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The Middle Eocene Akhoreh Formation is superbly exposed in the western corner of the Central-East Iranian Microcontinent
(CEIM). This formation covered the northeastern flank of the Cretaceous Nain Ophiolite Mélange (NOM) and is adjacent to
the Paleogene Urmieh—Dokhtar Magmatic Arc (UDMA) formed in the southwest of the CEIM. This terrigenous succession is
composed of a thin basal conglomerate followed by mostly pink to purple sandstones alternating with shales. The clast com-
position and clast imbrication of the conglomerates show local source areas towards the north-north-east. Modal compo-
nents of lower Akhoreh Formation sandstones reveals immature lithic arkose (QsFasl44) and feldspathic litharenite (QgF a4l as)
sandstones that are rich in mafic and ultramafic igneous and volcanic rock fragments. Mafic to ultramafic source rocks are
also indicated by geochemical data (enrichment of Mg, Cr and Ni and Cr/V) in the sandstone and shale samples analyzed.
However, geochemical data suggests an intermediate igneous rock origin for the shale samples studied, most likely from the
nearby continental arc. Based on petrographic data, these sandstones have characteristics of a transitional to undissected
arc tectonic setting. Geochemical discrimination diagrams using major and trace elements indicate an oceanic island arc
tectonic setting for the lower Akhoreh Formation sandstones and shales, probably due to a predominance of ophiolitic source
rocks. Furthermore, the chemical index of alteration and modal analysis indicate a weak to moderate degree of chemical
weathering with arid climatic conditions in the source area. The exhumed NOM, together with the UDMA in the southwest,
were dominant sources of sediment to the lower Akhoreh Formation, that lay to the north-east in a local retroarc basin of the
Central Iranian Microplate, during the Middle Eocene.
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INTRODUCTION tigraphy (Davoudzadeh, 1969, 1972; Shafaii Moghadam et al.,
2009; Torabi et al., 2011; Pirmia et al., 2013, 2020;

Shirdashtzadeh et al., 2014, 2015; Shirdashtzadeh and Torabi,

The Central-East Iranian Microcontinent (CEIM) structurally
consists of three units (the Lut, Tabas and Yazd blocks from
east to west, respectively) with several surrounding ophiolitic
suture zones, remnants of the Palaeo- and Neo-Tethys oceans
(Shafaii Moghadam et al., 2009; Torabi et al., 2011). The study
area lies in the western corner of the CEIM where an important
ophiolitic sutures zone, the Nain Ophiolite Mélange (NOM), rep-
resenting the largest and most complete Mesozoic mélange of
a Neo-Tethys oceanic branch emplaced onto the continental
basement, crops out (Fig. 1). This is overlain by remarkably
thick early Cenozoic (Middle Eocene—earliest Oligocene)
terrigenous “flysch-type deposits” which suggest marked exten-
sion. The NOM has been widely studied as regards its petrol-
ogy, geochemistry, geochronology and radiolarian biostra-

* Corresponding author: ma.salehi@sci.ui.ac.ir

Received: November 27, 2022; accepted: March 9, 2023; first
published online: May 26, 2023

2020). The Cenozoic succession, including the Middle
Eocene—earliest Oligocene Akhoreh Formation, superbly ex-
posed and overlying the eastern flank of the NOM, preserves
important evidence of the palaeogeographic and geodynamic
evolution of the CEIM. Provenance study of the siliciclastic de-
posits, via combined petrographic and geochemical analysis,
can provide information to help reconstruct the tectonic setting,
climate, weathering and parent-rock lithologies of the source
area (e.g., Dickinson et al., 1983; Armstrong-Altrin et al., 2015;
Garzanti and Resentini, 2016; Taheri et al., 2018; Critelli, 2018;
Armstrong-Altrin, 2020; Armstrong-Altrin et al., 2021; Jafar-
zadeh et al., 2022). Beside the major element/oxide composi-
tion of the clastic rocks which reveal provenance, trace ele-
ments can be used to differentiate felsic and mafic parent rocks
as well as indicate palaeoweathering conditions in the source
area (e.g., Basu et al., 2016; Armstrong-Altrin, 2020).
Moreover, petrographical and mineralogical studies of sedi-
mentary rocks derived from ophiolitic sequences can provide
essential information about the evolution of suture belts
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Fig. 1A — geographical and structural framework of Iran including the main structural units, sutures and geographic locations
(subdivision boundaries modified from Wilmsen et al., 2009); B — CEIM and its main three structural units (the Lut, Tabas and
Yazd blocks) and block bounding faults (redrawn after Ramezani and Tucker, 2003)

Asterisks indicate the approximate position of the study area; DF — Doruneh Fault; N-DhF — Nain—Dehshir Fault

(Garzanti et al, 2000, 2002; Meinhold et al, 2009;
Gholami-Zadeh et al., 2017). The Akhoreh Formation, the sedi-
mentary cover of an important obducted oceanic crustal unit,
has received little attention so far (Pirnia et al., 2013). This suc-
cession has yet not been studied in detail as regards sandstone
petrography or the major, trace and rare earth element geo-
chemistry of the sandstones and shales. These sandstones
and shales are very different in their characteristics, including of
grain size and depositional environment, but their chemical
composition can help assess provenance history in a single ba-
sin (e.g., Cullers, 2000; Salehi et al., 2014; Pourdivanbeigi
Moghaddam et al., 2020).

This provenance study of the lower Akhoreh Formation,
mainly recording the erosion of obducted oceanic crust, gives
valuable information on the tectonic setting, weathering and
parent rock lithologies of the source area, and help reconstruct
the palaeogeography and geodynamic history of Central Iran
during the Middle Eocene.

GEOLOGICAL SETTING

In the Late Cretaceous, there was oblique subduction of the
northern part of the Neo-Tethys Ocean beneath the Iranian
Plate as well as counterclockwise vertical-axis rotation within
the different blocks of the CEIM; as a result, several small fring-
ing oceanic back-arc basins, such as the Nain—-Baft, Sabzevar
and Sistan basins, were developed (Shafaii Moghadam et al.,
2009; Kazemi et al., 2019). Arabian—Eurasian convergence led
to the closure of these narrow oceanic basins during the latest
Cretaceous—Paleogene. This resulted in the obduction of
ophiolites along the Nain-Baft, Sabzevar and Sistan sutures
onto the continental basement (Agard et al., 2011;
Hassanzadeh and Wernicke, 2016). The NOM is strongly
tectonized and consists of a mixture of igneous, metamorphic
and sedimentary rocks. The Upper Cretaceous—Paleogene
subduction-related magmatic arc termed the UDMA formed
along the active margin of the southern Iran Plate, including
southwest of the CEIM (Berberian and King, 1981; Chiu et al.,

2013; Hassanzadeh and Wernicke, 2016). Thin neritic lime-
stones of Middle Paleocene to Early Eocene age, containing
diabase sills, rest unconformably on the pelagic limestones of
the NOM. Above these, a thick (~3200 m) terrigenous succes-
sion (Akhoreh Formation) accumulated, of Middle Eocene
(Lutetian)—earliest Oligocene age, consisting of an alternation
of pink and green-grey marls, calcareous marls, marly shales,
feldspathic sandstones and fine-grained conglomerates with a
“flysch-like” appearance. These overlie the eastern part of the
ophiolite mélange, while Cenozoic volcanic rocks associated
with small coeval dioritic intrusions of the UDMA crop out in the
west (Davoudzadeh, 1972).

