgO, CaO, Na2O, K2O, and P2O5.

4. Results
4.1 Analysis of the Kerman Formation Lithofacies
4.1.1 Conglomerate (matrix-supported and clast-
supported)

The conglomerates of the Kerman Formation attain a
thickness of 911.5 m and are composed of four lithofa-
cies: matrix-supported massive conglomerate (Gmm),
matrix-supported conglomerate (Gmg), clast-supported
massive conglomerate (Gcm), clast-supported crudely
bedded conglomerate (Gh). Sedimentary structures in
these lithofacies include massive structures, inverse to
normal grading, horizontal bedding, and erosive chan-
nels (Figure 3a-d). The grain size ranges from 2 to 210
mm; near the base, the average grain size is 65-180
mm, decreases to 53-95 mm in the middle and 25-75
mm at the top. Based on (Folk, 1980), roundness varies
from angular to well-rounded, and sphericity is low to
high. This diversity in size and shape of the grains may
be attributed to proximal depositional conditions and
heterogeneity in clast lithology (Hashemi Azizi et al.,
2024).

• Matrix-supported massive conglomerate (Gmm)

An absence of layering and sedimentary structures char-
acterizes this facies. The clasts are poorly sorted and
are supported by a poorly sorted dark-colored matrix of
sand, silt, and mud (Figure 4a). The clast sizes range
from pebble to cobble, with some reaching up to 210
mm; their composition includes basalt, andesite, lime-
stone, and siltstone. The clasts present a roundness spec-
trum from sub-rounded to well-rounded. Erosive lower
bounding surfaces have appeared in some parts. The bed
thickness can extend up to several meters. The textural
and structural attributes of the Gmm suggest its deposi-
tion resulted from high-strength and viscous debris flow
(Miall, 2006).

• Matrix-supported conglomerate (Gmg)

This facies is poorly sorted, normally and inverse graded
(Figure 4b). It contains angular to sub-rounded grav-
els embedded in a poorly sorted matrix. The clast sizes
range from 2 to 90 mm and the lithological composition
is the same as facies Gmm. The lower bounding sur-
face is prevalently abrasive, while the upper bounding
contact is gradual. This facies thickness never exceeds
0.5 m. Deposition of the Gmg facies is attributed to low
strength and viscous pseudoplastic debris flow (Miall,
2006).

• Clast-supported massive conglomerate (Gcm)

This facies is structureless, poorly sorted, and not
graded. The clast sizes vary between pebbles and cob-
bles, reaching up to 170 mm. Mostly angular to sub-
rounded in shape, these clasts display a color range from
reddish to brown and gray (Figure 4c and d). This fa-
cies is mainly volcanic gravels, with minor limestone,
siltstone, and agglomerate clasts. Certain areas exhibit
the development of this lithofacies as channel fill. The
formation of the Gcm facies can be attributed to high-
energy pseudoplastic debris flow with its massive form
resulting from high density and turbulent flow (Gagnon
& Waldron, 2011; Kostic et al., 2005).
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Figure 3. Selected outcrop views of sedimentary structures in conglomerate lithofacies; (a) Massive structure in clast-supported conglomerate; (b)
Normal grading in matrix-supported conglomerate; (c) Horizontal bedding; (d) Channel

Figure 4. Selected outcrop views of conglomerate and sandstone lithofacies from the Kerman Formation; (a) Angular pebbles in poorly-sorted matrix in
matrix-supported massive conglomerate (Gmm); (b) Normal grading in matrix-supported conglomerate (Gmg); (c) Angular pebbles in clast-supported
massive conglomerate (Gcm); (d) Well-rounded pebbles in clast-supported massive conglomerate (Gcm); (e) and (f) Horizontal lamination in clast-
supported, crudely bedded conglomerate (Gh); (g) Horizontal bedded, coarse to fine-grained sandstone (Sh); (h) Massive, coarse to fine-grained sandstone
(Sm); (i) Faint lamination in massive, coarse to fine-grained sandstone
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• Clast-supported crudely bedded conglomerate
(Gh)

The grain sizes vary from granule to pebble, with some
cobbles. The horizontal stratification is crude and occa-
sionally exhibits a quick upward fining trend, as illus-
trated in Figure 4e and f. The clast shapes are predom-
inantly sub-rounded to well-rounded. The horizontally
layered conglomerate in the research zone is mostly
clast-supported with bed thicknesses generally reaching
up to one meter. This lithofacies has been deposited
through the migration of longitudinal bedforms, lag de-
posits on the channel floor, and sieve deposits (Miall,
2006). The Gh lithofacies features a clast-rich fabric
deposited by high-energy, shallow tractional flow and
high sediment concentration. Here, gravels are trans-
ported as bed load and sedimentation occurs during flow
subsidence, occasionally as channel-fill. The horizontal
stratification in this lithofacies is attributed to high sedi-
ment input, which leads to rapid lateral and downstream
sediment accretion (Ghosh, 2014; Miall, 2006; Oplustil
et al., 2005; Sridhar et al., 2013).

