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Combined petrographic and geochemical data of the siliciclastic sedimentary rocks from the Shemshak Group in the north-
eastern Alborz Mountains, north of Iran are described, together with their implications for palaeoweathering, their prove-
nance, and tectonic setting. Based on field observations and modal composition, the sandstones are classified as
litharenites. The chemical index of alteration (CIA) indicated that the source terrains underwent a moderate intensity of
chemical weathering. The index of chemical variation (ICV) values indicated that the Shemshak Group rocks were immature
and related to a source area with an active tectonic regime. Major, trace and rare earth element (REE) data suggested the
domination of mixed sedimentary (recycled) and igneous rocks in the source area of the Shemshak Group. Petrographic and
geochemical characteristics of Shemshak Group rocks suggest an active continental margin (ACM), which corresponds to
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the collision of the Iran plate with the Turan plate.
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INTRODUCTION

The geochemistry of siliciclastic rocks is strongly influ-
enced by various factors including source rock composition,
tectonic setting, weathering, transportation mechanism as
well as depositional and diagenetic processes (Suttner, 1974;
Roser and Korsch, 1986). Many studies have documented
that the geochemical composition of sandstones and shales
provides significant clues to assess provenance, tectonic set-
ting and palaeoclimate of the source area (e.g., McLennan et
al., 1993; Cullers, 2000; Armstrong-Altrin, 2009; Nagarajan et
al., 2015, 2017; Armstrong-Altrin et al., 2017, 2018). The
siliciclastic Shemshak Group (Upper Triassic—Middle Juras-
sic) is one of the most extensive lithostratigraphic units of the
Iran Plate, widespread across the northern Alborz and East
Central Iran of the Iranian plate (Tabas and North of Kerman;
Fursich et al., 2009). Numerous studies have documented

* Corresponding author, e-mail: m_jafarzadeh@shahroodut.ac.ir

Received: February 28, 2018; accepted: May 23, 2018; first
published online: October 24, 2018

lithostratigraphic, sedimentological and palaeontological as-
pects of the Shemshak Group (e.g., Seyed-Emami et al,
2006; Fursich et al., 2009; Shekarifard et al., 2009; Zanchi et
al., 2009; Moosavirad et al., 2011, 2012; Abbassi and
Madanipour, 2014; Salehi et al., 2017). These studies have
shown that the Shemshak Group is composed largely of
siliciclastic rock, locally reaching up to 4000 m in thickness.
There are widespread coal beds in this siliciclastic succession
and its sedimentary environments range from proximal alluvial
fans to deep marine (Fursich et al., 2005, 2009; Zanchi et al.,
2009). From a palaeotectonic point of view, there are two un-
conformities at the top and bottom of Shemshak Group: baux-
ite-laterite deposits characterize the contact with the underly-
ing platform carbonates of the Elikah Formation; the contact
with the overlying platform represents a sharp change from
siliciclastic rocks to Middle-Upper Jurassic carbonate plat-
form-basin rocks (Fursich et al., 2009, 2017). Nevertheless,
the provenance and source area conditions of the Shemshak
Group siliciclastic rocks in the Alborz Mountain, in terms of pe-
trography and geochemistry of the sandstones and shales,
have not previously been studied in detail. This study exam-
ines the petrography and geochemistry of siliciclastic rocks of
the Shemshak Group in the northeastern Alborz Mountain and
investigates the source rock characteristics, palaecoweathe-
ring and tectonic setting of the source terrain.
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GEOLOGICAL SETTING AND STRATIGRAPHY
OF THE STUDY AREA