Deposition of this thick terrigenous succession took place in
a trough-shaped basin accompanied by normal faulting
(Davoudzadeh, 1972; Davoudzadeh et al., 1997), inferred to be
the result of long-lived synsedimentary subsidence with rapid
deposition in a relatively shallow extensional continental
back-arc basin (Davoudzadeh, 1972; Verdel et al., 2011; Bar-
rier et al., 2018). Similarly, an extensional basin formed in the
southern Alborz where the thick volcano-sedimentary Karaj
Formation was deposited (Malekzadeh et al., 2020). This ex-
tension, associated with a magmatic flare-up of the UDMA, is
considered to reflect southwestwards retreat of the subduction
zone or slab rollback (Verdel et al., 2011; Mouthereau et al.,
2012). A palaeogeographic reconstruction shows that the study
area lay at a subtropical palaeolatitude of ~30° north, with an
arid palaeoclimate (Barrier et al., 2018). In this reconstruction,
the southwestern margin of central Iran and the CEIM was
placed in an extensional continental back-arc basin with a nar-
row NW-SE basin stretched parallel to the Sanandaj—Sirjan
Zone (Fig. 2). The obducted NOM, as well as the UDMA, were
placed at the western margin of the basin (Fig. 2). Lower
Oligocene— Lower Miocene continental to shallow marine de-
posits (Lower Red, Qom and Upper Red formations) overlie the
Middle Eocene—lowermost Oligocene succession. A Late Neo-
gene tectonic event reflecting collision between Arabia and the
Iran Plate resulted in widespread upper-plate deformation and
shortening (Allen et al., 2004; Tadayon et al., 2017, 2019).
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Fig. 2. A palaeogeographic and plate tectonic framework of the Middle East in the Eocene (Lutetian; modified after Barrier et al., 2018)

Note the study area during Middle Eocene with major potential source areas and sediment transport directions for the lower Akhoreh
Formation in the western corner of CEIM; asterisks indicate the approximate position of the study area

MATERIAL AND METHODS

Fieldwork included measuring the stratigraphic succession
selected, recording and describing the main characteristics of
the rock units (i.e. lithology, sedimentary structures, geome-

tries, pebble composition etc.; Table 1). A total of 24 samples
(19 sandstone and 5 shale) as hand specimens were collected
from the lowermost Akhoreh Formation. Ten palaeocurrent in-
dicators were measured at three locations to constrain dis-
persal patterns. Measurement included unidirectional indica-

Table 1
Lithostratigraphic unit thickness and description of the lower Akhoreh Formation in the Shurab section to the north of Nain,
Central Iran
Unit Lithosltratigraphic Field description
no. Thickness
1 45 Well-developed, mostly massive, matrix-supported conglomerate with a pinkish sandy matrix and angular to
sub-angular clasts
2 103 Pebbly sandstones; pink to red, medium- to thick-bedded sandstones-siltstones and shale intercalations
3 18 Red shale and thin siltstone intercalations
4 58 Grey siltstones and red shales at base; pink and grey coarse-grained sandstones with pedogenic fabric;
green shales toward the top
5 54 Pink and grey, coarse-grained sandstones with thin green and purple shale intercalations
6 48 Pink and grey trough cross-bedded, coarse-grained sandstones with purple shale intercalations
7 56 Interbedded green shales with pink horizontal laminated sandstones
56 Massive matrix-supported conglomerates at base; grey sandstone and pink to green shale intercalations
8 with a fining-upwards pattern
9 36 Grey sandstone and siltstone intercalations and subordinate green shale interlayers
10 31 Thick light green shales
Total measured thickness = 505
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Table 2

Detrital grains mode of the lower Akhoreh sandstones based on Gazzi-Dickinson method at the Shurab section in the north of
Nain, Central Iran

Sample | @mnon | Qmun | Qp 2-3 | Qp >3 K P Lv | Ls | Lp | Lm | Cht | M | Porosity | Cem Acc Total
M1 22 4 0 5 45 | 66 | 60 | 10 | 10 5 10 | 35 0 22 15 309
M2 10 5 0 0 36 | 55 | 88 5 5 0 5 47 0 35 10 301
M4 12 3 0 0 45 | 61 | 75 | 10 0 0 10 | 45 0 45 15 321
M6 17 0 0 6 48 | 66 | 90 9 0 0 12 | 38 0 43 12 341
M7 15 2 0 4 43 | 66 | 72 | 12 0 6 17 | 32 0 50 8 327
M8 12 2 0 5 35 | 55 | 92 9 5 0 10 | 35 0 47 9 316
M9 21 6 0 0 37 | 65 | 70 | 15 0 0 15 | 45 0 40 11 325
M11 15 0 0 0 30 | 57 | 96 6 0 0 11 | 40 0 35 10 300
M13 11 1 0 0 32 | 67 | 78 | 10 0 3 15 | 39 0 44 8 308
M14 13 0 0 0 27 | 51 | 95 5 0 0 17 | 41 0 45 9 303
M16 8 0 0 0 38 | 68 | 71 | 12 0 0 12 | 36 0 56 12 313
M17 14 3 0 0 41 | 70 | 86 6 6 0 10 | 30 5 50 8 329
M18 16 6 0 5 40 | 62 | 76 | 10 0 0 16 | 28 0 39 12 310
M19 12 5 0 0 50 | 65 | 67 | 10 5 0 12 | 32 0 56 9 323
M21 9 3 0 0 34 | 46 | 98 5 0 0 9 29 0 58 10 301
M22 10 2 0 0 36 | 56 | 69 | 16 4 0 9 33 6 52 8 301
M23 15 4 0 0 36 | 67 | 85 | 12 2 0 8 28 0 39 12 308
M24 16 5 0 6 40 | 76 | 61 | 10 4 6 11 | 25 0 48 10 318
Mean 14 3 0 2 39 | 62 | 79 | 10 2 1 12 | 35 1 45 10 314

