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When the Cimmerian Continent separated from Gondwana and drifted northward to equatorial latitudes, sedi-
mentary rocks on the continent underwent intense weathering, resulting in the formation of bauxite deposits.
Gheshlagh is one such bauxite deposit, located in the Alborz Mountains in northern Iran. The bauxite deposit
at Gheshlagh, 12–18 m in thickness with a strike length > 4 km, is hosted by Permian strata and unconformably
overlain by Early Triassic limestone. Detrital zircon grains in the bauxite deposit yielded U-Pb ages ranging from
2.5 Ga to 0.5 Ga, with most ages between ca. 0.9 Ga and 0.5 Ga. The detrital zircon grains with age populations
between ca. 0.9 Ga and 0.6 Ga are tabular and rounded with sharp oscillatory zoning, and most likely derived
from igneous rocks in the northern part of the Arabian-Nubian Shield. The detrital zircon grains with ages of
~1 Ga are long and rounded in shape with slightly obscure growth zoning and probably originated from meta-
morphic rocks of the Sinai basement in the northernmost part of the shield. Detrital zircon with ages between
1.8 and 2.5 Ga are smoothly rounded in shape with faint internal zoning, suggesting long transport from ameta-
morphosed source(s), possibly including the SaharanMetacraton, and/or the Kabul Block. The Gheshlagh deposit
contains minor needle-like to prismatic-shaped zircon grains, with U-Pb ages ranging from ca. 571 to 521 Ma,
corresponding to the timing of the Cadomian magmatic event in northern Gondwana. The occurrence of such
proximal sourced zircons at Gheshlagh supports the notion that northern Gondwana was an active margin in re-
sponse to southward subduction of Prototethys during late Neoproterozoic to Early Cambrian. Our data also sug-
gest that the Cimmerian Continent was still located on the northern margin of Gondwana during deposition of
the bauxite protolith in the Permian.

© 2021 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The opening of Neotethys separated an elongate block of land, the
Cimmerian Continent, from Gondwana (Sengör, 1979; Angiolini et al.,
2015), which was followed by the northward drift of the continent to-
wards Eurasia (Muttoni et al., 2009a). The drifting and eventual collision
of the Cimmerian Continent with Eurasia resulted in the fragmentation
of the continent, now recognized as allochthonous terranes in Turkey,
Iran, Afghanistan, Tibet, Malay Peninsula, and western China (Ueno,
2003). Despite numerous structural, lithological, geochemical and geo-
chronological studies, the causes and timing of the rifting of the Cimme-
rian Continent remain controversial (e.g., Berberian and King, 1981;
Metcalfe, 2013; Angiolini et al., 2015). Allochthonous terranes, which
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were once on the Cimmerian Continent, contain numerous Permian
bauxite deposits, including those in Turkey (Hanilçi, 2013), Iran
(Faramarzi et al., 2013), Pakistan (Ashraf et al., 1972) and Afghanistan
(Renaud et al., 2015). The Gheshlagh bauxite deposit is one such de-
posit, now located in the Alborz Mountains of the northern Iran Block.
Since bauxite is a product of intense weathering of rocks (Bárdossy
and Aleva, 1990; Bogatyrev et al., 2009), dating of detrital zircon from
such deposits can indicate not only ages of the provenances of the
protoliths, but also the paleogeography of the area (e.g., Mongelli
et al., 2014, 2016; Cai et al., 2015; Wang et al., 2016).

This paper provides the first description of the Gheshlagh bauxite
deposit including the occurrence, stratigraphy, and petrography of the
bauxite ore, and U-Pb ages of detrital zircon from the deposit. More no-
tably, this is the first paper documenting detrital zircon ages from a
bauxite deposit in the Cimmerian Continent. Based on our results, we
discuss possible provenances for the protolith of the bauxite deposit,
and the geodynamic and paleogeographic evolution of northern Gond-
wana and the Cimmerian Continent during early to late Paleozoic.
V. All rights reserved.
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2. Geological setting

