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Abstract

The present study aims to investigate the petrographic, geochemical features, and depositional facies of the Late Triassic Ashin
Formation (Nakhlak Group, central Iran). For this purpose, 100 thin sections, and 13 samples of fine-grained sedimentary rocks were
analyzed for their petrographic and geochemical characteristics, taken from a 330-m thick section of this formation. The petrographic
types identified in this formation include sandstone, siltstone and limestone. This study suggests limestone facies are deposited in upper
parts of the distal submarine fan towards the shore, sandstone facies are deposited in the middle part of the distal submarine fan, and
the shale facies are deposited in lower parts of the distal submarine fan towards the abyssal plain by turbidity currents. The plotting of
petrographic data on ternary diagrams for compositional classification illustrate their composition as litharenites, sub-litharenites, and
a few litharenite-feldspathic and shales. Discrete diagrams refer to a tectonic setting of a continental arc complex and the active
continental margin. The results of the modal analysis and geochemical data indicate the orogenic re-cycling for these deposits. CIA

and CIW indexes indicate moderate weathering of the source area under semi-arid to semi-humid climates.
Keywords: Facies Analysis, Provenance, Geochemistry, Ashin Formation.

1. Introduction

Full understanding of clastic sequences requires
geometrical and lateral relevance of sequences,
lithological changes, and facies studies (Flugel 2010). In
addition, the detection of facies sets can contribute to the
reconstruction of the sedimentary environment and
depositional conditions (Catuneanu 2006; Miall 2000).
The Triassic sedimentary successions in northwestern
Anarak in central Iran are restricted and distinct from
other coeval sequences in the Nakhlak region, which
resemble the Darband group in northeastern Iran
(Davoudzadeh abd Seyed-Emami 1972; Alavi et al. 1997;
Vaziri 2011). These sequences are very similar to the
sequence of sediments in northern Afghanistan and
deposited in an epi-continental sea (Ghorbani 2019). The
provenance study involves the interpretation of the
source of lithology of siliciclastic sedimentary clastic
rocks (Nagarajan et al. 2017). Siliciclastic deposits are
always impacted by factors such as source rock type,
weathering, transportation distance, and diagenetic
changes after deposition (Von Eynatten 2003; Jin et al.
2006; Gabo et al. 2009; Nagarajan et al. 2017; Nikbakht
et al. 2019).

The provenance study of sedimentary rocks is possible
based on their geochemical and mineralogical
composition. A large number of researchers have
investigated the relationship between the tectonic setting,
origin and composition of siliciclastic deposits (e.g.,
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Dickinson and Suczek 1979; Bhatia and Crook 1986;
Cullers 1994; Armstrong-Altrin et al. 2004; Jafarzadeh
and Hosseini-Barzi 2008, Azizi et al. 2018b; Azizi 2018).
The geochemistry of the major, trace and rare earth
elements of siliciclastic sediments provides some
information on the types of source rocks and tectonic
setting of the sedimentary basins (Nesbitt and Young
1982; Cullers 1995; Armstrong-Altrin et al. 2004;
Nagarajan et al. 2014; Armstrong-Altrin et al. 2015). The
geochemical characteristics of tectonic-magmatic events
in sedimentary rocks are well-preserved (Raza et al.
2010) and are considered an important tool for studying
the evolution of the Earth's crust (Jahn et al. 1981; Taylor
and Mclennan 1985; Condie 1993). Geochemical studies
in clastic rocks complement petrographic studies,
especially when geological processes have altered
primary mineralogy (Cullers 1994 and 1995). Although
diagenesis and subsurface leaching cause some problems
in interpreting provenance (McBride 1985; Blatt 1985),
sandstone geochemistry is considered a powerful tool in
determining the provenance (Zimmermann and Bahlburg
2003). In addition, the source compaosition is preserved
and provenance determination in shales is important due
to their very fine grain size and permeability (Hessler and
Lowe 2006; Azizi and Rezaee 2014; Zaid and Al-Gahtani
2015; Ali et al. 2017; Azizi et al. 2018a; 2018b). In this
study, petrographic sedimentary and geochemical data
were used in order to evaluate the provenance, tectonic
setting and palaegeography of the Ashin Formation (late
Ladinian-Early Carnian). The results of this study can
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help to better understand the sedimentary conditions of
late Ladinian-Early Carnian deposits in other
sedimentary-structural areas of Iran and the world.

2. Geological setting

The study area is located in central Iran (60 km northeast
of Anarak) and constitutes part of the Nakhlak Group on
the Central Iran Plate, (Fig 1). The Nakhlak Group is one
of the most controversial stratigraphic and tectonic units
on the Iranian plate (Davuodzadeh and Seyed-
Emamil972; Ruttner 1991 and 1993; Seyed-Emami
2003; Balini et al. 2009).