Alborz Mountain in northern Iran is a part of northern Hima-
layan-Alpine range, located around the southern parts of the
Caspian Basin (Rad, 1986). The collision between the Iran and
Turan plates (part of Eurasia) in the Late Triassic was mainly
responsible for the present framework of Alborz with an overall
>12 km thick exposed Precambrian to Recent sedimentary suc-
cession (Stocklin, 1968; Rad, 1986; Zanchi et al., 2009). The
uppermost Precambrian-Middle Triassic part of these sedimen-
tary successions was deposited along a passive continental
margin setting. During the Middle-Late Triassic, Eo-Cimmerian
orogenesis deformed the successions and the terrigeneous
Shemshak Group (Upper Triassic—-Middle Jurassic) overlies
this succession with angular unconformity. The siliciclastic
Shemshak Group is widespread across large areas of the Iran
plate especially in northern Alborz and East Central Iran
(Fursich et al., 2009; Wilmsen et al., 2009; Fig. 1). During the
end of the Middle Triassic, the Iran plate, which was originally
part of the northern Gondwana, collided with the Turan plate of
Eurasia (e.g., Saidi et al., 1997; Stampfli and Borel, 2002). After
this Early Cimmerian orogeny, the Palaeotethys Ocean be-
tween the Gondwana and Eurasia was closed. This event re-
sulted in the deposition of shallow-water carbonates (Middle

Triassic) of the Elika Formation in Alborz being replaced by
siliciclastic sedimention of the Shemshak Group.

Assereto (1966) defined the Shemshak Formation, the type
area being near the Shemshak area, north of Tehran situated in
the upper Ruteh Valley. Because of its immense thickness in
different areas of Alborz and Central Iran, its rank was changed
to a Group (e.g., Corsin and Stampfli, 1977; Seyed-Emami,
20083; Fursich et al., 2009). Corsin and Stampfli (1977) divided
the Shemshak Group of northeastern Alborz into three mem-
bers: lower (Upper Triassic), middle (Lower Jurassic) and upper
members (Middle Jurassic) (Fig. 2). The Shemshak Group de-
posits are commonly referred to as terrestrial deposits (fluvial
and deltaic; Rad, 1986), however, based on the fossil assem-
blages a few authors assigned marine intervals that are re-
ported from several localities (e.g., Fursich et al., 2009). The
Shemshak Group, in the eastern and northeastern Alborz Ba-
sin, disconformably rests on the Elika Formation. A ferricrete
palaeosol zone associated with this disconformity indicates
subaerial exposure of the Triassic rocks (Rad, 1986). The
Shemshak Group is conformably overlain by the Farsian For-
mation, the contact being marked by a distinct lithological
change (Najafi-Hajipour, 2009; Fig. 2). The Farsian section in
the Ghoznavi—Farsian area, which is located along the
Shahrood—Azadshahr road, has been measured in this study
(Fig. 1). In the study area, the thickness of the Shemshak Group
is ~1250 m (Fig. 3) and the base of the section studied (lower
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Fig. 1. Location map showing the distribution of the Shemshak Group deposits
in the eastern Alborz Range of northern Iran
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Fig. 2. Lithostratigraphic column
of the Shemshak Group in northeastern Alborz
(Corsin and Stampfli, 1977); not to scale

member) is represented by sandstones with intercalation of
shales and siltstones (Fig. 4A). This part is overlain by sand-
stones and shales of the middle member, arranged in thicken-
ing upwards cycles (Fig. 4B). The sandstones are fine to me-
dium-grained, some parts showing erosional bases locally with
clay chips. Sedimentary structures include planar cross-stratifi-
cation and asymmetrical ripple marks (Fig. 4C). Plant remains
and root horizons are prevalent throughout the succession. The
strata are often olive-grey in colour. The upper member of the
Shemshak Group is characterized by monotonous, dark
grey—olive-grey shale (Fig. 4D). The coal deposits of the Shem-
shak Group were derived from this upper member.

METHODS

Fifty sandstone and shale samples were collected from the
Farsian section. Among them, 16 fresh sandstone samples
were selected for detailed petrographic analysis and the Gazzi-
-Dickinson method was used for the point-counting analysis
(Ingersoll et al., 1984). The strategy for sample selection was
based on petrography to choose the least altered, fine- to me-
dium grained sand-size samples, and to represent the entire
succession of the Shemshak Formation. Nineteen sandstone
and 6 shale samples were selected to determine their chemical
composition. Geochemical analysis of crushed and powdered
samples was done at Acme Analytical Laboratories, Canada.
Analysis package LF200 was chosen due to its extensive list of
elements analysed. Major oxides and minor elements were
analysed following a lithium metaborate/tetraborate fusion
ICP-ES and REE were analysed by ICP mass spectrometry.
Weight difference after ignition at 1000°C was used to deter-
mine loss on ignition (LOI). Each analysis was done in duplicate
with a reproducibility found to be <2%. Analyses of standard
materials indicate that the results are generally accurate to
within £10%.