2.1. Regional tectonic setting

The study area is located in the Alborz Mountains of the northern
part of the Iran Block, which lies along the Tethyan suture between
the Eurasian Plate to the north and the Arabian Plate to the south
(Fig. 1A). The block was part of the Cimmerian Continent based on the
correlation of flora (Ghavidel-Syooki, 1995, 2008), sedimentary facies
(Stampfli, 2000), and geochronological data (e.g., Ramezani and
Tucker, 2003; Hassanzadeh et al., 2008; Shirdashtzadeh et al., 2018).
The continent was separated from northern Gondwana by the opening
of Neotethys and drifted northward during shortening of the
Paleotethys by its subduction below Eurasia. The Cimmerian Continent
eventually collidedwith southern Eurasia to form several allochthonous
terranes in present-day Turkey, Transcaucasia, central Iran, southern
Afghanistan, Myanmar, western China, and western Thailand to Suma-
tra (Ueno, 2003; Muttoni et al., 2009b).

2.2. Geology of the Alborz Mountains

TheAlborzMountains, amountain chain over 1200km long, extends
along thewestern and entire southern coast of the Caspian Sea (Fig. 1A).
The oldest exposed unit in the Alborz Mountains consists of siliciclastic
and carbonate-dominated sequences, including the Kahar Formation of
late Neoproterozoic to Early Cambrian age (Stöcklin, 1968; Seger, 1977;
Berberian and King, 1981). The Kahar Formation is the oldest in the area
and consists of diamictites containing detrital zircon that have been
dated at ca. 560–550 Ma (Etemad-Saeed et al., 2015; Hassanzadeh
et al., 2008).

The late Neoproterozoic to Early Cambrian strata are overlain, with
gradational contact, by siliciclastic rocks of theMila Formation ofMiddle
Cambrian to Ordovician age (Alavi, 1996), subsequently overlain by
shales and sandstones of the Ordovician Qelli Formation
(Ghavidel-syooki and Winchester-Seeto, 2002). These sedimentary
rocks are overlain by voluminous mafic volcanic rocks of the Soltan-
Meidan Formation of Late Ordovician to Silurian age (Fig. 2A). The basalt
to basaltic–andesite rocks, with transitional to mildly alkaline nature,
Fig. 1. (A) Tectonic framework of Iran and adjacent regions; Neotethys and Paleotethys suture
520kmnortheast of Tehran. (B) Simplified geologicalmap of theGheshlagh bauxite deposit in th
the references to colour in this figure legend, the reader is referred to the web version of this a
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mark the continental rift related to the opening of the Paleotethys
(e.g., Berberian and King, 1981; Stampfli et al., 1991; Derakhshi et al.,
2017). From the Devonian to Late Triassic, thick carbonate and
siliciclastic rocks were deposited. In ascending order, they include the
Lower toMiddle Devonian Padeha sandstones, theMiddle to Late Devo-
nian Khosh-Yeilagh sandstones, shales and limestones, and Carbonifer-
ous Mobarak Formation of limestones, dolostones and shales (Fig. 2A).
Subsequently, Early Permian shales, sandstones and sandy limestones
of the Dorud Formation were overlain by micritic limestones of the
Ruteh Formation (Fig. 2A). The Dorud Formation of the latest Carbonif-
erous to the Early Permian is composed of shallow-water carbonate
shelf sediments, whereas the Ruteh Limestone is considered to repre-
sent a wide carbonate ramp deposit (Gaetani et al., 2009). The upper
part of the sequence consists of shales and micritic limestones of the
Nessen Formation, which was overlain by Early to Middle Triassic car-
bonate strata of the Elika Formation (Assereto, 1966). In the eastern
Alborz Mountains, the Nessen Formation is largely missing and the
Gheshlagh Formation of arenite and siltstone occur (Jenny and
Stampfli, 1978; Gaetani et al., 2009). This unit hosts several lateritic
bauxite horizons.

The areawasuplifted to subaerial conditions during its collisionwith
Eurasia (Wilmsen et al., 2009), resulting in the formation of fluvial
siliciclastic rocks of the Shemshak Formation (Stampfli, 1978; Alavi,
1996) during the Late Triassic to Middle Jurassic period (Seyed-Emami
et al., 2006).