4.1.2 Sandstones
In the Kerman Formation, sandstones have a total thick-
ness of 105.5 m, significantly less than conglomerates.
The sandstone beds, primarily massive, exhibit hues of
grey and red. While they are chiefly devoid of distinct
stratification, occasional limited lamination, and hori-
zontal bedding can be spotted (Figure 4g-i). The grain
size within these sandstones varies from medium to very
coarse, with a general trend of decreasing upward. The
microscopic investigation shows these sandstones have
poor to medium sorting (Hashemi Azizi et al., 2024).

• Horizontal bedded coarse to fine-grained sand-
stone (Sh)

The Sh facies contains coarse-grained pebbly sand-
stones, with poor sorting and horizontal bedding (Fig-
ure 4g). The horizontally bedded sandstone is deposited
by plane-bed flow (critical flow) according to (Miall,
2006).

• Massive, coarse to fine-grained sandstone (Sm)

This facies is structureless and the grains are fine to
coarse with poor sorting, combined with pebble-sized
grains, sometimes displaying faint lamination (Fig-
ure 4h and i). Angular grains accompanied by poor sort-
ing in Sm lithofacies indicate deposition from sediment
gravity flows of (Miall, 2006).

Table 1 summarizes the lithofacies of the Kerman For-
mation.

4.2 Analysis of the Kerman Formation Petrofacies
Figure 5 illustrates the clast lithology and the distribu-
tion of each lithology type within the Kerman Formation
conglomerate. Predominantly, basalt forms the major
composition of gravels, followed by andesite, limestone,
and agglomerated tuff in descending order of abundance.

Selected photomicrographs of gravels are shown in Fig-
ure 6. Polymictic microconglomerates also contain un-
stable volcanic clasts and fewer limestone fragments
(Figure 7a−d), thus can be classified as a petromict con-
glomerate according to (Boggs, 2009). Regarding the
significant percentage of basalt and andesite rock frag-
ments, it is classified as an intermediate and mafic vol-
canic conglomerate, in terms of chemical composition
(Boggs, 2009). Pebble sizes reach 15 mm under the mi-
croscope and are rounded to well-rounded with poorly
to medium sorting.

To identify the petrographic composition and sand-
stone type, 10 sandstones were selected for point-
counting analysis; the obtained data are in Table 2. The
data were plotted in the ternary diagram from (Folk,
1980). and mainly dropped into two areas of volcanic
arenite and feldspathic litharenite (Figure 8). Volcanic
arenite petrofacies contains 35−55% of rock fragments
mostly volcanic and occasionally sedimentary (fossilif-
erous limestone). Feldspars reach 15% and potassium
feldspars are more than plagioclases. Fine-grained tex-
tures are 15% and quartz content hardly reaches 5%.
The maturity varies from immature to sub-mature (Fig-
ure 7e−f). Feldspathic litharenite comprises 45% rock
fragments mainly mafic to intermediate volcaniclastics
and rarely sedimentary. Felspars and quartz content are
35 and 10% respectively. Fine-grained textures reach
20%. The maturity of feldspathic litharenite is similar
to the volcanic arenite (Figure 7g−h). Most of the sand-
stone samples from the Kerman Formation contain vol-
canic detritus represented by lithic fragments and sin-
gle phenocrysts (Figure 7). Quartz grains show straight
extinction. Volcanic clasts from the Kerman Formation
show microlithic, lathwork, and vitric homogeneous tex-
tures (Figure 7).