RESULTS

PETROGRAPHY

The petrography of the sandstones of the Shemshak Group
at the Farsian section was analysed to define the provenance
and tectonic setting. Detrital modal composition of the sand-
stones, recalculated to percentage, is reported in Appendix 1*.
The major constituents characterized in these sandstones are
quartz (monocrystalline and polycrystalline), feldspars and rock
fragments. Among quartz grains, monocrystalline quartz (Qm)
is higher than polycrystalline quartz. Monocrystalline quartz
grains show straight to slightly undulose extinction (Fig. 5A, B).
The sandstones contain minor amounts of feldspar grains in-
cluding K-feldspar and plagioclase, with plagioclase dominating
over K-feldspars (Fig. 5B). The rock fragments are dominantly
sedimentary (chert, shale and siltstone fragments, respectively)
and metamorphic fragments (phyllite and schist fragments, re-
spectively; Fig. 5C, D).

GEOCHEMISTRY

Major element concentrations. The major element con-
centrations of the Shemshak Group sandstones are reported in
Appendix 2. The sandstones of the Farsian section have mod-
erate SiO, contents ranging from 45.4 to 82.5 wt.% (mean 67%;
Appendix 2). The SiO, contents of shales from the Farsian sec-
tion vary from 58.1 to 71.5 wt.% (mean 62.3%). Al,O3 content
ranges from 4.9 to 10.9% (mean 7.3%) in the sandstones. In
contrast, shale samples have higher Al,O3; contents ranging
from 13.7 to 19.2% (mean 17.53%). Both sandstone and shale
have similar KO contents (mean 0.96% and respectively).
Chemical composition of detrital sediments depends on grain-

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1433


https://gq.pgi.gov.pl/rt/suppFiles/25954/

Geochemistry of siliciclastic rocks from the Shemshak Group (Upper Triassic—Middle Jurassic), northeastern Alborz... 525

= 5 ﬁ é LIJ% s » 5 3 é I_u%
T8 &lelzgg & | 2E o8 Flelggl o | 2E
o |zl& 368 & | 38 o |=|& |3|88 & =3
5 | 6|9 = 59 o_|olo £ (> 59
«5°
: 1250
. Sk68
Q o - °
g)) 6 8 ~— MK85 = 1200
®© |3 = -~ SK60's o]
- |[O ' =
o 700 =
S s
—sks8 | -,
- Sk55 R 1100 —SK87
“ —
(]
| &
600 T o A E
n c
~— SK53 - N [
O € —MK86
‘D w
e
o | ) ) 1000
- Sk50 .
500 "
g --Sk83
-~ SK49 B ~—Mk82
o | * - 900
' 1 ——Sk80
- Sk48
v 400 'q‘_) .
© ~— Sk45 = .
e 5 o \
. UE) = 2 g
(72} 9 '
%) o |- g
] e g - Sk73
— w
=
300
—— Sk41
[ - Sk35
()]
Q.
[oX
) - Mk32
- Sk31
200 orthoquartzite
conglomerate
- Sk27 e ¢f Polymictic
KA conglomerate
- Mk14
- sandstone
Izl shale
100
E siltstone
- Mk13
- Sk11 ]
- laterite
20
- limestone [m]
- 0
Sk8 I coal seam
Triassic | Elika

Fig. 3. Lithostratigraphic column of the Shemshak Group in the Farsian outcrop
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Fig. 4. Field photographs of Shemshak Group strata

A —lower boundary of the Shemshak Group with the Elika Formation near the village of Ghoznavi; B — thickening
and coarsening-upwards cycles in sandstones and shales of the middle member; C — planar cross-bedding in
sandstones of the middle member of Shemshak Group; D — upper boundary of the Shemshak Group with the
Farsian Formation in south of the village of Farsian
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Fig. 5. Selected thin-section photomicrographs of detrital grains of sandstones from the Shemshak Group

A — photomicrograph showing mainly monocrystalline quartz grains with slightly undulose extinction (red arrows).
B — quartz grain with straight extinction (red arrow) and plagioclase (yellow arrow) grain with twinning; C — sedi-
mentary chert (red arrows) and metamorphic rock fragments (yellow arrow); D — shale fragments (yellow arrows) in
sandstone with a carbonate cement
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Fig. 7. Geochemical classification of sandstone and shales
of the Shemshak Group (Herron, 1988)