2.3. Geology of the study area

The oldest exposed rocks in the area close to the Gheshlagh deposit
are Silurian basalts of the Soltan-Meidan Formation (Fig. 2A). They are
overlain by theDevonian Khosh-Yeilagh Formation of fossiliferous lime-
stones and shales, and unconformably by Carboniferous limestones,
dolostones and shales of the Mobarak Formation (Fig. 2A). The Early
Permian Dorud Formation consists of red to brown sandstones, shales
and oncolitic limestones overlain by medium to thick-bedded lime-
stones of the Ruteh Formation (Jafarian and Jalali, 2004; Gaetani et al.,
2009). The top of the Ruteh Formation is karstified, and overlain by
the Gheshlagh Formation, which hosts the Gheshlagh bauxite deposit.
s are indicated (modified after Robert et al., 2014). The Gheshlagh deposit (yellow star) is
e eastern AlborzMountains (modifiedafter Jafarian and Jalali, 2004). (For interpretation of
rticle.)



Fig. 2. (A) Schematic stratigraphy of the Gheshlagh bauxite deposit in the eastern Alborz Mountains (compiled from Assereto, 1966; Alavi, 1996; Seyed-Emami et al., 2006; Fürsich et al.,
2009; Wilmsen et al., 2009); thicknesses are not to scale. (B) Schematic columnar section of the Gheshlagh bauxite horizon. Sample locations shown by solid circles.
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The overlying Early to Middle Triassic Elika Formation (Assereto, 1966;
Altiner et al., 1979) consists of thin-bedded vermiculate limestones in
the lower part, light green marls with intercalations of thin-bedded do-
lomitic limestones in the middle part and grayish thick-bedded dolo-
mites to massive dolomites in the upper part (Jafarian and Jalali, 2004;
Zamanian Pedram and Karimi, 2007). The Elika Formation is uncon-
formably overlain by alternating sandstone and shale of the Late Triassic
to Early Jurassic Shemshak Formation.

The Gheshlagh deposit consists of a bauxite horizon with thickness
of 12–18 m and strike length of >4 km, unconformably covered by
Early Triassic limestone (Figs. 3A, B). Since the bauxite bed overlies a
karst, it is classified as a karst-typedeposit by Faramarzi et al. (2013) fol-
lowing the classification of Bárdossy (1982). Although there is no evi-
dence for regional metamorphism other than diagenesis, the entire
area was deformed, with NE-SW-trending folds, then cut by several re-
verse and strike-slip faults (Fig. 1B). As a result, exposure of the bauxite
bed at the surface is discontinuous along its strike length (Fig. 1B). The
bauxite bed has an undulating base (Fig. 3C) and a sharp contact with
the overlying limestones (Fig. 3D).

The Gheshlagh bauxite deposit is divided into three layers (Fig. 2B):
lower clayey bauxite (LCB), hard bauxite (HB) and upper clayey bauxite
186
(UCB). The red to brown LCB, about 5–8 m in thickness, has abundant
nodular concretions (Fig. 3E), and overlies the limestone of the Ruteh
Formation. It is mainly composed of hematite, kaolinite, and quartz
with lesser rutile and minor diaspore. The green to red layer of HB
(Fig. 3F) is about 3–4m thick and largely composed of diaspore, boehm-
ite, kaolinite, Ti-oxide mineral and hematite. This unit represents the
high-grade bauxite ore. The grey to brown layer of UCB is about 4–6 m
thick and mainly consists of kaolinite, hematite, and rutile with minor
diaspore and Sr-rich aluminum-phosphate-sulphate (APS) minerals.
3. Sampling and analytical techniques

3.1. Sampling

During the field work in mid 2017 a total of 52 samples were col-
lected along two sections, from the carbonate footwall to the top of
the bauxite layers. A composite sample of bauxite, weighing ~3 kg,
was made from five representative samples from HB (Gh107,
Gh124, Gh126 and Gh129) and UCB (Gh108) for detrital zircon
separation.



Fig. 3.Gheshlagh deposit. (A) General viewof the Permian limestones, bauxite bed and the Triassic limestones. (B)Mined-out lenticular ore body. (C) Paleokarstic footwall of the ore body.
(D) Triassic limestone overlying ore body. (E) Nodular texture of the lower clayey bauxite. (F) Green to red hard bauxite overlying the lower clayey bauxite. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Mineralogical analyses

The texture and mineralogy of samples were examined using a pet-
rographic microscope, and scanning electron microscopy with energy
dispersive spectrometer (SEM-EDS). The mineralogy of nine represen-
tative samples (Gh101-109) was determined using a Philips PW 1800
X-ray powder diffractometer at Kansaran Binaloud Research Company,
Pardis Science and Technology Park, Tehran. The XRD pattern was re-
corded over a 2θ range between 4 and 70°, with counting time of 1 s
per 0.02°. Back-scattered electron (BSE) and cathodoluminescence
(SEM-CL) images were obtained using a JEOL JSM-6610LV scanning
electronmicroscope in the Department of Earth and Environmental Sci-
ences, University of Ottawa.