This group consists of three stratigraphic formations from
base to top: the Elm, Bagrogh, and Ashin formations

(e.g., Davoudzadeh and Syed-Emami 1972; Alavi et al.
1997; Vaziri 2001; Balini et al. 2009). The Ashin
Formation, the youngest of the Nakhlak Group, includes
interbedded sandstone and shale (Vaziri, 2001;Hashemi
Azizi et al. 2017; Azizi et al, 2018b). The Ashin
Formation’s main outcrop exposures are located along
the 40" 53° eastern latitude and 34’ 33° northern latitude.
The Ashin Formation in the studied section overlies the
Bagoroq Formation with an erosional
unconformity/contact and underlies late Cretaceous
deposits with a tectonic contact. A view of the lower and
upper boundaries of the Ashin Formation is illustrated in
Fig 2.
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Fig 1. a) Geographical location of Nakhlak area on the map of Iran (Red Square: Nakhlak area) and roadmap of access to the study
area (Iran Roads Atlas). b) geological map of the Nakhlakh Group and the Ashin Formation of this group (red double arrow: study
section) (Alavi et al. 1997)
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Fig 2. a) View of the upper contact of the Ashin Formation with Late Cretaceous calcareous deposits (looking to the East), and b)
View of the lower contact of the Ashin Formation with the Bagoroq Formation (looking at the East).
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3. Methodology

In this study, the thickness of sedimentary layers was
measured through a tape measure, a compass and a
Jacob's rod based on two steps of reciprocal correction

(Coe, 2003). Macro scale sedimentary structures,
lithofacies, fossil content, and structural complications
such as slumping structures were recorded. Then, 100

samples were selected and evaluated based on
quantitative and qualitative laboratory  studies.
Petrographic studies were performed in the laboratory of
the Department of Geology at the University of
Hormozgan using a BK-230 polarizing microscope. The
methods of Folk (1980) and Pettijohn et al. (1987) were
used for determining clastic facies. The classification
methods presented by Dunham (1962), Embry and
Klovan (1971), and their comparison with standard facies
classification (Flugel 2010; Wilson 1975) were used for
determining carbonate facies. In addition, point-counting
of 13 thin sections of sandstones based on the Gazzi-
Dickinson method (Ingersoll et al. 1984) was performed
and four to five hundred grains were counted in each thin

section. In addition, shale samples were analyzed using
XRD methodology at the Binaloud Spectrum Minerals
Research Company for determining the mineralogy of
fine-grained facies. XRF analysis of powdered samples
was used for determining major element contents
(Rollinson 1993). 13 sandstones with the lowest
weathering and calcium carbonate content, as well as 11
shale samples with the lowest calcium carbonate content
were selected for XRF geochemical analysis. The data
obtained from point-counting and geochemical
analysiswere plotted in various classification diagrams
and the results are discussed below.

4. Lithostratigraphy

The Ashin Formation in the area under study has a
thickness of 330m and is characterized by an erosive
contact with the underlying Bagoroq Formation. Most of
the Bagoroq Formation is composed of coarse-grained
conglomerate. The Ashin Formation encompasses
interbedded sandstone, shale, calcareous sandstone, and
limestone (Fig 3).

Fig 3. a) View of the sandstone layers of the middle part of the Ashin Formation b) View of the middle part of Ashin Formation c)
View of the upper part of Ashin Formation d) View of the sandstone layers at the top of the Ashin Formation

Most of the thickness of the Ashin Formation is related
to shale and sandstone and the thickness of other facies is
limited (Fig 4a). The most frequent sedimentary structure
in the Ashin Formation is parallel lamination and cross-
bedding in medium to thin-bedded sandstone and
limestone (Fig 4b-c). In addition, ripple-cross
stratification and convolute lamination are present (Fig 4
d-e).

Other features of the Ashin Formation include numerous
fractures which are often filled by iron oxide belonging
to late stage diagenesis. In some areas, the sandstone bed
of the Ashin Formation are lens-shaped and laterally
disrupted. These sandstone beds exhibit ripple cross-
lamination (Fig 4f and Fig 5). Other features of the Ashin
deposits include ichnofacies such as Ctenopholeus,
Paleodictyon, Lorenzinia, Megagrapton and
Protopaleodictyon, which were all identified in the
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studied exposure of the Ashin Formation. Ctenopholeus
ichnofacies is not a useful indicator for determining
sedimentary environments since it is found in both deep
and shallow water facies (Seilacher 2007) (Fig 6a).
However, the presence of Nereites trace fossils
(Paleodictyon, Lorenzinia, Megagrapton and
Protopaleodictyon) indicates a deep marine origin for the
Ashin Formation (Fig 6b and Fig 7a-d). Low-oxygen
environments and sedimentation via turbidity currents are
characteristic of the Nereites ichnofacies (Seilacher
2007). Other fossils observed in sandstone facies of
studied section include bivalves and echinoderms (Fig

7e-f).

5. Constituent facies in Ashin Formation

The stratigraphy of the Ashin Formation is composed of
sandstone, shale and limestone facies. The facies and
microfacies constituting this formation are introduced
below.

J . N A Py

5.1. Sandstone facies

The brown to dark gray sandstone facies represent around
75 m of the thickness of the Ashin Formation in the
studied section. Parallel and cross-bedding is commonly
observed in this facies. Sandstone beds are medium to
thin-bedded and are interbedded with shale. Microscopic
study of thin sections of sandstones has led to the
identification of the following fine facies.

5.1.1. Graywacke

This petrofacies can be identified with abundant matrix
(more than 15%). Most of the particles consist of
monocrystaline quartz Grain sorting ranges from medium
to poor and the particles are angular to semi-angular. In
addition to quartz, lithic fragments are also found in these
facies. The amount of lithic fragments in this petrofacies
is more than plagioclase and fine mica . blades. The high
matrix frequency makes the particles observed as floating
in the matrix. According to the classification of Pettijohn
et al. (1987), these petrofacies are of the graywacke to
lithic wacke type (Fig 8a).