Qm non — non-undulose monocrystalline quartz; Qm un — undulose monocrystalline quartz; Qp 2-3 — polycrystalline quartzose 2-3 crystal
units per grain; Qp >3 — polycrystalline quartzose more than 3 crystal units per grain; K — potassium feldspar; P — plagioclase feldspar; Lv —
volcanic rock fragments; Ls — sedimentary rock fragments; Lp — plutonic rock fragments; Lm — metamorphic rock fragments; Cht — chert; M —

matrix; Cem — cement; Acc — accessory minerals

tors giving palaeocurrent directions, mainly from planar
cross-bedding and imbrication. The measurements then were
rotated with respect to the corresponding bedding plane to re-
move the effects of tectonic tilting. The sandstone hand speci-
mens were cut and thin sections were prepared using standard
techniques, to 30 ym thickness (Hutchinson, 1974). Thin sec-
tions of 15 sandstone samples were point-counted (n = 300) fol-
lowing the Gazzi-Dickinson method (Ingersoll et al., 1984).
Point-counting parameters are listed in Table 2 and the data of
recalculated point counting samples are shown in Table 3. The
sandstones were classified based on the procedure proposed
by Folk (1980). Fifteen sandstone and five shale samples were
selected for major oxides geochemical analysis. All samples
selected were powdered and homogenized to ensure represen-
tative subsampling. An X-ray fluorescence (XRF) spectrometer
S4 PIONEER model was used for the determination of the ma-
jor oxides at the Analytical Center, University of Isfahan, Iran.
The incident X-ray beam was produced from a Rh with voltage
of 60kV, and a beam current of 150 mA. The level of elemental
precision was 0.01%. Loss on ignition (LOI) was determined
from the weight loss after roasting the sample at 1000°C for 2
hours. Selected trace elements on six sandstone and four shale
samples were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS: Agilent series 4500 model at the labora-
tories of the Zarazma Co., Tehran, Iran). The powdered sam-
ples were digested using the multi-acid method at 220°C for

four hours and then analyzed. Each analysis was done in dupli-
cate with a reproducibility found to be<+2%. Analyses of stan-
dard materials indicate that the results are generally accurate to
within £10%.

RESULTS

STRATIGRAPHY

In this study, the lowermost part of the Akhoreh Formation
was measured and logged in the Shurab section, ~20 km north
of Nain, east Isfahan (Shurab section: N33°01’47", E53°07°39")
the area of the type section for this formation (Davoudzadeh,
1972; Fig. 3). The Middle Eocene to lowermost Oligocene
Akhoreh Formation overlies the NOM with a faulted contact and
underlain conformably by the Lower Red Formation
(Davoudzadeh, 1972; Fig. 3). In the study area, the lowermost
part of the Akhoreh Formation is ~500 m thick (Fig. 4). The main
lithostratigraphic features seen in the Shurab section are as fol-
lows:

The lowermost lithostratigraphic unit (45 m thick) is com-
posed of a well-developed, mostly massive, matrix-supported
conglomerate with angular to sub-angular clasts within a pink-
ish sandy matrix (Table 1 and Fig. 5A, B). The clasts are mainly
pebble-sized, of predominantly mafic to ultramafic igneous
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Table 3
QFL percentage of the lower Akhoreh sandstones at the Shurab section in the north of Nain, Central Iran
Sample QmFLt (%) QtFL(%) QFR(%)
P Qm F Lt Qt F L Q F R
M1 11 49 40 18 49 33 14 49 37
M2 7 45 48 10 45 46 7 45 48
M4 7 49 44 12 49 39 7 49 44
M6 7 46 47 14 46 40 9 46 45
M7 7 46 47 16 46 38 9 46 45
M8 6 41 53 13 41 46 9 41 50
M9 12 45 44 18 45 37 12 45 44
M11 7 40 53 12 40 47 7 40 53
M13 6 46 49 12 46 42 6 46 49
M14 6 38 56 14 38 48 6 38 56
M16 4 51 45 10 51 40 4 51 45
M17 7 48 44 12 48 40 7 48 44
M18 10 44 46 19 44 37 12 44 44
M19 8 52 40 13 52 35 8 52 40
M21 6 39 55 10 39 50 6 39 55
M22 6 46 47 11 46 43 6 46 47
M23 8 45 46 12 45 43 8 45 46
M24 9 50 41 16 50 33 12 50 38
Mean 7 45 48 13 45 42 8 45 47
Qm — monocrystalline quartz; F —feldspar; L — unstable lithic fragments (Lv + Ls + Lm); Lt — total lithic fragments
(L + Qp); R —rock fragments
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Fig. 3. Geological map of the study area reproduced from a geological map of Nain at the scale of 1:100,000

(modified after Davoudzadeh, 1972)

Locations of the measured stratigraphic sections of the lower Akhoreh Formation are shown (A-B — shurab section)
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Fig. 5. Overview of satellite image and field photographs of the lower Akhoreh Formation to the north of Nain, Central Iran

A — satellite image of the study area (Shurab section) with the fault boundary between the Nain Ophiolite and the Akhoreh Formation. The
traverse line (white) shows the measurement route of the stratigraphic logs. The position of the field photos is shown by rectangles; B — an
overview of the lower Akhoreh Formation that rests on the NOM with fault contact. View to the north-west; C — basal matrix-supported con-
glomerate with cobble-sized mafic and ultramafic clasts; D — red to pink, fine-grained conglomerate, sandstone (sst) and shale intercalations
with a general fining-upwards pattern (stratigraphic top is to the right); E — thick light green shales
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rocks, and rarely are locally-derived boulders up to 50 cm
across. This unit fines upwards, changing to a fine-grained con-
glomerate of average 5 cm clast size (Fig. 5C). The clast com-
positions include dark green ultrabasic and basic rocks (gab-
bro, peridotite [harzburgite], serpentinites, basalt and rare white
granite) as well as red radiolarian cherts and siliceous lime-
stones. These pebbles and cobbles locally show imbrication in-
dicating palaeocurrents towards the north-north-east. The
basal conglomerate is overlain by ~103 m (Unit 2) of sharp-
based lenticular pebbly sandstones that grade into pink to red,
medium- to thick-bedded sandstones with mud cracks on bed-
ding surfaces as well as pink siltstone and shale intercalations.
Mud cracks and the reddish colour of the succession indicate at
least subaerial exposure in a continental environment. The suc-
ceeding lithostratigraphic unit (Unit 3) consists of red shale and
thin siltstone intercalations. Unit 4 is composed of grey
siltstones and red shales at the base passing up into pink and
grey coarse-grained sandstones with pedogenic fabrics. This
unit grades up into green shales. Units 5 and 6 consist of
interbedded green shales with pink and grey coarse-grained
sandstone showing trough cross-bedding. Unit 7 consists of
interbedded green shales with pink horizontally-laminated
sandstones. Unit 8 starts with massive matrix-supported con-
glomerates with a coarse-grained sandy matrix (Fig. 5D). The
clasts are pebble-sized and mostly volcanic in composition,
from andesitic to basaltic, suggesting a magmatic arc-related
provenance. The rest of this unit consists of grey sandstone
and pink to green shale intercalations with a general fining-up-
wards pattern. Unit 9 consists of grey sandstone and siltstone
intercalations and subordinate interlayers of green shale. The
uppermost part of the measured section in the lower Akhoreh
Formation is dominated by relatively thick light green shales
(30 m), which are considered as an index unit at the top that is
measured in this study from the lower part of the Akhoreh For-
mation at the type section (Fig. 5E).