3.3. Zircon U-Pb dating

The sample was crushed and separated into three size fractions
using sieves: 70 # (212 μm), 120 # (125 μm), 200 # (75 μm), and 270
# (53 μm). Zircon grains were hand-picked under a binocular micro-
scope from heavy mineral fractions, and mounted in epoxy resin. After
polishing the epoxy puck to expose the center of grains, zircon grains
were examined using a transmitted-light microscope and with BSE
and SEM-CL images. Grains without fractures and inclusions were se-
lected for U-Pb dating.
187
The U-Pb dating were performed with a Photon Machines Analyte
Excite 193 nm laser system attached to an Agilent 7700× ICP-MS in
the Department of Earth and Environmental Sciences, University of Ot-
tawa. The laser was focused to 32 μm in diameter with a repetition rate
of 10 Hz. 91,500 zircon and Plešovice zircon were analyzed every seven
sample analyses, and used as primary and secondary reference, respec-
tively. A total of 52 areas on 47 detrital zircon grainswere analyzed. Raw
data were processed using the GLITTER software package (Griffin et al.,
2008). A concordia diagram and weighted mean calculations were
made with Isoplot/Ex ver. 3.75 (Ludwig, 2012) using a 238U/235U ratio
of 137.818± 0.045, as defined by Hiess et al. (2012). The analytical pro-
cedure is essentially the same as that described by Kobylinski et al.
(2020). This paper uses 206Pb/238U ages for grains younger than
1000 Ma and 207Pb/206Pb ages for older grains (e.g., Compston et al.,
1992; Horton et al., 2008; Yu et al., 2016).
4. Results

4.1. Textures and mineralogy of bauxite

The Gheshlagh bauxite ore shows pelitomorphic, microgranular,
nodular, clastic, and pisolitic-oolitic textures (Fig. 4). The nodular tex-
ture is due to irregular-shaped concretions of variable minerals
(Fig. 3E). Ooids, pisoids and rounded to subrounded fragments of
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bauxite detrital fragments, mm to cm-sized, comprise the bulk of the
bauxite ore (Figs. 4A, B). The pisoids and ooids range from 0.1 to
6 mm in diameter, are spherical to elliptical in shape (Fig. 4C), and con-
sist of thin to thick cortices enclosing single or multiple nuclei of frag-
ments of bauxite (Fig. 4D). Based on XRD analyses, bauxites consist of
diaspore (15–30%), boehmite (10–20%), kaolinite (10–60%), hematite
(10–40%), rutile (3–10%), and quartz (5–15%), with minor amounts of
goethite, chlorite, zircon, and APS minerals.
4.2. Zircon occurrences

Detrital zircons are subhedral (Figs. 5A, B) to anhedral (Figs. 5C,
D) and occur in a pelitomorphic to granular matrix of the bauxite sam-
ples. Zircon grains display have various shapes that are grouped into
four categories (Figs. 6A, B; Table 1). Group I zircons have a needle-
like to prismatic crystal shape with elongation (width/length ratio)
≤ 0.30, and sharp oscillatory zoning. Group II zircon grains have a tabular
to roundedwith elongation from 0.38 to 0.50, and sharp oscillatory zon-
ing (Table 1). The sharp oscillatory zoning in Groups I and II (Figs. 7A, E,
K) suggests a magmatic origin of the zircon (Rubatto, 2002;Wang et al.,
2016), consistent with their high Th/U ratios, ranging from 0.15 to 1.28
(Table 2). Group III zircon grains are mostly rounded, with elongation
0.51 to 0.68 and variable internal textures, from sharp oscillatory zoning
to poorly defined zoning. Group IV represents stubby rounded crystals
with elongation ≥0.7 (Fig. 6B). Some of the rounded grains of Group IV
were fragmented, as demonstrated by truncated growth zoning due to
erosion (Fig. 8C), suggesting long-distance transportation from the
source and/or multiple sedimentary cycles. Zircon grains showing
poor zoning of Group III and Group IV have low to intermediate Th/U ra-
tios, 0.04 to 0.43 (Table 1). These grains most likely formed in igneous
rocks were affected by sub-solidus alteration during metamorphism or
hydrothermal activity, as documented by Corfu et al. (2003). A few
grains of Group IV have no discernable zoning (Fig. 7J).
Fig. 4. Photographs (A-B) and photomicrographs under polarized transmitted light (C-D) sho
bauxite with clastic texture [sample Gh107]. (B) Red bauxite with pisolitic and oolitic tex
(D) Close-up of complex pisoidwith thin cortices enclosingmultiple nuclei embedded in a micr
end, the reader is referred to the web version of this article.)