Fig 4. a) The alternation of sandstones and mudstones that form the largest part of the Ashin Formation, b) Cross- lamination in
sandstone, c) Parallel and cross- lamination in sandstone, d) ripple-cross lamination in the sandstone, €) Convolute lamination in

sandstone, f) Ripple-cross lamination in lens-shaped sandstone.

I

Fig 5. a) Sandstone facies with parallel and cross- lamination structures. b) Interbedded sandstone and shale facies. ¢) Carbonate
facies with parallel lamination d) Lens-shaped sandstone layer (laterally interrupted)
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Fig 7. Types of trace fossils found in the deposits of the Ashin Formatio
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n: a) nzinia isp belonging to Nereites facies,

b) Megagrapton echinophasis of the Nereites facies, ¢) Protopaleodictyon isp belonging to Nereites facies, d) Megagrapton's, €) Bivalve
fossil on sandstone of Ashin Formation, and f) Echinoderm fossils found in the Ashin Formation.

5.1.2. Litharenite

Litharenite are sandstones with less than 95% quartz and
the amount of lithic fragments (more than 25%) is greater
than that of feldspar. Lithic fragments identified in the
studied sandstones include sedimentary, volcanic and
carbonate rocks. Based on Folk's (1980) classification,
this petrofacies is chert-arenite due to the large amount of
chert detritus. Quartz content in this petrofacies is about
65-70%. Monocrystalline quartz is more abundant than
polycrystalline types. However, polycrystalline quartz

accounts for almost 5% of this petrofacies. In addition,
most of the observed cement is composed of silica,
although hematite and dolomitic cement is also found to
a lesser extent. Both types of feldspar grains (K-Feldspars
and plagioclase) are also found. Most feldspar is affected
by sericitation and is altered. Some unweathered
plagioclase is present in the sandstone. In addition to
chert fragments, volcanic and metamorphic rocks
fragments are also present to a lesser extent in these
facies. Most metamorphic lithic fragments are slate and



226 Rezaee et al. / Iranian Journal of Earth Sciences, Vol. 14, No. 3, 2022, 221-240.

phyllite. Heavy minerals present are often zircon grains,
(which are usually found in semi-rounded shapes and in
small amounts, around 1%). The effects of severe

weathering are abundant in this petrofacies, often filled
with iron oxide. The presence of calcite-filled veins is
another feature of the petrofacies (Fig 8b- c).

Fig 8. a) Graywacke petrofacies with fine-grained crumbs (XPL light), b) Litharenite petrofacies with chert crumbs and silica cement
(light) (XPL), c) Altered plagioclase grain in litharenite petrofacies (XPL light), d) Medium to fine-grained Calclithite fine-grained
facies (light) XPL), e) Classic siltstone petrofacies (XPL light), f) Siltstone petrofacies (XPL light), g) Limy siltstone petrofacies (XPL

light), and h) Lime Mudstone microfacies (XPL light).

5.1.3. Calclithite

This petrofacies is identified as light gray to brown
coloured with a thickness of 26 m. This petrofacies is
observed in the upper parts of the section as medium- to
coarse-grained deposits. The bulk of this petrofacies is
composed of carbonate detritus. The sorting is moderate
and the particles are semi-angular to semi-rounded. The
effects of micritization on carbonate particles is
detectable. The amount of compaction in this microfacies
is approximately moderate and the cement formed is
mostly iron oxide belonging to late stage diagenesis. In
addition to carbonate fragments, volcanic detritus can be
observed in less than 5% of these petrofacies. Moreover,
sedimentary detritus (chert and sandstone) are found to a
very small extent. because of the to the abundance of
sedimentary rock fragments and based on Folk's
classification (1980), this petrofacies is calclithite type
due to the high amount of carbonate detritus (Fig 8d).
5.1.4. Claystone facies

The claystone facies is abundant in the Ashin Formation
and represents the largest part of its thickness. Based on

x-ray diffraction analysis (Fig 9), this facies mainly
contains quartz, sheet silicates, plagioclase and calcite as
major constituents, and gypsum as minor constituent
phases. In addition, observed clay minerals in the studied
shale is mainly illite and kaolinite.

5.2. Siltstone facies

5.2.1. Classic siltstone

This petrofacies mainly consists of monocrystalline
quartz grains and mica blades. In some cases, mica blades
have a certain orientation. Classic siltstone shows
lamination. The darker layers are mainly composed of
clay-sized particles, while the lighter layers are composed
of transparent quartz (Fig 8e).

5.2.2. Sandy siltstone

In this petrofacies, the sand content fluctuates between 10
and 50%. The sand grains are mainly composed by
monocrystalline quartz (Fig 8f).

5.2.3. Limy siltstone

Similar to the classical siltstone, petrofacies includes
single-crystalline quartz and mica blades. Of course, the
mica content in these petrofacies is lower. This
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petrofacies is recognizable by its calcareous content
(about 10 to 20%) (Fig 8g).

5.3. Limestone facies

This facies has a light brown colour and is observed
interbedded with shale and sandstone, with a general
thickness of 6.5 m. Parallel lamination is the only
sedimentary structure observed in this facies. The study
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of thin sections in the laboratory led to the identification
of the following microfacies.

