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Table 1. Abbreviations used in the tables, diagrams or charts of this study
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Fig. 2. Field images of (A) The upper boundary of the arc section with the lower Eocene marl-limestone unit and (B)
The lower boundary of the studied red sequence with the Upper Cretaceous flysch unit (northeast view). (C) General

view of the studied section (viewing towards the northeast).
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Table 3. The abundance percentage of the constituent grains of the studied sandstone samples
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Fig. 3. Microscopic images (XPL) of the constituent components of the investigated sandstone samples, (A) monocrystalline

(Qm) and polycrystalline (Qp) quartz in a carbonate cement background, (B) plutonic monocrystalline quartz (Qm) and
stretched polycrystalline quartz (Qp), (C) orthoclase potassium feldspar (K) and chert rock fragment, (D) metamorphic (MRF)
and siltstone rock fragments, (E) Sandstone rock fragment, orthoclase (K) and plagioclase (P).
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Fig. 4. Microscopic images (XPL and PPL) of the constituent components of the investigated sandstone samples, (A)

chert fragment and plagioclase, (B) litharenite petrofacies with carbonate rock fragments and Muscovite (Mica), (C)
opaque heavy mineral (Opaque M.) and (D) iron oxide cement in PPL.
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Fig. 5. The compositional classification chart of sandstones (Folk, 1980), most of the studied samples are plotted in the
litharenite field.
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metamorphic polycrystalline quartz (Qpst).
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Fig. 8. Placing the results of modal analysis of sandstone samples in the recycled orogen field in the QtFL diagrams (A)
(Dickinson, 1979) and (B) (Dickinson, 1988).
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Table 4. The results of the major oxides analysis of the Arc Section shale samples (the values of the major oxides are
stated in terms of weight percentage).
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Fig. 9. Placement of the modal analysis results of sandstone samples in the recycled orogen field in (A) QtFL diagrams

(Dickinson et al., 1983) and (B) Q. FL; (Dickinson et al., 1983).
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Fig. 12. The geochemical data of the studied shale samples in (A) the two-variable diagram of Roser and Korsch (1986), which
are placed in the area of island arc and active continental margin to determine the tectonic setting. (B) Plotting the above data
in Bhatia's diagram (1983), which are in the range of continental and oceanic island arcs, and (C) Drawing the studied samples
in Croonenberg's triangular diagram (1994), which is also in the continental and oceanic island arc fields.
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Fig. 13. Plotting of the major oxides data of the Arc Section shale samples in (A) Verma and Armstrong-Altrin (2013)
diagram by using the new discrimination functions (equations in part B of the picture) that most of the data are placed

in the collisional tectonics setting (Col).
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Abstract

The Arc Section in the northwest of Birjand is located in the eastern Iran structural zone. The
petrography and geochemistry of siliciclastic deposits of this section have been studied in order to
determine the lithology and tectonic setting of the source area. Petrographic evidence of sandstone
samples, including types of monocrystalline and polycrystalline quartz with non undulose and undulose
extinction, the abundance of sedimentary rock fragments and to a lesser extent metamorphic and
volcanic lithics, as well as drawing results of the modal analysis of these samples on the tectonic
provenance diagrams show that the studied sandstones are the result of recycled orogeny and post
collision. Also, based on the geochemical analysis of the major elements of the shale samples, these
sediments originate from igneous rocks and belong to the collision tectonic setting. The sistan suture
zone is placed between two continental blocks of Lut and Afghan. According to most researchers,
subduction of the oceanic crust has played a very important role in the tectonic evolution of this region.
The recent studies show that due to the westward subduction of the Sistan Ocean in the Early to Middle
Cretaceous, the upper mantle was pushed under the Lut block and the collision between the Lut and
Afghan blocks along the Sistan collision zone probably occurred in the Upper Cretaceous. Combining
above data and comparing it with the tectonic evolution of the region shows that the results of this study
can be used to reconstruct the paleogeography of this area.