188
Five grains of Group II show inherited cores surrounded by rimswith
oscillatory zoning (Figs. 7N, O, Q, R). Inherited cores have Th/U>0.2, ex-
cept for grain Gh-262 (Fig. 7N), which has a ratio 0.12 (Table 2).

4.3. Zircon U-Pb ages

Almost all detrital zircons (n = 52) yield concordia ages (Fig. 9),
ranging from 2521 ± 27.7 Ma to 521 ± 3.6 Ma, with most ages (n =
42) between ca. 975 Ma and 535Ma. A relative age probability diagram
shows dominant peaks at ca. 566 Ma, 641 Ma, 792 Ma, and 847 Ma
(Fig. 10). Zircon grains with late Neoproterozoic to Early Cambrian
ages (with peak at ca. 566 Ma) are needle-like to prismatic in shape,
suggesting proximal sources. The middle to lower Neoproterozoic
aged zircons (with peak at ca. 641Ma) have a tabular to rounded exter-
nal shape. Four detrital zircon grains have ages of 1029–1132 Ma, and
five zircon grains have ages ranging from 1731 to 2521 Ma; the
Paleoproterozoic and Neoarchean-age zircons are mainly stubby. One
detrital zircon grain has an age of 521 Ma.

Inherited cores of five grains yielded ages between ca. 562 Ma to
957 Ma (Table 2; Fig. 9) and the ages of the overgrowth rims are youn-
ger than the cores by 8m.y. to 243m.y. (±1ơ errors of ca. 3–5m.y.). One
exception is grain Gh-190, where the rim (849Ma) is older than core by
~190 m.y. The younger age of the core is most likely due to Pb loss from
the core through cracks after crystallization of the rim, as such reversed
age relationship is reported elsewhere (e.g., Gerdes and Zeh, 2009).

5. Discussion

5.1. Source of detrital zircons

Ages of zircon grains are related to themorphology, and internal tex-
tures (Table 1). Stubby, rounded zircon grains (Group IV) are mainly
Paleoproterozoic and Neoarchean in age (>1.8 Ga). Tabular to rounded
crystals (Groups II and III) yielding ca. 1.1–0.6 Ga ages. Needle-like to
wing the typical textures of bauxite ores from the Gheshlagh deposit. (A) Grey to yellow
tures [Gh102]. (C) Ferruginous ooids and pisoids of various shapes and sizes [Gh104].
ogranularmatrix [Gh106]. (For interpretation of the references to colour in this figure leg-



Fig. 5.Photomicrograph and BSE images of zircon grains in bauxite ore from theGheshlagh deposit. (A) Zircongrainunder plane polarized light and (B)under cross-polarized light [sample
Gh108]. (C) BSE image showing the detrital zircon grains of different size in bauxite ore [Gh129]. (D) BSE image of detrital zircons in bauxite ore with pelitomorphic texture [Gh108].
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prismatic zircons (Group I) give late Neoproterozoic-Early Cambrian
ages (ca. 0.6–0.5 Ga). Zircon grainswith sharp oscillatory growth zoning
are most likely derived from igneous rocks, whereas zircons with
blurred internal zoning likely originated from rocks that have been
metamorphosed or hydrothermally altered. The igneous rocks may
have been eroded over time, and the evidence for the igneous rocks
may be only now be recorded in sedimentary rocks (e.g., Legault and
Hattori, 1994; Be’eri-Shlevin et al., 2012). Therefore, the source and
provenance of detrital zircon obtained from the Gheshlagh bauxite de-
posit are considered by comparing the ages with those of igneous
rocks as well as sedimentary rocks in the region to evaluate possible
provenances.
Fig. 6. Elongation (width/length ratio) of detrital zircons from the Gheshlagh bauxite deposit. (A
grains. (B) Various crystal habits of detrital zircons (Group I = needle-like to prismatic, Groups
was assessed using the method of Dill (2007) and Gärtner et al. (2013).
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5.1.1. Provenance of detrital zircons older than 1.8 Ga (Group IV)
Zircon grains yielding the ages of ca. 2.5–1.8 Ga are rounded and