5.3.1. Lime Mudstone

This fine-grained carbonate microfacies lacks allochems.
Very fine clam shells can be observed. The lime
mudstone microfacies is observed intercalating with
silicate sediments. (Fig 8h).
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Fig 9. X-ray diffraction pattern (XRD) of two samples of the Ashin Formation shales.

6. Sedimentary environment

The Ashin Formation in the studied southern section of
the Nakhlak mine include sandstone, mudstone, and
limestone facies. Sedimentary structures include parallel-
bedding, cross-bedding, convolute-bedding, and ripple
cross lamination. The stratigraphic column and the
observed facies are illustrated in Fig 10. These facies can
be sub-divided into limestone and clastic facies sets. The
limeston facies contain the lime mudstone microfacies.
This microfacies is related to pelagic carbonates
intercalated with sandstone and shale sediments. The
clastic facies set of the Ashin Formation consists of
alternating sandstone and shale with parallel-bedding,
cross-bedding,  convolute-bedding and  slumping
structures. In addition to sedimentary structures, the
ichnofossil assemblages identified in the Ashin
Formation include Paleodictyon, Lorenzinia,
Megagrapton, and Protopaleodictyon trace fossils,
representing a deep marine origin associated with the
Nereites facies. The Nereites facies are formed with in
sediments on the continental slope to the abyssal plain.
Some layers of sandstone in the Ashin Formation are
lens-shaped and have low lateral continuity. This pattern
of deposition indicates the deposition of sandstones in
deep-sea submarine channels (Tudor 2014; Van der
Merwe et al.2014;Brooks et al.2018;). Parallel layering in
the sandstone beds seems to represent the Tb division of
the Bouma sequence (Bouma 1962) and the rippled beds
Tc division of the sequence. In these facies sets,
petrofacies alternation of graywacke, litharenite and
calclithite is observed with shale facies. The study of
sedimentary structures, fossil records, and lateral and
vertical relationships between the facies of the Ashin
Formation indicates that the limestone facies assemblage

was deposited in the more proximal parts of the distal
submarine fan, sandstone facies are deposited in the
middle parts of the distal submarine fan, and shale facies
are deposited in the outer part of the distal submarine
fan.According to Stow (2005), if the ratio of sandstone to
shale is high, it indicates that sediment have been
deposited at the inner lobe, the equal ratio of sandstone to
shale indicates deposition of sediments in the middle
lobe part, and finally low ratio of shale to sandstone
indicates outer lobe sediments. According to the facies
column of the Ashin Formation, the ratio of shale to
sandstone is high therefore reflecting deposition in the
distal parts of the submarine fan (distal fan).

With respect to the column of the facies attributed to
Ashin formation, the ratio of shale to sandstone is high
and represents deposition in an outer lobe and distal
submarine fan setting. According to the classification of
Reading and Richards (1994) and Nichols (2009), the
submarine fan of the Ashin Formation was probably a
compound fan of sand and shale with a higher shale
contents. Fig 11 illustrates the sedimentary model
presented for the Ashin Formation.

7. Geochemical studies

7.1. Petrography of siliciclastic deposits of the Ashin
Formation

Based on grain-size classes, siliciclastic deposits of the
Ashin Formation can be divided into medium- and fine-
grained deposits. These sandstones contain quartz, lithic
fragments, mica and heavy mineral grains. These grains
are angular to semi-angular with moderate to weak
sorting. The modal composition of these sandstones is
illustrated in Table 1.
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Quartz is the most abundant mineral, consisting mainly
of monocrystalline (65%) with wavy extinction and
polycrystalline (5%) types. Feldspars are found in both
plagioclase and alkaline varieties and constitute 6% of the
clastic constituents of these sandstones. lithic fragments
are mainly composed by volcanic, sedimentary, and
metamorphic types which account for 29% of the clastic
grains. Sedimentary lithic fragments are predominantly
chert, carbonates (crushed fossil fragments) and shale.
Metamorphic fragments are slate and slate-like fossils.
Volcanic fragments contain thin, elongated feldspar
crystals of glassy texture. In addition, micas and heavy
minerals, such as muscovite and zircon are found in some
sections. With respect to the percentage of constituents
and according to Folk's (1980) classification, the studied
sandstones can be classified as litharenites, feldspathic
litharenites and sublitharenites (Fig 12).

Subarkose

Q
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Table 1. Modal composition (%) of sandstone samples of the
Ashin Formation

SampleNo. [Om [ Qp [ Qt[ F [ L [ Lt
NE.12 67 0 67 5 28 28
NE.23 70 0 70 5 25 25
NE.26 60 0 60 8 32 32
NE.28 67 0 67 8 25 25
NE.30 75 0 7% 2 23 23
NE.31 56 10 66 12 22 32
NE.38 69 11 80 7 13 24
NE.40 78 0 78 6 16 16
NE.43 68 6 74 4 22 28
NE.45 73 3 % 2 22 25
NE.52 48 15 63 8 29 44
NE.57 55 8 63 4 33 41
NE.60 61 7 68 6 29 33

Quartzarenite
kel

Sublitharenite

Feldspatic

litharenile

Litharenite

E - B

)

Fig 12. Compositional classification of studied sandstone samples from the Ashin Formation based on Folk (1980).