4.3 Whole-rock geochemistry
Sandstones from the Kerman Formation display low ma-
jor element concentrations compared with average up-
per and middle continental crust composition, Fe2O3 is
exceptional with high concentration (Rudnick & Gao,
2003); the SiO2 average content is 43.09−65.93 wt.%,
the Al2O3 is 8.82−13.75 wt.%, the TiO2 average content
is 0.3−0.57 wt.%, the Fe2O3 average content is 3.5−8.38
wt.%, and CaO has a variable total content of 3.79−9.22
wt.% and two samples with 15.82 and 20.48 wt.% (see
Table 3). The carbonate content can be affected by sec-
ondary activities like calcium carbonate cementation as
observed in thin sections. CaO and LOI show a pos-
itive linear correlation for all sandstone samples from
the Kerman Formation. The samples have high trace
element concentrations (Appendix) in Cr (129−1116
ppm), Ni (86−395ppm), Sr (319−689 ppm), V (48−120
ppm), and Zr (94−188 ppm), and low concentrations
in Ba (109−332 ppm) compared with upper continental
crust (UCC) composition (Rudnick & Gao, 2003). The
CIA mean values of the analyzed sandstone samples are
34.21. The ICV values of these samples range from 1.4
to 3.7 indicating fresh andesite to fresh basalt (see Ap-
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Table 1. Summary of lithofacies in the Kerman Formation

Lithofacies and code Lithology Sedimentary structures Interpretation
Gmm: matrix-supported
massive conglomerate

Grey to brown polymictic
orthoconglomerate; angu-
lar to sub-rounded volcanic
and sedimentary cobble- to
pebble-sized clasts embed-
ded in a poorly sorted ma-
trix of sand, silt, and mud.

Massive structureless beds;
occasional normal grad-
ing; occurrences of crude
horizontal stratification;
scoured lower surfaces;
several meters of bed
thickness.

High-strength and viscous
debris flow

Gmg: matrix-supported
conglomerate

Red to brown polymictic
orthoconglomerate; matrix-
supported sub-rounded to
rounded volcanic and sedi-
mentary pebble- to granule-
sized conglomerate; poorly
sorted

Normal and inverse grad-
ing; scoured lower surfaces

Low-strength and viscous
pseudoplastic debris flow

Gcm: clast-supported mas-
sive conglomerate

Grey to brown polymictic
conglomerate; poorly
sorted, angular to rounded
cobble- to pebble-sized
clasts

Massive, structureless
beds; intercalation with
matrix-supported conglom-
erate with normal and
inverse grading; occur-
rences of crude horizontal
stratification; channel fill

High-energy pseudoplastic
debris flow; massive form
resulting from high density
and turbulent flow

Gh: Clast-supported,
crudely bedded conglomer-
ate

Brown to red polymic-
tic conglomerate; sub-
rounded to well-rounded
pebble- to granule-sized
clasts in poorly sorted
matrix

Crude horizontal stratifica-
tion; occasional quick up-
ward fining trend; interca-
lation with clast-supported
massive conglomerate

Bed load sheets; channel-
fill; high sediment input
which subsequently leads
to rapid lateral and down-
stream sediment accretion

Sh: Horizontal bedded,
coarse to fine-grained
sandstone

Gray to red coarse-grained
to pebbly sandstones;
poorly sorted

Horizontal stratification;
interbedding with matrix-
and clast-supported con-
glomerate beds

Plane-bed flow (critical
flow)

Sm: Massive, coarse to
fine-grained sandstone

Gray to red coarse-grained
to pebbly sandstones;
poorly sorted

Massive structureless lay-
ers; Crude thin lamination;
interbedding with matrix-
and clast-supported con-
glomerate beds

sediment gravity flows

Figure 5. The petrography and percentage of the diagnosed gravels in the conglomerate of the Kerman Formation
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Figure 6. Selected photomicrographs of gravels from the Kerman Formation; (a) Basalt contains imbricated plagioclases and clinopyroxene grains
(XPL); (b) Andesite contains elongated brownish amphibole, sanidine, and vitric groundmass (XPL); (c) Agglomerate tuff (XPL); (d) Globotruncana-
bearing limestone (PPL)