show blurred oscillatory zoning (Fig. 7J, Table 1), suggesting their der-
ivation from distant sources affected by metamorphism. The location
of the provenance is not certain, but there are several metamorphic
terranes of Archean to Protoproterozoic age in Gondwana, including
the Saharan Metacraton in the Arabian-Nubian Shield (ANS)
(Abdelsalam et al., 2002). The Kabul Block in the eastern Afghan Cen-
tral Block is also a possibility, if the block was connected to Gondwana
in early Paleozoic time (Faryad et al., 2016; Domeier and Torsvik,
2019) (Fig. 11).
) Histograms of elongation of detrital zircons showing four groups (I, II, III, and IV) of zircon
II and III = tabular to rounded external shape, Group IV= stubby). The typology of grains



Table 1
The relationship between morphology, internal texture and U-Pb ages of different detrital zircon groups from the Gheshlagh deposit, plus the interpreted provenances.

Morphologya Number of
zircon
grains

Internal texture Inherited
cores

Th/U U-Pb ages Interpreted provenance

Group I
(Needle-like to
prismatic)

11 Sharp oscillatory zoning Absent 0.22–0.82 ca. 0.6–0.5 Ga Cadomian igneous rocks on the northern margin of
Gondwana

Group II
(Tabular to rounded)

27 Sharp oscillatory zoning Several
grains

0.15–1.28
> 0.2 for
core

ca. 0.9–0.6 Ga Igneous rocks on the Arabian-Nubian Shield

Group III
(Mostly rounded)

4 Sharp to poorly oscillatory
zoning

Absent 0.30–0.43 ca. 1.1–1 Ga Metamorphosed/altered Stenian arc igneous rocks

Group IV
(Stubby)

5 Blurred zoning Not clear 0.04–0.30 ca. 2.5–1.8 Ga Unknown, distant metamorphosed terranes

a Morphology shown in Fig. 6.

Fig. 7. Representative CL images of detrital zircons from the Gheshlagh bauxite deposit. Circles indicate the location of laser spots for LA-ICP-MS analysis (using 32 μm laser beam).
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Table 2
U-Pb ages of detrital zircons from the Gheshlagh bauxite deposit.

Grain # Th/U Isotope ratio Age (Ma)

207Pb/206Pb ± 1ơ 206Pb/238U ± 1ơ 207Pb/235U ± 1ơ 207Pb/206Pb ± 1ơ 206Pb/238U ± 1ơ 207Pb/235U ± 1ơ