7.2. Geochemical classification of siliciclastic deposits
of the Ashin Formation

In addition to petrographic studies, data from
geochemical analysis of the major elements were plotted
on the geochemical classification diagram of Pettijohn et
al. (1987) and their petrographic classification (as
litharenite and sublitharenites) was confirmed (Fig 13a).
Furthermore, major element data from XRF analysis of
sandstones were also plotted on the classification
diagram of Herron'(1988) and the petrographic
classification of these sandstones was again confirmed
(Fig 13b). It seems that the presence of hematite cement
in some samples caused them to be classified as Fe-sand
in Herron (1988) diagram. In addition, the plotting of
shale samples in Herron (1988) diagram classifies them
as of iron-free shales (Figl3b). The geochemical
classification results seem to validate previous
petrographic classification.

7.3. Major element oxide contents of siliciclastic
deposits of the Ashin Formation

The major elements are often limited to the ten elements
which are expressed as oxides in chemical analysis (Si,

Al, Ti, Fe, Mn, K, Mg, Ca, Na, P) (Rollinson 1993). Some
information on tectonic setting and source of sediment
can be obtained through these elements and their plot
design (Roser and Korsch 1986). Tables 2 and 3 indicate
the results of major elements contents of the clastic
deposits of the Ashin Formation. As shown in Table 2,
the average silica content in sandstone is larger than in
shale samples, which indicates the abundance of quartz
and chert grains in sandstone. The mean of Na,O, MnO
and CaO in sandstone is higher than that of shales and the
mean of Al,O;, MgO, K;0, Fe;0s3, TiO2 and P20s in
shale is more than that of sandstone. High Al,Os, TiO2
and K,O levels in shales may be related to illite and
muscovite presence (Lopez et al. 2005). The K,O / Al,O;
ratio in the shales of the Ashin Formation ranges between
0.12 to 0.22 with a mean of 0.17, which probably
indicates that clay minerals present are controlled by the
relative frequency of kaolinite and illite (Ghosh and
Sarkar 2010). The Na,O content is about 1.73% in
sandstone, and 1.36% witt in shale indicating the presence
of sodium plagioclase and clay minerals.
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The amounts of MgO and CaO are related to calcareous
grains, dolomitic cements, and diagenesis of plagioclase,
Fe203 content is related to the presence of hematite
cement and clay minerals (McLennan et al. 1983; Nath et
al. 2000; Zhang 2004; Osae et al. 2006). Based on UCC
normalization diagrams, it is specified in what extent the
deposit’s composition is resemling with upper
continental crust indicating enrichment or depletion. This
method is considered as one of the most commonly used
(Taylor and McLennan 1985; Rollinson 1993) since the
chemical composition of the upper crust is an important
feature in understanding the composition and difference
of continental crust chemistry around the world (Rudnick

Rezaee et al. / Iranian Journal of Earth Sciences, Vol. 14, No. 3, 2022, 221-240.

and Fountain 1995; Taylor and McLennan 1985).
Figurel4 displays the UCC-normalized pattern for the
sandstone and shale samples of the Ashin Formation.
Observed CaO enrichment in sandstone samples is
probably due to the presence of carbonate grains, calcite
and dolomitic cement, as well as plagioclase diagenesis.
Depletion can be observed in sandstone samples for
MgO, as well as in both shale and sandstone samples for
MnO and P205. The depletion of MgO in sandstones can
be attributed to its high mobility during chemical
weathering, diagenesis and secondary alteration (Das et
al. 2006; Mclennan 2001). In addition, other elements are
within the UCC range.
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Fig 13. a) Geochemical classification of sandstones based on Pettijohn (1987), sandstone samples of the Ashin Formation fall within
the litharenite and sub-litharenite ranges, and b) Classification of sandstones and shales based on Herron (1988), sandstones of the
Ashin Formation fall within the range of litharenite, sub-litharenate, and Fe-sand.

Table 2. Percentage of major oxides and percentage of loss on ignition (LOI) in sandstones of the Ashin Formation.

Fig 14. UCC-normalized plot for the sandstone and shale samples of the Ashin Formation (Taylor and McLennan 1985) (solid red
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Sample No. | SiO, | Al,Os; | Na,O | MgO | K,O [ TiO, | MnO | CaO | P,Os | Fe,Os | LOI [ ICV.
NE12 [5208 780 209 099 086 040 050 1888 008 371 1228 3.15
NE23 | 4915 742 170 147 073 040 047 1952 006 474 1418 3.19
NE26 | 57.84 726 164 154 063 043 043 1411 007 549 1037 3.34
NE28 | 6078 781 178 187 055 046 037 1161 007 554 903 283
NE30 | 6418 952 142 222 108 053 022 660 009 696 7.05 1.99
NE31 | 6717 890 217 170 069 054 019 692 008 563 590 200
NE38 | 7789 810 308 094 040 040 007 290 004 348 260 139
NE40 | 7310 882 248 141 066 048 010 379 007 528 369 160
NE43 | 6625 850 183 089 067 041 012 89 007 498 718 210
NE45 | 6373 704 182 074 055 036 024 1193 006 472 871 289
NE52 | 8301 845 112 022 107 019 008 144 002 210 223 073
NE57 | 7814 735 107 065 080 019 009 468 002 250 431 135
NE60 | 7728 1051 033 032 124 021 007 369 002 204 420 135
Average 67 826 173 115 076 038 022 884 005 44 705 218
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7.4. Tectonic setting of siliciclastic deposits of the
Ashin Formation