Figure 7. Selected photomicrographs of conglomerate and sandstone petrofacies from the Kerman Formation; (a) Petromict conglomerate, a basalt
pebble is obvious in the middle of the photo (XPL) and (b) (PPL); (c) Petromict conglomerate, a limestone pebble is conspicuous in the middle of the
photo (XPL) and (d) (PPL); (e) Volcanic arenite sandstone, volcaniclastic lithic fragments are spread across the sample in a carbonate cement (probably
secondary) (XPL) and (f) (PPL); (g) Feldspathic litharenite sandstone, plagioclase and quartz grains are adjacent to the volcaniclastic lithic fragments
(XPL) and (h) (PPL)
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Table 2. Point-counting data from 10 sandstone thin sections of the Kerman Formation. Qm: monocrystalline quartz; Qp: polycrystalline quartz;
Qt: Qm+Qp; P: plagioclase; K: potassium feldspar; F: P+K; Ls: sedimentary lithic fragments; Lv: volcanic lithic fragments; Lm: metamorphic lithic
fragments; Lt: Ls+Lv+Lm

sample# Qm Qp Qt P K F Ls Lv Lm Lt total Qt% F% Lt% Ls% Lv% Lm%
KS1 75 2 77 89 179 268 159 331 26 516 861 8.9 31.1 59.9 30.9 64.1 5
KS2 37 0 37 73 197 270 137 295 9 441 748 4.9 36 58.9 31 66.9 2
KS3 37 2 39 21 56 77 115 378 34 527 643 6 11.9 81.9 21.9 71.7 6.4
KS4 42 0 42 5 33 38 86 367 3 456 536 7.8 7 85 18.9 80.4 0.6
KS5 36 0 36 12 18 30 67 454 11 532 598 6 5 88.9 12.6 85.3 2
KS6 30 0 30 34 94 128 53 529 14 596 754 3.9 16.9 79 8.9 88.7 2.3
KS7 45 1 46 48 144 192 97 549 29 675 913 5 21 73.9 14.3 81.3 4.3
KS8 69 0 69 11 161 172 78 293 23 394 635 10.8 27 62 19.8 74.3 5.8
KS9 23 0 23 19 79 98 37 401 14 452 573 4 17.1 78.8 8.2 88.7 3
KS10 88 1 89 154 204 358 124 312 17 453 900 9.8 39.7 50.3 27.4 68.9 3.7

Figure 8. Data from point-counting analysis plotted on the Folk (1980) sandstone petrofacies ternary diagram
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pendix).

5. Discussion
5.1 Depositional environment
The typical sedimentary characteristics of the Kerman
Formation are commonly very coarse- to coarse-grained
composition, massive geometry, horizontal lamination,
disorganized bed, inverse and normal grading, and faint
lamination. The sedimentary log shows the full profile
of a fluvial environment (Figure 9). Clast- and matrix-
supported thick-bedded conglomerate intercalated with
3−6 m sandstone, with a mild fining upward, can be seen
throughout the studied section. Matrix-supported mas-
sive conglomerate (Gmm), matrix-supported conglom-
erate (Gmg), clast-supported massive conglomerate
(Gcm), and massive, coarse to fine-grained sandstone
(Sm) lithofacies association are related to sedimentary
gravity flow (SG) architectural elements (Hashemi Az-
izi et al., 2024). The SG architectural element is com-
monly established in alluvial fans and proximal braided
river systems through sediment-gravity debris flow with
a high sedimentation rate (Ghoshal et al., 2010; Mi-
all, 2000; 2006). Clast-supported, crudely bedded con-
glomerate (Gh) and horizontal bedded, coarse to fine-
grained sandstone (Sh) lithofacies association are re-
lated to channel-fill sandstone bodies (CH) architectural
elements (Miall, 2006).

Field observations such as normal grading sequences
(finning upward), absence of floodplain fine-grained
depositions, and high thickness of conglomerate beds,
along with distinguished lithofacies and their lateral
changes provide valuable insights into the Kerman For-
mation’s depositional environment. Comparison with
Miall fluvial models (Miall, 1985; 2006; Nichols, 2009)
suggest that the Kerman Formation was deposited in
both alluvial fan and proximal braided fluvial systems,
indicating a close connection between these environ-
ments. (Zhang et al., 2020) reviewed the alluvial fans
and concluded the following characteristics. Gravity
flow and sheet flow are alluvial fans’ main sediment
transport mechanisms. Sediments of alluvial fans are
characterized by debris flow chaotic accumulation, and
low textural maturity and ordering degree. Alluvial fans
also have low sub-facies stability in their internal struc-
tures. Considering the steep slope of alluvial fans, their
proximity to the provenance, and their small area, sed-
iments of debris flow, channel, and sheet flood reflect
changes of the provenance extensively and have frequent
changes in facies. The studied section of the Kerman
Formation involved all the above characteristics con-
firming the depositional situation of the alluvial fan sys-
tem.