-size, with high Al,O3 content in fine-grained sands and high
SiO; in coarse-grained sands, which also is reflected in the min-
eralogical composition (Vital and Stattegger, 2000; Armstrong-
-Altrin et al., 2013, 2015). Fe,O3 content in the sandstones
ranges from 2.3 to 7.2% (mean 3.76%) in the Farsian section.
By contrast, shale samples have slightly higher Fe,O3 contents
and vary from 3.1 to 8.7% (mean 6.0%). By comparison with av-
erage upper continental crust (UCC; Taylor and McLennan,
1985) the MnO and CaO contents in the Farsian sandstones
are slightly enriched, but TiO,, P,Os, MnO, Al,O3, Fe,O5 as well
as Na,O, K0 are depleted (Fig. 6). The shale samples show
slightly depleted Na,O and K,O contents, whereas MnO is
slightly enriched by comparison with UCC. Based on the Herron
(1988) diagram, the samples analysed are classified as shales,
wackes and litharenites (Fig. 7), consistent with the petro-

graphic data (Fig. 5). In Figure 8, a linear trend from sand to
mud is observed, which is due to the grain-size variations in the
detrital sediments. However, Na,O, MnO and CaO show differ-
ent patterns. In the sandstones, Na,O is positively correlated
with Al,O3, while this correlation is negative for the shale sam-
ples. In the sandstones and shales, MnO and CaO are nega-
tively correlated against Al,O;. The correlation is not significant
between SiO, and Al,O; in the sandstone and shale indicating
that much of the SiO; is present as quartz grains (Armstrong-
-Altrinetal., 2013, 2014). This observation is consistent with the
high concentration of SiO, in the sandstones and shales
(>63%; mean value 82 and 67%, respectively; Appendix 2).

Trace and rare earth element concentrations. The trace
and REE concentrations of the Shemshak Group are listed in
Appendix 3 and 4, respectively. The UCC-normalized trace el-
ement concentrations are shown in Figure 9. In comparison
with average UCC, Sr, Rb and Ba in the Farsian section is
strongly depleted. Other trace elements such as Nb, U, Th, Hf
and Zr are slightly depleted relative to UCC. However, sam-
ples SF80, SF45 and SF83 are enriched in Hf and Zr. The
trace elements with values higher than 100 ppm are Zr
(78-259 ppm in the sandstones and 174-306 ppm in the
shales) and Sr (58-222 ppm in the sandstones and
56—123 ppm in the shales), while the concentration of other
trace elements is <100 ppm. The content of total REE (?REE)
varies from 73 to 147 ppm in the sandstones (average = 93
ppm) and from 134 to 171 in the shales (average = 148.14
ppm). The concentration of light REE in the sandstones and
shales (~8-15.5 and ~15.7-22 ppm, respectively) is higher
than that of the heavy REEs (~8-15.5 and ~16-22 ppm, re-
spectively). The chondrite-normalized REE patterns of the
Shemshak Group sandstones and shales are shown in Figure
10. The ?REE content varies widely and all samples show
LREE-enriched flat HREE patterns. The Eu anomaly is nega-
tive and the mean value of Eu/Eu’ is 0.71 in sandstones and
0.67 in shales of the Farsian section (Fig. 10).
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Fig. 8. Bivariate diagrams for sandstone and shale samples of the Shemshak Group