PETROGRAPHY

The sandstones of the lower Akhoreh Formation are mostly
poorly sorted, immature, medium- to fine-grained. They com-
prise framework grains such as quartz, feldspar (plagioclase
and K-feldspar) and rock fragments (volcanic, sedimentary and
metamorphic) together with matrix, cement and accessory min-
erals (Table 2). Among the quartz grains, monocrystalline
quartz is most common (comprising 3—-7%) showing mostly a
euhedral shape with straight extinction (Fig. 6A and Table 3).
The quartz grains are mostly angular to sub-angular, some-
times displaying embayment characteristic of volcanic origin.
The feldspar constitutes 30-35% of the framework grains, rela-
tively unweathered plagioclase dominating over K-feldspar
(Fig. 6B). The samples also are rich in intermediate to ultra-
mafic, rarely plutonic, more frequently volcanic, rock fragments
(avg. 25%). The igneous rock fragments include microlithic and
lathwork andesitic to basaltic volcanic lithics; plutonic rock frag-
ments (avg. 1%) range in composition from diorite, gabbro to
peridotite (Fig. 6C, D). Other rock fragments include serpentin-
ite (Fig. 6E), microcrystalline chert (avg. 4%; Fig. 6F),
radiolarian chert and carbonate (Fig. 6G). Metamorphic rock
fragments are rare (<2%). The sandstones contain at least 5%
of pseudo- and epi-matrix. These sandstones are generally rich
in iron ore (hematite) minerals (2—4%). The common accessory
minerals are pyroxenes and red to brown chromian spinels
(Fig. 6H, I).

Carbonate (calcite and dolomite) cement commonly lithified
the sandstones, likely in the early stages of diagenesis due to
the low compaction of the constituent grains.

Modal data plot within the lithic arkose (QgFsslss) and
feldspathic litharenite (volcanic arenite) (QgF44L4s) fields of the
QFL ternary diagram (Folk, 1980; Fig. 7). These compositions
indicate an arc-related provenance for the lower Akhoreh For-
mation.

GEOCHEMISTRY

The bulk geochemical composition of selected sandstone
and shale samples of the lower Akhoreh Formation are listed in
tables 4-6. The major, trace and rare earth element (REE)
compositions of the samples are evaluated below.

MAJOR ELEMENTS

The SiO, content of the lower Akhoreh sandstones varies
between 36.5 and 46.5% (avg. 40.8%), and for shale samples it
ranges between 43.0 and 48.3% (avg. 46.7%). The Al,O3; con-
tent of the sandstones varies between 8.9 and 11% (avg.
10.4%), for shale samples varying between 10.7 and 13.3%
(avg. 11.8%). Fe,03 MgO and CaO concentrations of the sand-
stones (avg. 7.1, 10.2, 15.2%, respectively) and shales (avg.
8.6, 9.8, 9.6%, respectively) are high, while the remaining major
oxides (K;O, Na,O, TiO, and MnQO) have low concentrations
(avg. <3%; Table 4).

The Low SiO,/Al,O3 content of the sandstone samples indi-
cates immature sandstones with high clay and detrital Al-sili-
cate contents. The lower Akhoreh sandstones, in the major ox-
ide-based diagram for chemical classification of sandstones
(Pettijohn et al., 1972), plot in the greywacke field, very close to
the lithic arenite field (Fig. 8). The TiO, concentration of the
samples is similar to the mean composition of the Upper Conti-
nental Crust (UCC). Fe,O3 and MnO are slightly enriched com-
pared to UCC, while MgO and CaO are strongly enriched in the
sandstone samples (Fig. 9A). The P,Os, Na,0O, Al,O3 and SiO,
concentrations in the sandstones are slightly depleted com-
pared to UCC, while K;O is strongly depleted. The shale sam-
ples show similar concentrations of P,Os, Al,O3 and TiO; rela-
tive to UCC (Fig. 9B). These samples also show enrichment in
MgO, CaO, MnO and Fe,O; contents and slight depletion in
Na,0, K,0 and SiO, (Fig. 9B).

TRACE AND RARE EARTH ELEMENTS

Some trace elements, such as V, Sc, Co, Ni, Cr, show en-
richment in the sandstone and shale samples compared to
UCC (Fig. 9C, D), while, Rb, Ba, Zr, Hf, Th, U and Y are de-
pleted relative to UCC. Sr and Rb are similar to UCC values. EI-
ements such as V, Ni, Cr, Sr and Ba (avg. 166.5, 457.7, 837,
383., 176.8 ppm, respectively) have values above 100 ppm,
while other elements such as Sc, Co, Rb, Zr, Hf, Th, U, Y and
Nb have concentrations of <100 ppm (Table 5). REE concen-
trations of the samples studied are shown in Table 6. The REE
contents of the sandstones studied vary from 46.4 to 83.8 ppm
(avg. 63.9 ppm), while those of shale samples vary between
80.0 to 112.0 (avg. 94.4 ppm). Concentrations of light REE
(~37.57-71.02 and ~65.96-95.51 ppm in sandstones and
shales, respectively) are higher than those of the heavy REEs
(~8.86—12.74 ppm in sandstones and ~13.32-16.51 ppm in
shales). Chondrite-normalized REE patterns of the Akhoreh
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Fig. 6. Representative microphotographs of framework and accessory grains of the lower Akhoreh Formation sandstones of the
Shurab section to the north of Nain, Central Iran

A — monocrystalline non-undulose quartz (Non Un Qtz) with euhedral shape and straight extinction; B — plagioclase (Plg) with Carlsbad twin-
ing and semi-altered K-feldspar (Kf) in a lithic arkose; C — volcanic rock fragment (VRF) with lathwork fabric; D — volcanic rock fragment with
microlithic fabric, plutonic rock fragment and altered K-feldspar (Kf) in a feldspathic litharenite; E — serpentinite rock fragment (RF) that indi-
cates ophiolite provenance; F — chert fragment; G — carbonate rock fragment; H — pyroxene heavy mineral; | — Cr-spinel of red to brown col-

our; A—H — crossed polarized light; | — plane polarized light

Q

Quartz arenite

Subarkose Sublitharenite

Lithic Feldspathic
arkose ° litharenite
)

Arkose Litharenite

1:3 RF

M

3:1 1:1
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Fig. 7. Classification of the lower Akhoreh sandstones in the
ternary plot of Folk (1980)

Q — quartz, F — feldspar, RF — rock fragment
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Table 4

Major element concentrations (wt.%) for the sandstone and shale samples from the lower Akhoreh Formation at the Shurab
section in the north of Nain, Central Iran