A large number of studies have been conducted to
investigate the relationship between the chemical
composition of sedimentary rocks and their source area
(e.g., Cullers 2000; Alvarez and Roser 2007;
Manikyamba et al. 2008; Spalletti et al. 2008; Akarish
and El-Gohary 2008; Paikaray et al. 2008; Dey et al.
2009; Mishra and Sen 2010). Determining the tectonic
setting of sandstones through the use of rock framework
minerals (modal analysis) was first proposed by Crook (
1974) and then underwent significant changes by
Dickinson and Suczek (1979) and Dickinson et al. (1983)
by identifying the relationship between sandstone
composition and important types of settings such as

stable cratons, basement uplifts, magmatic arcs, and
recycled orogens. The modal analysis is the result of
counting the grains of the stone framework. The modal
analysis of the Ashin Formation sandstones was plotted
on QtFL and QmFLt triangular diagrams (Dickinson et
al. 1983). Both diagrams illustrate the same trend and the
tectonic setting of the sandstones of the Ashin Formation
is defined as of a recycled orogen (Fig 15a-b). As shown
previously, the presence of sedimentary detritus in the
studied thin sections confirms the above result. Low
percentages of unstable grains such as feldspars, high
abundance of monocrystalline quartz grains (Qm), and
alteration of feldspar grains indicate that the source area
is affected by severe chemical weathering and hot humid
weather (Pettijohn et al. 1987; Amireh 1991).

Transitional
Continental

Undissected Are

Fig 15. Provenance of sandstones of the Ashin Formation based on the a) QtFL and b) QmFLt triangular diagrams of Dickinson et al

(1983).

The tectonic setting of sandstones can be also determined
through the percentage of major elements (Schwab 1975;
Bhatia 1983; Roser and Korsch 1986 and 1988;
Armstrong-Altrin et al. 2004). Battia (1983) and Roser
and Korsh (1986 and 1988) used tectonic discrimination
diagrams in many cases to determine the tectonic setting
of unknown basins (Jafarzadeh et al. 2013; Nowrouzi et
al. 2013). Bhatia (1983) illustrates four different tectonic
settings including oceanic island arc (A), continental
island arc (B), active continental margin (C), and passive
continental margin (D). Plots of shale and sandstone data
from the Ashin Formation on this diagram illustrate their
tectonic setting on the active continental margin field (Fig
16a). The diagram of Maynard et al. (1982) uses
elemental ratios of SiO2 / Al,O3 versus KO / Na,O and
separates passive margin (PM) from active continental
margin (ACM) and

magmatic arc (Al and A2) sediments. Shale and
sandstone data of the Ashin Formation plot on the acidic-
intrinsic arc (A2) and also on the active continental
margin (ACM) field of this diagram (Fig 16b). A new
discriminant-function multi-dimensional diagram
proposed by Verma and Armstrong-Altrin (2013) has
been also used to identify the tectonic setting of the Ashin
Formation (Fig 17). This diagram is divided into three
main fields (arc, collision and rift) based on the two

discrimimant functions that use the major element
abundances (SiOz, TiO,, Al;03, CaO, Na20, K0, MnO,
MgO, P,0s, and Fe203). Verma and Armstrong-Altrin
(2013) proposed two diagrams, one for clastic sediments
with high-silica content (95%> SiO>> 63%) and another
for clastic sediments with low-silica content (63%>
SiOx> 35%). All the shale and sandstone samples of
Ashin Formation were plotted on the arc field for both
high- and low-silica samples (Fig 17).

7.5. Provenance of Ashin Formation shale

Elements such as Ti, Al, and Zr are usually transported as
solid particles, which are less affected by weathering,
metamorphic and diagenetic processes due to the low
solubility of oxides and hydroxides of these elements in
low-temperature aqueous solutions. Therefore, they are
considered as more reliable for use in provenance studies
(Taylor and McLennan 1985).The ratio of Al,O3 / TiO,
oxides in shale is a good indicator for interpreting their
source rock (Schieber 1992; Hayashi et al. 1997;
Paikaray et al. 2008). Al,O3 values in the shale of the
Ashin Formation range from 8.98 to 18.11% with a mean
of 14.36%, while TiO, values range between 0.46 and
0.84% with a mean of 0.67%. The Al,O5 / TiO,, ratios for
shale samples of the Ashin Formation show intermediate
to granite parent rocks for these shales (Fig 18).
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Fig 18. Al,O5 / TiO, oxides ratio (Schieber 1992) for the studied shales of the Ashin Formation (blue square).

The positive correlation of Al,O3 with KO (r = 0.97),
NazO (r = 0.64) and MgO (r = 0.24) in the studied shale
(Figl9a-c) indicates that the concentration of potassium
minerals such as illite and muscovite have little effect on
Al distribution (McLennan et al. 1983; Jin et al. 2006).

The KO / Al;O3 ratio can be used as an indicator to
determine the main composition of shales (Lee 2002).
This ratio was different for clay minerals and feldspars so
0-0.3 for clay minerals and 0.3-0.9 feldspars (Cox et al.