INTERPRETATION AND DISCUSSION

PALAEOWEATHERING AND SEDIMENT RECYCLING

Chemical weathering may modify the geochemistry and
mineral composition of siliciclastic sediments during transport
and deposition (Nesbitt and Young, 1982; MclLennan et al.,
1993; Ramos-Vazquez et al., 2017). The chemical index of al-
teration (CIA; Nesbitt and Young, 1982) is a common method to
evaluate the relationship between alkali and alkaline earth ele-
ments, and the weathering history of siliciclastic rocks. Higher
CIA values (80—100) reflect the removal of labile cations (Na®,
K", Ca®) relative to residual cations (Al*®) and are an indicator
of intense weathering in the source terrains, whereas lower val-
ues (<60) represent lesser weathering (Fedo et al., 1995). The
CIA can be calculated by an equation: CIA = [Al,O3/(Al,03 +
Ca0* + Na,O + K;0)]-100. All the oxides are in molecular pro-
portion and CaO represents Ca in silicate minerals. The CIA
values in the Shemshak Group range from ~52 to 71 and ~58 to
81 in the sandstones and shales, respectively. These values in-
dicate a moderate degree of chemical weathering in the source
areas. Suttner and Dutta (1986) proposed a bivariate diagram
of SiO, versus AlLbO3; + K;O + Nay,O to determine the climatic
condition of the source area. This plot revealed a high probabil-
ity of a humid climatic condition in the source area (Fig. 11).

Leaching of Sr compared to Rb is also an indicator of in-
tense chemical weathering and diagenesis (Nesbitt and Young,
1982). High Rb/Sr ratios (>1) are indicators of sediment recy-
cling and strong weathering (MclLennan et al., 1993). The Rb/Sr

ratios in Shemshak Group sandstones (~0.1-0.87; average =
0.37) and shales (~0.35-0.99; average = 0.66) are lower than
the average PAAS (0.80; Taylor and MclLennan, 1985) sug-
gesting a simple recycling history. Recycling of sediments with
strong and repetitive weathering under oxidizing conditions may
increase the fractionation of Th and U, and the oxidation of U™
to U*® leads to a loss of U, which consequently causes an in-
crease in the Th/U ratio. The Th/U ratios of the Shemshak
Group sandstones (~1.9-5.5; mean = 3.6) and shales
(~3.4—4.3; mean = 3.8) are similar to the average value of UCC
(3.8; MclLennan and Taylor, 1991), indicating a moderate de-
gree of chemical weathering in the source area and a simple re-
cycling history. Based on the geochemical indicators and plant
remains such as Dictyophyllum, Otozomites, Pterophyllum and
Zamites, Najafi-Hajipour (2009) proposed a subtropical climate
for the Shemshak Group.

The Index of Compositional Variability (ICV; Cox et al.,
1995) is commonly used by researchers to evaluate sediment
maturity (Armstrong-Altrin, 2009; Tapia-Fernandez et al., 2017;
Hernandez-Hinojosa et al., 2018). The ICV can be calculated
based on the equation ICV= (CaO + K;0 + Na,O + Fe,05' +
MgO + MnO + TiO,)/Al,O3 The ICV values of the Shemshak
Group range from 0.99 to 5.58 (mean = 2.40) and 0.79 to 1.56
(mean = 1.16) in the sandstones and shales, respectively
higher than that of PAAS (~0.89) indicating that these samples
represent first cycle immature sediments and are related to ar-
eas with an active tectonic regime (Cox et al., 1995). The mod-
erate weathering in the source area also reveals that the sedi-
ments were probably supplied from a rapidly uplifted region.
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PROVENANCE IMPLICATIONS

The modal composition of the Shemshak Group sandstones
indicates the quartzolithic petrofacies, which suggests that these
sandstones are composed of recycled sedimentary materials.
The geochemistry of clastic rocks is also widely used to infer the
composition of the source rocks and the tectonic setting of the
source area (Gabo et al., 2009; Verma and Armstrong-Altrin,
2013, 2016; Armstrong-Altrin et al., 2015; Basu, 2016; Verma et
al., 2016). The major element based discriminant function dia-
gram of Roser and Korsch (1988) was used to discriminate the
provenance of sandstone and shales of the Shemshak Group,