Keywords: Mineralogy, Major oxides, Collision setting, Upper Paleocene- Lower Eocene, Northwest
of Birjand

Introduction weathering,  sorting  processes  during

Clastic sedimentary rocks provide valuable
information about the composition, tectonic
setting and evolution of the continental crust.
As evidence of the old upper crust, these rocks
may have been remobilized by erosion and
covered by other sedimentary deposits or ice or
buried deep in the crust. Although the
petrographical study of sandstones reveals
processes related to the origin, tectonic setting,
depositional environment and transportation of
clastic particles, but because the grains of the
sandstone framework change under the
influence of compression and burial, it may be
difficult to draw conclusions. If the accuracy of
geochemical data enables researchers to detail
understand the evidence in clastic rocks. Since
the chemical composition and mineralogy of
clastic sedimentary rocks are affected by
various factors such as source rock properties,

transportation, sedimentation and diagenetic
processes a combination of petrographic and
geochemical information of siliciclastic
sedimentary rocks can determine the nature of
the source area, the tectonic setting of the
sedimentary basins and the paleoclimate
conditions. The studied area is a part of the
eastern Iran structural, which in the division of
sedimentary-structural zones of Iran by
Aghanbati (2004) is called as the eastern Iran
flysch and is located in the vicinity of the
northwest margin of Lut block. In the eastern
Iran flysch zone, there are no rocks older than
the Cretaceous outcrops. In Birjand area, the
sedimentation of Paleogene sedimentary
sequences started from Paleocene-Eocene,
following the action of the Laramide orogenic
phase, and continued until the end of the
Middle Eocene. Most of the researchs of the
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Paleocene-Eocene deposits in the northwest of
Birjand is focused on structural studies such as
geometrical-kinetic analysis of folds, as well as
paleontology, sedimentology and sedimentary
environment studies of carbonate units. Since
the investigations of  sedimentology,
petrography and geochemistry of siliciclastic
rocks in this area are very limited and any study
has been done in this field in the Arc section, it
seems necessary to study the mentioned cases.
The Arc stratigraphic section is located 70 km
northwest of Birjand and 40 km northwest of
Khosuf. The Birjand-Tabas main road is the
most important way to reach the studied
section. The geographic location of the Arc
section is 33 ° 1 ' 13.67 " north latitude and 58
°40 ' 7.16 " east longitude, which is placed
within the 1:100000 Moussavieh geological
map.

Materials & Methods

65 fresh rock samples have been collected from
the siliciclastic sedimentary sequence of the
Arc section for the study of stratigraphy and
sedimentology. 10 sandstone thin sections of
studied sequence have been prepared and
studied by polarizing microscope.
Mineralogical composition of sandstone
samples was determined by modal analysis.
Point counting was done using the Gazzi-
Dickinson method. About 300 points were
counted for each section.

Sandstone samples were classified based on
compositional classification of Folk (1980). 11
shale samples from the studied sequence have
been selected for geochemical analysis. The
amount of the main element oxides of the
above samples was measured by the ICP-OES
device at Zar Azma Company in Tehran.

Discussion of Results & conclusions

Modal analysis of the detrital grains of
sandstones framework is widely used for
provenance studies. Therefore, the
mineralogical ~ composition of  clastic
sedimentary rocks is usually used as a sensitive
indicator of origin, climate and tectonics.
Several researchers. have investigated the
relationship between tectonic setting and
petrography of sandstones. The findings of the
mentioned  investigations show  that
petrographic studies of framework grains of
sandstones (detrital modes) can be used to
determine the provenance tectonic setting and
associated sedimentary processes. In terms of