Gh-1 0.32 0.07371 0.00137 0.16333 0.00083 1.66004 0.02995 1033 37.1 975 4.6 993 11.4
Gh-2 0.26 0.06022 0.00062 0.10081 0.00027 0.83713 0.00832 611 21.9 619 1.6 618 4.6
Gh-7 0.30 0.10926 0.00092 0.30757 0.00076 4.63431 0.03777 1787 15.3 1729 3.8 1756 6.8
Gh-11 1.28 0.0601 0.00075 0.09158 0.00029 0.75904 0.00925 607 26.9 565 1.7 574 5.3
Gh-14 0.51 0.07031 0.00067 0.1686 0.00044 1.63458 0.01509 937 19.4 1004 2.4 984 5.8
Gh-22 0.29 0.07117 0.00165 0.15748 0.00096 1.54546 0.03484 962 46.6 943 5.3 949 13.9
Gh-29 0.58 0.05956 0.00093 0.10925 0.00043 0.89734 0.01368 588 33.6 668 2.5 650 7.3
Gh-30 0.32 0.06009 0.00113 0.1046 0.00048 0.86681 0.01583 607 40.1 641 2.8 634 8.6
Gh-35 0.30 0.05917 0.00127 0.10413 0.00054 0.84962 0.0178 573 46.1 639 3.1 624 9.8
Gh-43 0.61 0.06439 0.00074 0.13054 0.0004 1.15906 0.0129 754 24.1 791 2.3 782 6.1
Gh-49 0.66 0.07041 0.00079 0.15499 0.00047 1.50485 0.01631 940 22.7 929 2.7 932 6.6
Gh-55 0.63 0.06807 0.00147 0.13828 0.00077 1.29799 0.02728 871 44.1 835 4.4 845 12.1
Gh-68 0.33 0.05874 0.00084 0.10476 0.00038 0.84848 0.01178 557 30.8 642 2.2 624 6.5
Gh-93 0.52 0.06106 0.00146 0.10197 0.00059 0.85865 0.02006 641 50.7 626 3.4 629 11.0
Gh-95 0.45 0.06627 0.00084 0.13975 0.00047 1.27714 0.01569 815 26.2 843 2.7 836 7.0
Gh-96 0.37 0.10594 0.00098 0.24661 0.00066 3.60265 0.0323 1731 16.9 1421 3.4 1550 7.1
Gh-105 0.22 0.05857 0.00081 0.1027 0.00036 0.82954 0.01112 551 29.8 630 2.1 613 6.2
Gh-109 0.79 0.05797 0.00085 0.08872 0.00033 0.70923 0.01008 528 32.1 548 2.0 544 6.0
Gh-113 0.43 0.06904 0.00204 0.12957 0.00099 1.23348 0.03543 899 59.7 785 5.6 816 16.1
Gh-118 0.58 0.0551 0.00301 0.08649 0.00091 0.65717 0.03537 416 117.4 535 5.4 513 21.7
Gh-121 0.30 0.05654 0.00112 0.09194 0.00044 0.71688 0.01386 473 43.7 567 2.6 549 8.2
Gh-124 0.32 0.07073 0.00107 0.16427 0.00069 1.60223 0.02354 949 30.7 981 3.8 971 9.2
GH-129 0.35 0.07439 0.00079 0.18056 0.00053 1.85226 0.01898 1052 21.2 1070 2.9 1064 6.8
Gh-136 0.51 0.06689 0.00143 0.15467 0.00086 1.42672 0.02975 834 44.1 927 4.8 900 12.5
Gh-146 0.35 0.15482 0.00163 0.45748 0.00151 9.76738 0.09918 2400 17.8 2429 6.7 2413 9.4
Gh-159 0.49 0.06795 0.00095 0.15302 0.00058 1.43382 0.01939 867 28.7 918 3.2 903 8.1
Gh-172 0.90 0.06359 0.00119 0.13105 0.00063 1.1492 0.02093 728 39.2 794 3.6 777 9.9
Gh-173 0.43 0.07741 0.00164 0.17127 0.00102 1.82847 0.03754 1132 41.7 1019 5.6 1056 13.5
Gh-174 0.52 0.06493 0.0013 0.12162 0.00063 1.08906 0.02127 772 41.7 740 3.6 748 10.3
Gh-177 0.68 0.06086 0.00163 0.10308 0.00069 0.86511 0.02259 634 56.8 632 4.0 633 12.3
Gh-188 C 0.54 0.06626 0.00211 0.09109 0.00069 0.83233 0.02583 814 65.1 562 4.1 615 14.3
Gh-188 R 0.82 0.05971 0.0016 0.08865 0.00056 0.73003 0.01906 593 56.7 548 3.3 557 11.2
Gh-190 C 0.23 0.06399 0.00094 0.10754 0.00042 0.94898 0.01351 741 30.8 659 2.4 678 7.0
Gh-190 R 0.57 0.06813 0.00092 0.14081 0.00051 1.32291 0.01722 872 27.6 849 2.9 856 7.5
Gh-201 0.30 0.07355 0.00125 0.17083 0.0008 1.73277 0.0285 1029 33.9 1017 4.4 1021 10.6
Gh-209 0.79 0.05779 0.00181 0.08423 0.0006 0.67138 0.02059 522 67.6 521 3.6 522 12.5
Gh-213 0.33 0.10805 0.00172 0.28979 0.00138 4.3178 0.06596 1767 28.8 1641 6.9 1697 12.6
Gh-214 C 0.83 0.05665 0.00131 0.09258 0.00052 0.72327 0.01621 641 98.1 571 3.1 553 9.6
Gh-214 R 1.12 0.06106 0.00287 0.09102 0.00094 0.76642 0.03529 477 50.5 562 5.5 578 20.3
Gh-215 0.04 0.16634 0.00277 0.48705 0.00306 11.17268 0.17864 2521 27.7 2558 13.3 2538 14.9
Gh-226 0.64 0.06152 0.00199 0.09615 0.00072 0.8158 0.02572 658 67.8 592 4.2 606 14.4
Gh-232 0.47 0.06696 0.00106 0.14044 0.0006 1.29694 0.01982 837 32.7 847 3.4 844 8.8
Gh-233 0.19 0.0716 0.00132 0.18645 0.00094 1.84111 0.03277 975 37.1 1102 5.1 1060 11.7
Gh-238 C 0.68 0.05954 0.00117 0.09782 0.00049 0.80321 0.01538 593 43.4 602 2.9 599 8.7
Gh-238 R 0.32 0.05971 0.00122 0.09645 0.00049 0.79419 0.01579 587 42.2 594 2.9 594 8.9
Gh-241 0.41 0.06993 0.00225 0.15665 0.00128 1.51065 0.04737 926 64.8 938 7.2 935 19.2
Gh-242 0.15 0.06583 0.00228 0.12273 0.00101 1.11421 0.03772 801 71.1 746 5.8 760 18.1
Gh-250 0.42 0.06362 0.00141 0.12958 0.00073 1.13685 0.02446 730 46.3 785 4.2 771 11.6
Gh-260 0.60 0.06898 0.0015 0.13734 0.0008 1.30641 0.02752 899 44.3 830 4.6 849 12.1
Gh-261 0.38 0.07085 0.00117 0.15213 0.00068 1.48641 0.02367 953 33.3 913 3.8 925 9.7
Gh-262 C 0.12 0.06973 0.00115 0.16006 0.00072 1.53931 0.02464 921 33.7 957 4.0 946 9.9
Gh-262 R 0.40 0.06366 0.00109 0.11716 0.00052 1.02864 0.01698 730 35.7 714 3.0 718 8.5