Sample SiO; TiO, AlLO; | Fey0; MnO MgO CaO Na,O K20 P,0s5 LOI SUM
M-ss1 39.56 0.51 8.95 8.3 0.14 16.93 13.53 1.12 0.76 0.045 9.47 99.81
M-ss4 40.55 0.53 9.95 6.47 0.14 10.7 16.06 2.44 0.51 0.08 12.07 99.80
M-ss6 40.68 0.60 10.2 6.42 0.15 8.83 17.39 2.64 0.75 0.076 11.76 99.80
M-ss7 43.67 0.53 11.2 5.84 0.12 12.76 11.68 3 0.45 0.068 10.12 99.77
M-ss8 40.63 | 0.55 10.4 6.83 0.15 11.1 14.84 2.93 0.48 0.068 11.5 99.78
M-ss9 46.49 0.86 10.7 7.51 0.15 8.18 13.29 2.62 1.22 0.097 8.3 99.66
M-ss14 36.49 0.78 10.2 7.78 0.18 13.99 15.01 2.37 0.66 0.069 11.77 99.65
M-ss15 40.81 0.75 10.5 7.79 0.15 9.12 15.5 2.63 0.88 0.081 11.17 99.70
M-ss16 37.84 0.71 10.1 7.03 0.14 8.99 17.61 2.85 0.73 0.07 13.2 99.52
M-ss17 39.89 | 0.50 11 5.4 0.14 9.89 15.82 3.46 0.90 0.07 12.33 99.15
M-ss18 42.36 0.51 10.9 6.19 0.14 8.9 15.41 2.74 0.99 0.08 11.34 99.65
M-ss19 41.73 0.73 11.5 6.87 0.13 10 13.74 2.96 1.12 0.079 10.53 99.61
M-ss21 38.57 0.70 10.1 8.61 0.13 8.73 15.94 2.95 0.78 0.069 12.55 99.68
M-ss22 41.82 0.58 10.4 7.82 0.16 7.97 16.02 2.54 0.96 0.077 11.05 99.74
M-ss23 41.66 | 0.60 10.6 7.31 0.15 7.68 16.05 2.8 0.95 0.081 11.51 99.73
Mean 40.85 0.63 10.45 7.08 0.14 10.25 15.19 2.67 0.81 0.07 11.24 99.67
STDV* 2.32 0.1 0.58 0.88 0.01 2.46 1.53 0.49 0.22 0.01 1.20
M-sh3 47.9 0.65 11 8.93 0.17 10.1 9.93 1.49 2.07 0.14 7.08 99.70
M-sh5 46.87 0.67 11.3 8.55 0.17 8.94 11.74 1.38 2.15 0.15 7.7 99.81
M-sh10 48.33 0.67 12.6 7.87 0.14 8.33 9.43 1.39 2.92 0.014 7.74 99.76
M-sh12 47.57 0.67 13.3 8.37 0.12 9.1 7.55 1.47 2.66 0.15 8.59 99.50
M-sh20 43.03 0.58 10.7 9.33 0.17 12.79 9.23 0.868 1.32 0.13 11.4 99.71
Mean 46.74 0.65 11.78 8.61 0.15 9.85 9.58 1.32 2.22 0.12 8.50 99.70
STDV* 1.92 0.03 1.00 0.50 0.02 1.58 1.35 0.23 0.55 0.05 1.53

* — standard deviation; ss — sandstones, sh — shales

sandstones and shales are shown in Figure 9E, F. The DISCUSSION
chondrite-normalized REE patterns of the Akhoreh Formation

samples indicate that all samples show LREE-enriched and flat PETROGRAPHY

HREE patterns (Fig. 9E, F). The mean value of Eu/Eu* is 0.98
in sandstone and 0.86 in shale samples of the lower Akhoreh
Formation.

1.2

0.8

,0/K20)
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o S

Log (Na
S
~
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0 05 1 5 2 25
Log (Si0/ Al,03)

Fig. 8. Chemical classification of the lower Akhoreh
sandstones in the diagram of Pettijohn et al. (1972)

Sandstone petrographic studies show that plagioclase feld-
spar and Igneous rock fragments, along with less frequent
quartz, constituent the main framework of the sandstones.
Modal analysis led to the identification of two texturally and min-
eralogically immature petrofacies, including feldspathic lithare-
nite and lithic arkose.

The presence of plagioclase, mafic and ultramafic lithic
fragments (i.e., serpentinite), lathwork volcanic lithics, and
radiolarite, as well as heavy minerals such as Cr-spinel and
clinopyroxene in the lower Akhoreh sandstones, are evidence
for dominant mafic-ultramafic source rocks of ophiolitic
mélange provenance mixed with continental provenance.

SOURCE AREA WEATHERING

The climatic conditions and palaeoweathering of central
Iran during the Middle Eocene was evaluated through modal
data of the lower Akhoreh sandstones using discrimination dia-
grams. Plotting data on a Qp/F+RF versus Q/F+RF bivariate di-
agram (Suttner and Dutta, 1986) indicate arid to semi-arid cli-
matic conditions (Fig. 10A). Suttner and Dutta (1986) proposed
a bivariate diagram of SiO, versus Al,03;+K,0+Na,O to deter-
mine climatic conditions of the source area. This plot revealed a
high probability of an arid climate for the Akhoreh Formation
sandstones (Fig. 10B).
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Fig. 9A, B — UCC-normalized major oxides of the lower Akhoreh sandstones (right) and shales (left); C, D — UCC-normalized

trace elements of the lower Akhoreh sandstones (right) and shales (left); E, F — chondrite-normalized REE of the lower Akhoreh

sandstones (right) and shales (left); UCC and chondrite normalization factors are from Rudnick and Gao (2003)

Table 5

Trace element compositions (in ppm) of the lower Akhoreh sandstone and shale samples at the Shurab section in the north of

Nain, Central Iran

Sample \ Sc Co Ni Cr Sr Rb Ba Zr Hf Th U Y Nb
DL 1 0.5 1 1 1 1 1 1 5 0.5 0.1 0.1 0.5 1
M-ss1 149 20 37 510 493 202.7 24 130 33 1.45 0.6 0.5 10.1 6
M-ss7 133 | 156 | 27.8 612 907 429.9 18 103 59 2.58 1.29 0.8 12.2 8
M-ss9 179 15 24.7 326 608 363.7 37 271 63 2.54 3.01 1.1 14.6 10.9
M-ss14 211 | 22.2 | 33.5 426 1096 | 405.8 21 171 57 2.27 0.91 0.8 14 8.9
M-ss19 160 | 154 | 25.9 372 653 395.1 32 215 63 2.44 1.33 0.81 13.3 9.5
M-ss21 167 | 146 | 27.4 500 1265 | 501.4 25 171 51 1.95 0.62 0.6 11.9 7.8
Mean 166.5| 171 | 29.4 | 457.7 | 837.0 | 383.1 | 26.2 | 176.8 54.3 2.2 1.3 0.8 12.7 8.5
STDV* 2452 | 2.89 | 439 | 94.89 | 276.83 | 91.07 | 6.47 | 54.83 | 10.37 0.40 0.82 0.19 1.49 1.52
M-sh3 128 | 164 | 36.4 319 175 193.5 65 212 88 2.65 3.13 1.1 17.1 9.7
M-sh10 121 15.6 | 291 276 164 210.8 93 288 89 3.28 4.61 1.3 18.5 12.8
M-sh12 123 | 16.1 | 29.3 256 127 209.7 87 238 98 3.64 5.42 1.5 18.9 10.7
M-sh20 118 | 17.7 | 33.2 510 205 189.2 51 144 77 3.05 3.12 0.9 15.5 8.7
Mean 122.5| 16.5 | 32.0 | 340.3 | 167.8 | 200.8 | 74.0 | 220.5 88.0 3.2 4.1 1.2 17.5 10.5
STDV* 3.64 | 0.78 | 3.02 | 100.61 | 27.90 9.58 |16.88 | 51.93 7.45 0.36 0.99 0.22 1.33 1.52