1995).
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Table 3. Percentage of major element oxides and loss of ignition (LOI) for the shales of the Ashin Formation.

sample No. | SiO, | AlLOs | Na,0 | MgO | K,0 | Tio, | MnO | cao | P05 | Fe,05 | LOI | ICV EZZ%/S
NE.2 61.58 15.48 1.00 2.31 351 0.66 0.10 2.55 0.06 6.73 583 1.08 0.04
NE.5 55.69 16.54 1.48 2.35 3.64 0.66 0.20 4,72 0.06 6.91 753 1.20 0.03
NE.15 60.06 14.61 1.47 2.65 2.62 0.72 0.11 3.71 0.10 7.49 6.29 1.28 0.04
NE.19 59.91 18.11 1.07 3.06 413 0.82 0.05 0.68 0.13 7.55 429 0.95 0.04
NE.29 61.21 14.61 1.45 2.76 2.62 0.70 0.16 3.41 0.10 6.67 6.13 1.21 0.04
NE.32 65.17 12.55 1.82 2.40 1.53 0.67 0.12 2.90 0.12 7.79 479 137 0.05
NE.34 61.31 17.86 1.29 2.70 4.03 0.84 0.06 0.57 0.11 5.93 512 0.86 0.04
NE.36 60.57 10.61 1.57 2.09 1.53 0.56 0.19 7.94 0.08 6.87 785 1.95 0.05
NE.46 60.15 8.98 151 1.81 112 0.46 0.21 10.29 0.07 6.65 8.62 2.48 0.05
NE.48 62.41 11.49 1.62 243 151 0.56 0.15 5.45 0.08 7.72 6.43 1.69 0.04
NE.50 61.83 17.17 0.69 1.09 3.81 0.74 0.08 151 0.10 6.66 0.00 0.84 0.04
Average 60.9 14.35 1.36 2.33 2.73 0.67 0.13 4 0.09 7 6.27 1.36 0.04
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Fig 19. Correlations of K20 (a), Na20 (b) and MgO (c) with Al203 and K20 / Al203 (d) ratio (Lee 2002) for the shales of the
Ashin Formation (blue filled square).

The average K,O / Al;Os3 ratio in the shales of the Ashin
Formation is 0.04 (Table 3), indicating the presence of
potassium minerals in these shale (Cox et al. 1995) and
plotting the K,O / Al O3 ratio for the shale samples of the
Ashin Formation indicates a parent rock of intermediate
to granite composition for these shales (Fig 19d).

7.6. Weathering of siliciclastic deposits of the Ashin
Formation

The weathering history of ancient sedimentary rocks can
be accessed through examining the relationships between
alkali and alkaline earth elements (Nesbitt and Young,
1982). The chemical weathering intensity of the source

rocks is mainly controlled through the source rock
composition, weathering, climatic conditions and
tectonic uplift of the source area (Wronkiewicz and
Condie 1987). Almost 75% of the upper crustal remnants
are composed of feldspars and volcanic rocks whose
chemical weathering results in the formation of clay
minerals (Nesbitt and Young 1984 and 1989; Taylor and
McLennan 1985; Fedo et al. 1995). The rate of rock
chemical weathering can be evaluated through proposed
geochemical indexes such as the Chemical Index of
Alteration (CIA) (Nesbitt and Young 1982), Plagioclase
Index of Alteration (PIA) (Fedo et al. 1995), Chemical
Index of Weathering (CIW) (Harnois 1988), and CIW'
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(Cullers 2000). The CIA index is obtained from the
following equation (1):
Al O3/ (Al03 + CaO™ + Na,O ] x100
CIA= [+K;0)
where CaO* is the amount of CaO in the silicate part of
the rock and the amount of major oxides is based on the
molecular ratio. Specimens with CaO greater than 5% are
not considered to determine the exact amount of CIA and
eliminate the influence of diagenetic cements on CaO
content (Garcia et al. 2004).
CIA index for sampled sandstones and shales of the
Ashin Formation (except for samples with a CaO content
above 5%) ranges from 52.87-69.95 (mean= 60.28), and
62.69-75.48 (mean= 69.27) (Table 4), respectively,
indicating moderate to low weathering of the source area.
Since the samples with high CaO reduce the CIA mean
and should be eliminated from the data, the CIW’
weathering index was also calculated for the Ashin
Formation data. This index is obtained from equation (2):
CIW'=[Al,Os/ (Al,03 +Na;0)] x100  (Equation 2)
where the amount of major oxides is based on the
molecular ratio.
Changes in CIW’ index for sampled sandstones and
shales of the Ashin Formation are 72.45-96.95 (mean=
82.82) and 85.48-96.16 (mean= 90.81), respectively
(Table 4), which indicates severe weathering of the
source area under warm and humid climatic conditions

(Equation 1)

Use of the QFRf triangular diagram of Suttner et al.
(1981) indicates a source area composed of metamorphic
rocks within a humid climate (Fig 20). This diagram only
illustrates the metamorphism and internal igneous rock
provenance (under wet or dry climatic conditions) and
does not display different tectonic settings. Sandstone
data classification under the diagram of Weltje et al.
(1998) (Fig 21) illustrates that these sandstones have a
weathering coefficient within the range of 0 and 1
indicating an area of metamorphic and igneous rock
provenance, of high to medium relief, and Mediterranean
to semi-humid climate. On a SiO2 percentage versus total
percentage of Al,O; + K,O + Na,O diagram (Sutner and
Datta 1986), Ashin Formation samples seem to be plotted
at the areas indicate dry to semi-humid climatic
conditions with high chemical maturity (Fig 22).
Weathering trends can be also obtained by using the A-
CN-K triangle (Nesbitt and Young, 1984; Fedoet al,
1995). On this diagram, the initial stages of weathering
will have a parallel trend to the A-CN side. However,
during advanced weathering, as the compounds move
toward vertex A, there is a marked decrease in KO
(Neshitt and Young et al, 1984). The samples of Ashin
Formation are generally parallel to the A-CN side and in
the early stage of weathering. These samples show a trend
from basalt and andesite to weathered dacite (Fig 23).