5.2 Provenance and tectonic setting
Sandstones from the Kerman Formation contain first-
cycled volcanic inputs, including lithic fragments and
single phenocrysts of quartz and feldspars. These vol-
canic lithic fragments show microlithic, vitric homoge-
neous, and lathwork textures. In an active arc setting dif-

ferent types of volcanic activity show different textures
in volcano-clastic rocks, thus pure volcanolithic sand-
stones testify direct relations with the types of volcanic
activity within the arc (Critelli et al., 2002; Marsaglia et
al., 2016). As noted by (Critelli & Ingersoll, 1995), the
fragmentation of intrabasinal basaltic and andesitic lava
flows tends to create volcanolithic sandstone, which in-
cludes an abundance of vitric, microlithic, and lathwork
volcanic lithics; the gravels of the Kerman Formation
with basaltic and andesitic compositions confirm this.

Relatively low SiO2 and high Fe2O3, Cr, and V con-
tent in the Kerman Formation samples indicate mainly
mafic magmatic arc input (McLennan et al., 1993; Nes-
bitt & Young, 1982). As mentioned earlier, the total
CaO and LOI index has a positive linear correlation
that conveys the presence of carbonate-bearing miner-
als such as calcite in analyzed sandstone samples from
the Kerman Formation. Chemical weathering alters in-
tensively the major element geochemistry and mineral-
ogy of siliciclastic sediments (McLennan et al., 1993;
Nesbitt & Young, 1982).

The chemical index of alteration (CIA; (Nesbitt &
Young, 1982)) is a functional way to evaluate the degree
of chemical weathering. High values of the CIA index,
over 90%, convey considerable conversion of feldspar
to clay and therefore intense weathering. Low values
of the CIA in Kerman siliciclastic rocks (Table 3) show
the near absence of intense alteration and even recycled
materials, it also might be evidence of cool or arid cli-
mate conditions according to (Fedo et al., 1995). The
index of compositional variability (ICV) is another ap-
proach to assessing the number of weathered minerals in
siliciclastic rocks. The ICV values for the analyzed sam-
ples of the Kerman Formation (Table 3) imply unweath-
ered fresh detrital minerals took place in first-cycle de-
posits according to (Cox & Lowe, 1995). The plot of
CIA against ICV (Potter et al., 2005) indicates fresh an-
desite to fresh basalt as a source rock for the Kerman
sandstone samples (Figure 10a).

CIA has a linear trend for the sandstone samples
of the Kerman Formation ranging from 17.7 to 45.6.
A−CN−K trend and CIA ratios, based on (Roser et al.,
2002), can be affected by tectonism in both active tec-
tonic settings and stable margins. In the case of Ker-
man Formation samples, the linear trend of sandstones
from fresh basalt to fresh andesite implies the uplift and
emplacement of fresh volcanic rocks in active tectonic
settings (Figure 10b).

Chemical compositions of clastic sedimentary rocks
may point out the tectonic setting of the source ar-
eas (Armstrong-Altrin et al., 2015; Bilal et al., 2022;
McLennan et al., 1993). The major oxide composition
of the Kerman Formation sandstones illustrats arc set-
ting (Figure 11a−b) (Verma & Armstrong-Altrin, 2013);
except one sandstone sample contains a composition fol-
lowing the collision setting (Figure 11b). Most samples
of the Kerman Formation are low-silica sandstone (Fig-
ure 11b).

Most sandstone samples of the Kerman Formation
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Table 3. Major elements and calculated indices (CIA and ICV) of the Kerman Formation sandstone samples. Upper continental crust (UCC) values
from (Rudnick & Gao, 2003) are used for comparison