DL — detection limit; * — standard deviation
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Fig. 10A — climatic condition bivariate discrimination diagram of Qp/F+RF versus Q/F+RF for the lower Akhoreh sandstones
(after Suttner and Dutta, 1986); B — SiO, (wt.%) versus (Al,0;+K,0+Na,0) bivariate diagram for the sandstones of the lower
Akhoreh sandstones (after Suttner and Dutta, 1986)

The Chemical Index of Alteration (CIA), introduced by
Nesbitt and Young (1982), has been widely used to constrain
the degree of weathering in the source area (e.g., Garzanti and
Resentini, 2016; Ramos-Vazquez et al., 2022). Higher CIA val-
ues (80-100) reflect the removal of labile cations (Na’, K,
Ca®") relative to residual cations (AI*®) and indicate intense
weathering in the source terrains, whereas lower values (< 60)
represent weaker weathering (Fedo et al., 1995). The CIA is
measured via an equation: CIA = [Al,Os/( Al,O3+CaO*+
Na,O+K;0)]*100. All the oxides are in molecular proportion and
Ca0’ represents Ca in silicate minerals. Quantification of the
CaO content (CaO*) of the silicate fraction involves subtraction
of the molar proportion of P,Os from the molar proportion of to-
tal CaO. After subtraction, if the “remaining number of moles” is

found to be less than the molar proportion of Na,O, then the “re-
maining number of moles” is considered as the molar propor-
tion of CaO of the silicate fraction. If the “remaining number of
moles” is greater than the molar proportion of Na,O, then the
molar proportion of Na,O is considered as the molar proportion
of CaO of the silicate fraction (CaO*).

The CIA value of the lower Akhoreh samples range from 60
to 74 (avg. 63) for the sandstones, indicating weak weathering
probably of first cycle sediments and/or short distance transport
as well as rapid deposition. The CIA value for the shale samples
reaches a higher average (71) pointing to moderate weathering.

Our modal and geochemistry data indicate an arid to semi-arid
climate and short-distance transport, and a weak to moderate
weathering condition for the lower Akhoreh terrigenous deposits.

Table 6

REE concentration (in ppm) of the lower Akhoreh sandséonia alnld shale samples at the Shurab section in the north of Nain,
entral Iran

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er m Yb Lu
DL 1 0.5 0.05 1 0.02 0.1 0.05 0.1 0.02 | 0.05 | 0.05 0.1 0.05 | 0.1
M-ss1 8 17 1.71 9.2 1.06 0.6 243 | 044 | 222 | 058 | 1.34 | 0.24 14 | 021
M-ss7 11 21 2.44 13.2 1.87 | 073 | 265 | 045 2.6 0.62 | 147 | 0.25 16 | 0.25
M-ss9 16 31 4.01 15.8 314 | 107 | 362 | 062 | 355 | 0.76 | 1.76 | 0.32 1.8 | 0.31
M-ss14 11 22 2.59 13.7 187 | 092 | 3.19 | 054 | 334 | 0.72 | 1.69 | 0.32 19 | 0.27
M-ss19 12 25 3.23 14.2 215 | 0.97 3.3 051 | 324 | 0.68 | 166 | 0.25 1.7 | 0.24
M-ss21 11 21 249 | 1250 | 189 | 0.80 | 2.78 | 047 | 265 | 0.62 | 1.41 0.24 | 1.60 | 0.23
Mean 1150 | 22.83 | 275 | 1310 | 2.00 | 0.85 | 3.00 | 0.51 | 293 | 0.66 | 1.56 | 0.27 | 1.67 | 0.25
STDV* 2.36 4.34 0.72 2.02 0.61 0.16 | 041 | 0.06 | 047 | 0.06 | 0.16 | 0.04 | 0.16 | 0.03
M-sh3 13 31 3.34 18.1 264 | 082 | 359 | 058 | 3.68 | 0.80 2 0.3 2 0.37
M-sh10 18 41 4.89 20 3.4 1.12 4.1 0.66 | 411 | 0.85 | 246 | 0.38 21 0.35
M-sh12 19 43 5.27 23.1 3.97 | 117 | 4.64 0.8 469 | 091 | 2.56 0.4 2.1 0.41
M-sh20 12 30 3.83 16.9 235 | 088 | 412 | 064 | 391 | 0.87 | 2.09 | 0.32 1.8 | 0.31
Mean 1550 | 36.25 | 433 | 1953 | 3.09 | 1.00 | 411 | 0.67 | 410 | 0.86 | 2.28 | 0.35 | 2.00 | 0.36
STDV* 3.04 5.80 0.78 2.34 0.64 | 0.15 | 0.37 | 0.08 | 0.37 | 0.04 | 0.24 | 0.04 | 0.12 | 0.04

DL — detection limit; * — standard deviation
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Fig. 11. Source rock composition discrimination diagrams of the lower Akhoreh sandstone and shale samples

A — bivariate diagram of TiO, versus Zr (after Hayashi et al., 1997); B — Th/Sc versus Zr/Sc diagram (McLennan et al., 1983); C — Co/Th versus
La/Sc diagram (Gu et al., 2002); D — bivariate diagram of Cr/V versus Y/Ni (after McLennan et al., 1993); solid circles are sandstone and empty
circles are shale samples; FEL —felsic, AND — andesit, BAS —basalt, PAAS — post-Archaean Australian shale, UCC — upper continental crust

SOURCE ROCK COMPOSITION

The constituents of sandstones can indicate the type of li-
thology of their parent rock (Critelli et al., 1997; Marsaglia et al.,
2016; Affolter and Ingersoll, 2019). The volcanic origin of the
samples studied is shown by the presence of small amounts of
monocrystalline quartz grains that have properties such as
crystalline shape, embayments and straight extinction
(Ulmer-Scholle et al., 2015), and the values obtained for the
plagioclase to total feldspar ratio (Dickinson, 1970). Given the
large content of microlithic and lathwork volcanic rock frag-
ments, intermediate to basic volcanic parent rocks, are the
main sources for these sandstones. However, the scarce ser-
pentinite rock fragments and the presence of Cr-spinel in the
samples studied are evidence of an ophiolite source (Fig. 6E, |).
The low amount of both sedimentary and metamorphic rock
fragments in the sandstones studied suggests a minor sedi-
mentary and metamorphic source terrain.

Along with the modal analysis, the geochemistry of
siliciclastic rocks is widely used to determine the source rock
composition (McLennan et al., 1993; Armstrong-Altrin et al.,

2015; Taheri et al., 2018; Ramos-Vazquez and Armstrong-
Altrin, 2019; Pourdivanbeigi Moghaddam et al., 2020; Arm-
strong-Altrin et al., 2022).