Table 4. CIA (Chemical Alteration Index) and CIW (Weathering Alteration Index for Carbonate-bearing clastic rocks) indices
calculated for sandstone and shale samples of the Ashin Formation.

Sample No. [ CIA | CIW [ SampleNo. | CIA [ CIW
NE.12 - 78.86 NE.2 68.67 93.93
NE.23 - 81.35 NE.5 62.69 91.78
NE.26 - 81.57 NE.15 65.19 90.85
NE.28 - 81.43 NE.19 75.48 94.42
NE.30 - 87.02 NE.29 66.13  90.97
NE.31 - 80.39 NE.32 66.75 87.33
NE.38 55.93 72.45 NE.34 75.20 93.26
NE.40 56.00 78.05 NE.36 - 87.11
NE.43 - 82.28 NE.46 85.48
NE.45 - 79.45 NE.48 - 87.64
NE.52 69.95 88.29 NE.50 74.07 96.13
NE.57 52.87 87.29
NE.60 66.64 96.95
Average 60.28 82.72 Average 69.27 90.81

7.7. Hydraulic sorting of siliciclastic deposits of the
Ashin Formation

Hydraulic sorting of degraded grains plays a significant
role on the chemical composition of sediments (Zaid and
Al-Gahtani 2015). Chemical variability is calculated by
hydraulic sorting based on Index of Compositional
Variability (ICV) (Cox et al. 1995). This index is
obtained from the following equation (3) which
highlights Al content in relation with other major
elements contents:

(Equation 3)
[(Fe;03+K,0+Na,0+Ca0+MgO+MnO+Ti0,)/Al,03]

The rock-forming minerals such as plagioclase, K-
feldspars, amphibole, and pyroxene show ICV values
greater than 0.84, and presence of alteration minerals
such as kaolinite, illite, and muscovite show index values
lower than 0.84. (Cullers 2000; Cox et al. 1995;
Moosavirad et al. 2011). The average amount of ICV in
sandstone samples of the Ashin Formation is 2.18,
indicating higher amounts of rock-forming minerals in
these sandstones. Similarly, the average value of SiO; /
Al,O; (0.57) mentioned above indicates that these
sandstone seems to have an immature chemical
composition (Ahmad and Chandra 2013). The result
confirms that the studied sandstone of the Ashin
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Formation originated from recycled orogenic source or Formation is 1.36. Based on the results, these shales are
from severe weathering of intermediate-to felsic rocks. immature and were deposited under an active tectonic
The average ICV value in the shale samples of the Ashin setting (van de Kamp and Leake 1985).
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Fig 20. QFRf triangular diagram of Sutner et al. (1981) for sandstone samples of the Ashin Formation (solid red circle), Q: quartz, F:
feldspar, and RF: rock fragments.
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Fig 21. Logarithmic-relative diagram of Weltje et al. (1998) for sandstone samples of the Ashin Formation (solid red circles).
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Fig 23. A-CN-K and CIA plots (after Nesbitt and Young, 1982, Nesbitt et al., 1996) for sandstones of the Ashin Formation

8. Conclusion

The Ashin Formation in the studied section overlies the
Baqoroq Formation with an erosional
uncomformity/contact and underlies late Cretaceous
deposits with a tectonic contact. Clastic deposits of the
Ashin Formation are mainly composed of sandstone and
shale. The sedimentary facies associations identified in
the Ashin Formation include sandstone, shale and
limestone facies. The sandstone facies association
consists of three petrofacies including litharenites,
calclithite and graywacke, named as chert-arenite and
lithicarenite due to the abundance of chert fragments.
Depending on the amount of calcareous vs. siliciclastic
grains, the siltstone facies includes classical siltstone,
limy siltstone, and sandy siltstones. The only limestone
facies is comprised by limy mudstone. The sedimentary
structures observed in these deposits include parallel and
cross lamination, ripple and convolute lamination.

and MgO depletion in sandstones and MnO and P205
depletion in both shale and sandstone samples. The
results of modal and geochemical analysis indicate a
recycled orogenic provenance and a tectonic setting
within an active continental margin /arc. Plotting of the
Al,O; / TiO, and K20 / Al203 ratios for shale samples
of the Ashin Formation indicate a felsic intermediate to
granite source rock composition for these sediments.
Weathering of the source area was probably moderate in
a semi-arid to semi-humid climate. In addition, CIA and
CIV index analysis confirms previous results, indicating
that the studied rocks are immature in chemical
composition and derived from moderate weathering of
intermediate-granitic source rocks. Geochemical analysis
also classifieds shale samples from the Ashin Formation
as immature sediments deposited in an active tectonic
setting.
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