texture, the studied sandstones are generally
medium to coarse-grained (0.34 to 0.89 mm)
and are moderately to well sorted. The grain
shape is often subangular to subrounded, and
the grain contacts varies from point to suture
contacts. The above sandstones are made of
framework grains, minor minerals, cement and
pore space. The constituent grains of the rock
framework include quartz, feldspar, and rock
fragments, while minor minerals include
muscovite and opaque heavy minerals. The
rock cement is mostly carbonate (calcite) and
iron oxide. Based on the percentage of clay
matrix, roundness and sorting of grains, the
above sandstones are submature. The studied
samples, based on mineralogical composition
(total quartz, feldspar and rock fragments)
(Folk, 1980) are litharenite. The abundance and
specificities of the sandstone framework
detrital grains in the Arc section indicate the
presence of old igneous, metamorphic and
sedimentary rocks in the source area.
Considering the litharenite composition and
the abundance of sedimentary fragments of the
studied samples, it seems that the erosion of
older sedimentary deposits also played a role in
the formation of sandstones in this region. In
other words, a variety of source rocks,
including old igneous, metamorphic and
sedimentary rocks, have been involved in
creating the components of the studied
sandstones. According to the geological map of
the region, the Cretaceous volcanic and
intermediate igneous (basalt, tuff and andesite)
and flysch  units (shale, sandstone,
conglomerate and limestone) are existing in the
northeast and east of the study section that can
be considered as sedimentary and igneous
source rocks of this sequence. The alternation
of Cretaceous volcanic and sedimentary units
indicates the possibility of metamorphism in
the sedimentary units of this region, which can
provide metamorphic quartz and rock
fragments of this collection. The point
counting results of the above sandstones in the
QuFL:;, QuPK, Q,L/Ls and QFL diagrams
show that most of the samples are placed in the
limits of collision suture zone, recycled
orogenic with igneous tectonic provenance.
The studied sandstones have a quartz lithic
composition. They have low amounts of
feldspar and high ratio of Quw/Qp and L¢L.,,
which correspond with the plot of the above
samples in the collision suture zone, recycled
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orogenic with igneous tectonic provenance
fields.

The study of the siliciclastic sedimentary rocks
provenance is often done in order to understand
the geological composition and evolution of
the source area and to determine the
sedimentary  basin tectonic setting. In
geochemical investigations of provenance,
fine-grained sedimentary rocks such as shales
are more important because they contain
mineralogical components of the mother rock
and reflect the characteristics of the
composition of the source area crust better than
other clastic sedimentary rocks (Haque and
Roy, 2020). The composition of the main
element oxides of the Arc shale samples has
been used to determine the sedimentary
provenance by using the various provenance
discriminating diagrams. Based on mentioned
diagrams, studied samples probably have
igneous source rocks. The siliciclastic rocks
with different tectonic settings have their own
geochemical characteristics. The tectonic
setting diagrams have acceptable results for
clastic rocks that are not affected by post
depositional weathering and metamorphism.
There are bivariate diagrams of major and
minor element geochemistry that have been
used by various researchers to determine the
tectonic setting of sandstones and shales.
Various plots of our data in the above diagrams
indicate that the tectonic setting of studied
shale source area probably is collision setting.
The Sistan suture zone in eastern Iran is an
ambiguous branch of the Neotethys with a
north-south trend that has undergone a
complex tectonic history. The sistan suture
zone is placed between two continental block
of Lut and Afghan. According to most
researchers, subduction of the oceanic crust has
played a very important role in the tectonic
evolution of this region. Studies by Pang et al.
(2013) also shows that due to the westward
subduction of the Sistan Ocean in the Early to

Middle Cretaceous, the upper mantle was
pushed under the Lut block and the collision
between the Lut and Afghan blocks along the
Sistan collision zone probably occurred in the
Upper Cretaceous. Among the evidences of
this collision, we can mention the placement of
adakite intrusive masses (86 million years old)
and A-type granites (55 million years old) in
the collision zone of Sistan. According to what
has been mentioned, before the deposition of
siliciclastic sediments of the Upper Paleocene-
Lower Eocene age, the area was tectonically
active and probably there were collisional zone
in this area. Therefore, the results of tectonic
setting  investigations using petrography
(recycled orogenic regions) and geochemistry
of studied sandstone and shale samples are
approximately consistent with the tectonic
setting of the eastern zone of Iran at this time.

Conclusions

The petrographic studies of the samples studied
in Arc section (northwest of Birjand) show that
these sandstones are litharnite in terms of
composition. Petrographic observations and
plotting clastic mode results on QFL, QuFL;
and QnPK diagrams show that the Upper
Paleocene-Lower Eocene sandstones of this
section are the result of collision zones and
recycled orogenic zones. The geochemical
study of shale samples and the drawing of
tectonic setting discriminant diagrams based
on the major oxides indicate the collision
setting  (especially  continental-continental
collision) for these data. The combination of
petrographic, geochemical and geological data
indicate that the studied samples have possible
main igneous and sedimenatry source rocks
with minor metamorphic sources. Examining
the tectonic evolution of the Sistan suture zone
at this time shows that the results of this study
are close to the real tectonic setting of the
region.