The lower Akhoreh samples in a major oxide (TiO,) versus
trace element (Zr) bivariate diagram (Hayashi et al., 1997)
shows sandstones plotting in mafic igneous and shales in inter-
mediate igneous rock provenances (Fig. 11A). The plotted
samples on a Th/Sc versus Zr/Sc diagram (MclLennan et al.,
1983) display the same provenances for the sandstones and
shales and showed very low enrichment in Zr, probably due to
low sediment recycling (Fig. 11B). The samples plotted on a
ColTh versus La/Sc diagram (Gu et al., 2002) show that the
sandstones and shales plot near the basalt and andesite aver-
age compositions, respectively (Fig. 11C). The Cr/V versus
Y/Ni bivariate diagram was also used to discriminate prove-
nance (MclLennan etal., 1993; Fig. 11D). The samples show Cr
enrichment and plot near ultramafic sources.

Ratios such as Eu/Eu*, (La/Lu)cn, La/Sc, La/Co, Th/Sc,
Th/Co, and Cr/Th are commonly used to determine the prove-
nance composition of a source region because REE, Th and La
abundances are higher in felsic rocks than in mafic rocks,
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Table 7
Range of elemental ratios of sandstone and shale in thisrns;]‘lilgyroc:krgpared to the ratios in sediments derived from felsic and
Elemental ratio | Sandstones (this study) | Shales (this study) | Range of sediments from feisic | - Range of sediments from
Eu/Eu* 0.97-1.15 0.81-0.92 0.40-0.94 0.71-0.95
(La/Lu) ¢ 3.95-5.36 3.65-5.34 3.00-27.0 1.10-7.00
La/Sc 0.40-1.07 0.68-1.18 2.50-16.3 0.43-0.86
La/Co 0.22-0.65 0.36-0.65 1.80-13.8 0.14-0.38
Th/Sc 0.03-0.20 0.18-0.34 0.84-20.5 0.05-0.22
Th/Co 0.02-0.12 0.09-0.18 0.67-19.4 0.04-1.40
Cr/Th 201-2040 23.4-65.7 4.00-15.0 25-500

* Cullers (2000); Cullers and Podkovyrov (2000)

whereas the Co, Sc and Cr contents are higher in mafic rocks
than in felsic rocks (Cullers, 2000; Armstrong-Altrin et al., 2009).
Table 7 shows the values of these ratios in the samples studied
compared with those of sediments derived from mafic and felsic
rocks. Based on this table, the Eu/Eu*, (La/Lu).,, La/Sc, La/Co,
Th/Sc, Th/Co, and Cr/Th ratios of the sandstone and shale sam-
ples of the lower Akhoreh Formation fall within the range of sedi-
ments derived from mafic source rocks. The Eu/Eu* ratios of the
samples are also within the range of peridotites of the NOM
(0.77-1.07) reported by Shirdashtzadeh et al. (2014).

TECTONIC SETTING

The tectonic setting of source terrains is one of the impor-
tant factors which control the detrital and geochemical compo-
sition of siliciclastic rocks and sediments (Dickinson et al.,
1983; Dickinson, 1985; Roser and Korsch, 1986;
Armstrong-Altrin et al., 2015). To investigate the relationship
between the modal composition of the sandstones studied and
the tectonic setting of the source area, the sandstones of the
lower Akhoreh Formation plot in undissected and transitional
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Transitional recycle

continental

Transitional
recycled

\,\
~\(3 Lithic

// o Arc D
/ o “/ g

47 Undissected Lt
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recycled

magmatic arc fields of the Qm-F-Lt and Qt-F-L ternary discrimi-
nation diagram of Dickinson (1985; Fig. 12). The arc-related
provenance character of the lower Akhoreh samples is evident
by volcanic rock fragments and plagioclase-rich sandstones
and less frequent plutonic quartz and K-feldspar grains that
form the feldspathic and volcanic lithic arenites. Such sand-
stone petrofacies, predominantly the volcanic lithic arenite,
could have been derived from the undissected magmatic arc
and then deposited within fore-, back- and intra arc basins
(Boggs, 2009). Moreover, the sandstones are poorly sorted and
matrix-rich which suggest a nearby source. The UDMA and
NOM in the western corner of the CEIM are the main possible
source area for the lower Akhoreh Formation.

Recently, bulk rock geochemistry of the sandstone and
shale samples has been widely used in different discrimination
diagrams for tectonic setting evaluation (Purevjav and Roser,
2013; Zaid, 2015; Ghaznavi et al., 2018; Hashemi Azizi et al.,
2018). The geochemical data of the low-silica samples of the
lower Akhoreh Formation, plotted on a major oxide-based
multi-dimensional tectonic discrimination diagram (Verma and
Armstrong-Altrin, 2013), indicating an arc setting for the sand-

B

Transitional
continenta

Dissected
Arc

Transitional

Undissected
Arc

Fig. 12. Provenance discrimination diagrams of the lower Akhoreh sandstones in the ternary plot
(A — Qm-F-Lt; B — Qt-F-L; Dickinson, 1985)
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Fig. 13. Tectonic discrimination diagrams of the lower
Akhoreh sandstone and shale samples

A — major element-based multidimensional tectonic discrimination
function diagram for low-silica samples (Verma and Armstrong-
Altrin,  2013); the discriminant function equations are:
DF1(Arc-Rift-CoI)m1 = (-0263 x In(Ti02/Si02)adj) + (0604 x

|I"I(A|203/Si02)adj) + (-1725 x In(Fe203t/Si02)adj) + (0660 x
IN(MNO/SiOz)ag) + (2191 x In(MGO/SiOp)ag) + (0.144 x
IN(CaO/SiOz)ag) + (-1.304 x In(Na,O/SiOz)ad)) + (0.054 x
IN(K:0/Si0z)ag) + (-0.330 x In (P0s/SiOz)ay) + 1 0.588
DF2(Arc-Rift-CoI)m1 = (-1 196 x |n(T|02/S|02)adj) + (1 604 x
|n(A|203/Si02)adj) + (0303 x |n(F62031/Si02)adj) + (0436 x
IN(MnO/SiO)aj) + (0.838 x In(MgO/SiOz)ag) + (0.407 x
In(Ca0/Si0z).q) + (1.021 x In(Na;0/Si0z).q) + (-1.706 x

In(K20/Si02)aq)) + (-0.126 x In(P205/Si0,).q) - 1.068; B —ternary di-
agram of La-Th-Sc (Bhatia and Crook, 1986); PM — passive margin,
ACM - active continental margin, Col — collision, A — oceanic island
arc, B — continental island arc, C — active continental margin, D —
passive margin

stone samples and a collisional setting for the shale samples
(Fig. 13A). The scatter of the data in this diagram may be re-
lated the enrichment of MgO and Fe,O; due to formation of a
diagenetic phase such as dolomite cement and the presence of
iron-rich heavy minerals in the samples.