and this suggests that the sediments were derived from
quartzose sedimentary (felsic) and intermediate igneous prove-
nances (andesitic) (Fig. 12A). In addition, a bivariate diagram of
TiO, versus Zr shows that the source rocks of the Shemshak
sediments were more felsic than intermediate types (Hayashi et
al., 1997; Fig. 12B). Trace elements in siliciclastic deposits can
be used to investigate the source rocks, because incompatible
elements (e.g., Th, U, Zr, Nb, Y) are enriched in felsic rocks and
compatible elements (e.g., Ni, Co, Cr, V) are abundant in mafic
and ultramafic rocks (Cullers, 2000; Armstrong-Alirin et al.,
2004). However, a recent study by Saha et al. (2010) shows that
although the trace element concentrations in siliciclastic sedi-
ments are suitable to discriminate felsic and mafic rocks, a mafic
source does not necessarily imply arc-derivation. Sedimentary
processes such as weathering and diagenesis do not signifi-
cantly affect REE, Th and Sc contents (Mongelli et al., 2006)
though the relative mobility of LREE and HREE may vary with re-
dox conditions (Basu et al., 2016). A few trace elements such as
Zr, Hf, and Ti are strongly influenced by fractionation of heavy
minerals and hydraulic sorting (McLennan and Taylor, 1991). A
Zr/Sc-Th/Sc diagram proposed by McLennan et al. (1993) is
used to infer source rock composition, and this indicates felsic
and intermediate source rocks for the Shemshak Group (Fig.
12C). A bivariate diagram of La/Th—Hf is also used to discrimi-
nate source area types (Fig. 12D; Floyd and Leveridge, 1987).
On this diagram (Fig. 12D), most shale samples plot in the mixed
felsic and mafic source fields. Chondrite-normalized REE pat-
terns were also used to reveal the source area composition of the
Shemshak samples (Fig. 10). Almost all samples have clear
negative Eu anomalies, reflecting their derivation from a felsic
provenance (e.g., Yang et al., 2012; Wang et al., 2018).
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Fig. 12. Discrimination diagrams for sandstone and shale samples from the Shemshak Group

A — provenance discrimination diagram (Roser and Korsch, 1988); B — TiO, versus Zr bivariate
diagram (Hayashi et al., 1997); C — Zr/Sc versus Th/Sc bivariate diagram (McLennan et al., 1993);
D — La/Th versus Hf bivariate diagram (Floyd and Leveridge, 1987)
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One of the main factors which controls the type of detrital
grains and geochemical composition of clastic sedimentary
rocks is the tectonic setting of the source area (Dickinson and
Suczek, 1979; Roser and Korsch, 1986; Armstrong-Altrin,
2015), because rocks from various tectonic settings have differ-
ent mineralogical and chemical compositions (Bhatia and
Crook, 1986; Verma and Armstrong-Altrin, 2013, 2016). Be-
sides the close relationship between sand composition and tec-
tonic setting, quantitative detrital modes of sandstones are also
used to identify the tectonic setting of ancient basins of the
source terranes (e.g., Dickinson and Suczek, 1979; Basu,
2016). Triangular plots of Qm-F-Lt and Qt-F-L (Dickinson et al.,
1983) suggest that the Shemshak sandstones were derived
from lithic to transitional recycled sources (Fig. 13). Sandstones
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Fig. 14. Tectonic discrimination diagrams for the sandstone and
shale samples from the Shemshak Group

A — discrimination diagram based on major element composition (after
Roser and Korsch, 1986; ARC — oceanic island arc; ACM — active continen-
tal margin; PM — passive margin). B — major element based tectonic dis-
crimination plots for the low-silica samples (after Verma and
Armstrong-Altrin, 2013): DF1(Arc-Rift-Col)m1 = [-0.263 x In(TiO2/SiO5)agj]
+ [0.604 x |n(A|203/Si02)adj] + [-1.725 x In(FeZO3t/SiOz)adj] + [0.660 x
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the high-silica samples (Verma and Armstrong-Altrin, 2013):
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composed of recycled sedimentary materials have quartz and
abundant lithic fragments of sedimentary-metasedimentary
composition (Dickinson and Suczek, 1979). This quartzolithic
petrofacies identified in sandstones of the Shemshak Group is
also reported in the north of Alborz Range (Zanchi et al., 2009)
and Central Iran (Salehi et al., 2017).