Sample SiO2 TiO2 Al2O3 Fe2O3𝑇 MnO MgO CaO Na2O K2O P2O5 SUM LOI CIA ICV
No. wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.%
10k 43.09 0.30 8.82 3.50 0.25 4.22 20.48 1.21 1.61 0.06 99.84 16.30 17.71 3.57
17k 61.60 0.40 13.46 4.11 0.11 5.15 4.58 5.21 1.55 0.09 99.80 3.54 42.01 1.56
2 61.51 0.49 13.75 5.57 0.10 5.97 4.00 4.58 1.46 0.08 99.80 2.29 45.62 1.61
15 65.93 0.33 12.65 3.76 0.08 3.60 3.79 4.91 1.88 0.07 99.82 2.78 42.66 1.45
18 54.47 0.57 13.27 6.81 0.13 6.29 6.68 5.54 1.30 0.08 99.78 4.64 36.92 2.05
22 51.99 0.52 11.96 7.15 0.13 7.68 8.94 3.88 1.18 0.10 99.82 6.29 33.33 2.46
25 55.10 0.54 12.09 6.57 0.12 8.38 6.91 4.16 1.08 0.10 99.81 4.76 37.01 2.29
36 52.90 0.56 9.90 8.38 0.18 8.77 9.22 2.02 0.76 0.07 99.74 6.98 32.13 3.01
38 46.92 0.31 8.84 6.08 0.16 6.83 15.82 2.75 0.96 0.08 99.78 11.03 20.47 3.72
UCC 66.62 0.64 15.4 5.04 0.1 2.48 3.59 3.27 2.8 0.15

Figure 9. Sedimentary log of the studied section from the Kerman Formation
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Figure 10. (a) Plot of CIA vs. ICV of the siliciclastic sedimentary rocks of Kerman Formation (Potter et al., 2005). (b) A−CN−K diagram (Nesbitt &
Young, 1982) for the Kerman Formation siliciclastic sedimentary rocks. Indices and mineral compositions after Nesbitt and Young (1982): A = Al2O3;
CN = CaO + Na2O; and K = K2O (molar proportions). Sm = smectite; Pl = plagioclase; Ksp = K-feldspar; Ka = kaolinite; Chl = chlorite; Gb = gibbsite;
Mu = muscovite. PAAS = Post Archean Australian Shale. Crossed linked by the solid line are average volcanic rock compositions from (Roser et al.,
2002). Filled diamonds and circles are sandstone samples from the Kerman Formation

Figure 11. Multidimensional diagram (a) for high silica and (b) low silica sandstone samples of the Kerman Formation after Verma and Armstrong-Altrin
(2013)

Figure 12. Multidimensional discriminant function diagrams based on (a) major element (M) and (b) combined major and trace element (MT) for the
discriminant of active and passive settings after (Verma & Armstrong-Altrin, 2016)
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reveal a composition under the active margin tectonic
setting in a major element-based diagram (Figure 12a).
Only one sample contains a conformable composition
with the passive margin setting, yet it is located next to
the active-passive margin boundary (Figure 12a). The
major and trace element-based diagram shows the active
margin as the predominant tectonic setting for the Ker-
man Formation samples except for two sandstone sam-
ples showing passive margin (Figure 12b).

Petrographic and geochemical investigations of the
Kerman Formation revealed the first-cycled siliciclastic
sediments including fresh basalt and andesite in the ab-
sence of recycling and alteration, derived from proximal
active volcanoes in an arid and cool climate condition.
Volcanic detritus of the Kerman Formation can originate
from volcanic activities related to the active tectonic set-
ting of Sabzevar oceanic closure and the subduction be-
neath Eurasia during the Paleocene time.

6. Conclusions

This study discussed the depositional environment and
provenance of the Paleocene coarse-grained siliciclas-
tic succession of the Kerman Formation in NE Cen-
tral Iran examining sedimentological, petrographic, and
geochemical investigations. The Kerman Formation
contains continental sediments chiefly polymictic con-
glomerate and coarse-grained sandstone. The six litho-
facies were recognized in the Kerman Formation includ-
ing matrix-supported massive conglomerate, matrix-
supported conglomerate, clast-supported massive con-
glomerate, clast-supported crudely bedded conglomer-
ate, horizontal bedded coarse to fine-grained sandstone,
and massive coarse to fine-grained sandstone. Two
facies associations demonstrate alluvial fan and proxi-
mal braided river systems as the depositional environ-
ment. Three petrofacies of petromict conglomerate,
volcanic arenite, and feldspathic litharenite were deter-
mined. Major and trace element geochemistry on sand-
stone samples showed the near absence of intense al-
teration and recycled materials and evidenced cool and
arid climate conditions. Petrographic and geochemi-
cal investigations of the Kerman Formation revealed the
first-cycled siliciclastic sediments including fresh basalt
and andesite. Volcanic arc source areas in an active mar-
gin tectonic setting were also inferred based on the geo-
chemical data. Volcanic detritus of the Kerman Forma-
tion may originate from volcanic activities associated
with the active tectonic setting of the Sabzevar oceanic
closure and subduction beneath Eurasia during the Pale-
ocene period.
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