Some trace element-based discrimination diagrams that dif-
ferentiate the type of island arc setting have been used. Trace
element geochemical data, on ternary diagrams of La-Th-Sc,
plot within the oceanic island arc field (Bhatia and Crook, 1986;
Fig. 13B).

REE distribution in clastic sediments can also be used to
determine tectonic environments (Bhatia, 1985; MclLennan et
al., 1993). In the present study, low total REE abundance, slight
enrichment of LREE over HREE, and the absence of a negative
Eu anomaly on chondrite-normalized plots may suggest an
oceanic island arc setting (Table 8).

PALAEOGEOGRAPHIC IMPLICATIONS

Ophiolite mélange, including the NOM, within confining
faults of the CEIM during the Late Cretaceous, and a mag-
matic flare-up of the UDMA in the southwestern margin of the
Iran Plate during the Paleogene (Verdel et al.,, 2011;
Mouthereau et al., 2012), played an important role in the Mid-
dle Eocene sedimentary provenance of the western corner of
CEIM. The obtained results from field, petrographic and geo-
chemical studies of the lower Akhoreh Formation indicate
such potential source areas. The lower Akhoreh Formation,
that currently lies close to the Nain—Baft transcurrent basin
boundary fault, was mostly deposited in non-marine alluvial to
fluvial environments (Mallah et al., 2022). The basal conglom-
erates of the Akhoreh Formation represent angular to sub-an-
gular pebbles and rarely boulders of predominantly ultramafic
to mafic igneous rocks such as peridotites, basalts and ser-
pentinite, as well as radiolarian cherts, that were deposited in
an alluvial system, where upland streams eroded adjacent
highlands of the NOM. The uplift mechanism for the source
area may have been triggered by counterclockwise rotation of
the CEIM along the Nain—Baft Fault zone after the Late Creta-
ceous to Middle Eocene (Pirnia et al., 2013; Mattei et al,,
2015; Tadayon et al., 2017, 2019). The matrix-rich and poorly
sorted texturally and mineralogically immature sandstones
(litharenites) also indicate the rapid deposition in continuously
subsiding basin. Moreover, the imbrication of clasts in the
basal conglomerates as well as other directional sedimentary
structures in the sandstones suggest unidirectional
palaeocurrents from southwest to the northeast, consistent
with the location of the potential source areas.

Based on modal analysis of the sandstones, an arc-related
provenance (undissected to transitional arc) is evident in the
lowermost Akhoreh Formation from the presence of abundant
plagioclase and lithic volcanic fragments (Fig. 12). The geo-
chemistry of the lower Akhoreh samples also suggests an oce-
anic magmatic arc setting. Although, this tectonic setting gener-
ally indicates basic igneous source rocks, the discrimination di-
agrams of source rock composition show derivation from ultra-
mafic to mafic rocks for the sandstones and mostly intermedi-
ate rocks for the shale samples. Based on these different
source rock compositions, the fine-grained clastic rocks of the
lower Akhoreh Formation most probably have been mainly
sourced from intermediate source rocks such as a continental
arc like the UDMA. This suggests contribution from the UDMA
with calc-alkaline geochemical affinity in addition to the Late
Cretaceous NOM (~99 Ma) and relatively more distant pre-Mid-
dle Eocene UDMA (40 Ma) in the source region (Shafaii
Moghadam et al., 2009; Chiu et al., 2013).

The Lutetian reconstruction of the Iran Plate placed this
area at a subtropical palaeolatitude of ~30° north with an arid
palaeoclimate (Barrier et al., 2018; Fig. 2). From field studies,
and modal and geochemical analysis, the source area had a
semi-arid to arid climate. Field evidence such as the reddish
sandy matrix of conglomerates, red to pinkish colour of overly-
ing sandstones and shales with some desiccation cracks on
bedding surfaces, as well as an absence of plant debris, are in-
dications for an arid palaeoclimate in the western corner of the
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Table 8

Comparison of REE characteristics of representative sandstones from different tectonic settings

and lower Akhoreh Formation samples

Provenance type La/Yb Lan/Yby Eu/Eu* *REE Tectonic setting
Un-dissected magmatic arc 4.2+1.3 2.8+0.9 1.04£0.11 58+10 Oceanic island arc*
Dissected magmatic arc 114 7.5£2.5 0.79+0.13 146+20 Continental island arc*
Uplifted basement 12.5 8.5 0.6 186 Active continental margin*
Craton interior 15.9 10.8 0.56 210 Passive continental margin*
Lower Akhoreh sandstones 6.87 4.64 0.98 63.8 OIA
Lower Akhoreh shales 7.70 5.20 0.86 94.4 OIA

*in the upper right means data from Bhatia and Crook (1986)

CEIM during the Middle Eocene. An arc-related provenance,
though, shows little climatic effect due to rapid erosion and a
nearby source (Boggs, 2009). The presence of unaltered feld-
spars and volcanic rock fragments, as well as carbonate rock
lithics within the sandstones of the lower Akhoreh Formation,
also point to an arid climate. Furthermore, the intensity of the
weathering in the source area was low for sandstones to me-
dium for shales by calculating the chemical index of alteration.

Thus, investigation of the palaeogeography of central Iran,
as well as field, petrographic and geochemical studies, point
out that the NOM, along with the UDMA, having contributed
much sediment to the lower Akhoreh Formation, in a local
retroarc basin of the CIM and CEIM, by NE-wards flowing rivers
in an arid climate, during the Middle Eocene.

CONCLUSIONS

The Middle Eocene lower Akhoreh Formation in its type
area in the western corner of the CEIM consists of well-devel-
oped conglomerates at the base overlain by an alternation of
mostly red to pinkish sandstones and shales.

According to the sandstone petrographic studies, plagio-
clase feldspars and rock fragments, along with less frequent
quartz, constituent the main framework of the sandstones. Ig-
neous rock fragments are more frequent and are predominantly
of mafic volcanics. Modal analysis led to the identification of two
texturally and mineralogically immature petrofacies, including
feldspathic litharenite and lithic arkose.

The normalized geochemical composition of the samples
studied compared to the UCC and chondrite indicates a high

content of MgO, Ni and Cr and Cr/V, indicating an ultramafic to
mafic source rock composition such as ophiolite sources.

Based on the model analysis, the high proportion of
plagioclase and rock fragments indicate an arc-related prove-
nance within a transitional to undissected arc tectonic setting.
Geochemical analysis (major and trace elements) shows deri-
vation from ultramafic to mafic igneous rocks for the sand-
stones and mostly intermediate igneous rocks for the shales in
an oceanic magmatic arc tectonic setting.

According to the results of modal and geochemical analysis,
the source area had an arid climate. Moreover, the CIA average
values for sandstones (63) and shales (71) indicate that the in-
tensity of weathering in the source area was low and medium,
respectively.

Generally, field, petrographic and geochemical studies indi-
cate that the NOM, along with the UDMA in the west, has con-
tributed major sediment to the lower Akhoreh Formation in a lo-
cal retroarc basin of the western corner of the CEIM, via rivers
flowing from southwest to northeast in an arid climate during the
Middle Eocene.
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