The discrimination diagrams of Bhatia (1983) and Roser
and Korsch (1986) have been used commonly to decipher the
tectonic setting of ancient sedimentary basins (Nowrouzi et al.,
2014; Jafarzadeh et al., 2014; Ogala et al., 2015; Vosoughi
Moradi et al., 2016). In this study, we used three diagrams
based on major, trace and rare earth elements for deciphering
the tectonic setting of the source area. As shown on the widely
used K,O/Na,O logarithmic ratio against SiO, diagram of Roser
and Korsch (1986), most of the samples plot in the active conti-
nental margin (ACM) field and six samples including a shale
sample plot in the continental island arc field (CIA). Also three
samples plot in the passive continental margin field but near to
the boundary with the active margin field (Fig. 14A). Arm-
strong-Altrin and Verma (2005) evaluated the tectonic discrimi-
nation diagrams of Roser and Korsch (1986) using Miocene to
Recent deposits and identified a low percentage success rate,
which varies from 31.5 to 52.3%. Recently, based on the log-ra-
tio transformation ratio of major oxides, Verma and Armstrong-
-Altrin (2013) proposed multi-dimensional tectonic discrimina-

tion diagrams for high silica (SiO,= 63-95%) and low silica
(SiO, = 35-63%) samples (Fig. 14B, C). On these discrimina-
tion diagrams (Fig. 14B, C), although few sandstone samples
plot in the arc field most of them plot in the collision field. These
results suggest a collisional setting for the Shemshak Group.
As mentioned previously, we compared the geochemical re-
sults with petrographic data. We did not find any evidence for an
island arc setting using petrographic data and so consider that a
collision setting may be more reasonable for the Shemshak
Group. Considering the palaeogeography, the Shemshak
Group is commonly regarded as the Cimmerian foreland
molasse produced by the Early Cimmerian orogeny (collision
between the Iran and Turan plates) during the early Late Trias-
sic (Rad, 1986; Alavi, 1996; Wilmsen et al., 2009). Fursich et al.
(2006) showed that the evolution of the depositional basin of the
Shemshak Group is complex. Wilmsen et al. (2009) stated that
initial Cimmerian collision started with synorogenic peripheral
foreland deposition in the Late Triassic while simultaneously the
Lower Shemshak sediments were deposited (Fig. 15A). Chan-
ge from the Elikah Formation (platform carbonates) to the
Shemshak Group (continental/marine siliciclastic deposits) oc-
curred between the Carnian and the Norian (Zanchi et al.,
2009). Neotethys subduction below Iran shifted south in the
Norian and rapid uplift of the Cimmerides occurred after slab
break-off around the Triassic-Jurassic boundary. This was fol-
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Fig. 15. Structural evolution of the Alborz Basin during the deposition of Shemshak
Group sediments in an active continental margin (A and B) and back arc setting (C)
(modified from Wilmsen et al., 2009)
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lowed by the deposition of Liassic post-orogenic molasse (mid-
dle Shemshak) sediments (Wilmsen et al., 2009; Fig. 15B).
During the Toarcian—Aalenian, the time of upper Shemshak
Group deposition, Neotethys backarc rifting created a deep ma-
rine basin and led to the deposition of organic-rich fine-grained
siliciclastic sediments during the Aalenian, which filled the
young rifted basin (Fig. 15C). Coincidence of the extensional
event with the Eo-Cimmerian orogeny suggests that it may
have been an effect of the peripheral bulging of the foreland in-
duced by the collision (Zanchi et al., 2009).

CONCLUSIONS

Modal and mineral compositions of Shemshak Group sand-
stones indicate that they are composed dominantly of quartz
(monocrystalline and polycrystalline), feldspars and rock frag-
ments (sedimentary and metamorphic rock fragments) and pro-
vide evidence of distinctive quartzolithic petrofacies. The
quartzolithic composition of the sandstones reveals a “recycled
orogenic provenance”. CIA values indicate that the source area
underwent a moderate grade of chemical weathering and the

SiO, versus Al,O3; + K,O + Na,O diagram indicates a humid cli-
mate in the source area. Various provenance discrimination di-
agrams based on major elements show mixed recycled sedi-
mentary (felsic) and intermediate (andesitic) igneous rocks,
which dominate in the source area. Trace and REE composi-
tions also suggest mixed felsic and intermediate provenances
for the Shemshak Group detrital deposits. On the tectonic dis-
crimination diagrams, a few samples plot in the arc field and
most of the sandstone and shale samples plot in the collision
field, while the petrographic study did not indicate an island arc
setting for the Shemshak sandstones. These results suggest a
collisional setting for the Shemshak Group, which is consistent
with the palaeogeographic evolution of Alborz and Central Iran
during the Middle Triassic to Jurassic interval (Wilmsen et al.,
2009).
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