Uncertainties of individual analyses are presented as 1ơ. C and R refer to core and rim of zircon grain.
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5.1.2. Provenance of detrital zircons with ages around 1 Ga (Group III)
Detrital zircons from theGheshlagh depositwith ages of ca. 1.1–1Ga

have a rounded shape (Group III of Table 1) suggesting a long distance
transport or multiple sedimentary cycles. Oscillatory zoning is clear in
somegrains, but blurred in other grains. There are several possible prov-
enances for these zircon grains. They include Sinai basement rocks in
the northernmost part of the ANS (Fig. 11), where metamorphosed ig-
neous rocks of the Stenian arc (ca. 1.03–1.02 Ga; Be’eri-Shlevin et al.,
2012) are recognized in Sa'al metasedimentary rocks (1.11–1.03 Ga;
Be’eri-Shlevin et al., 2009). Since the detrital zircon grains derived
from Stenian igneous rocks are also common in Early Paleozoic sand-
stones in northern Africa (Meinhold et al., 2013), the erosion of these
sedimentary rocks might have provided zircon grains to the Gheshlagh
deposit.
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5.1.3. Provenance of detrital zircons with ages between 1 and 0.6 Ga
(Group II)

U-Pb ages of detrital zircons from theGheshlagh deposit between ca.
0.9 and 0.6 Ga in age (Group II of Table 1) show sharp oscillatory growth
zoning (Figs. 7E, K). The age spectra are similar to those of detrital zir-
cons from late Neoproterozoic-Cambrian sedimentary rocks inmany lo-
cations in the ANS reported by Johnson (2014) (Fig. 12). These include
the Rutig conglomerate and Elat conglomerate in the northern part of
the ANS (Fig. 12A), the Abt Formation in the eastern part of the shield
(Fig. 12B), and the sedimentary rocks of the Huqf Supergroup, and
Cambro-Ordovician sandstones on the northern margin of the shield
(Fig. 12C). These detrital zircon grains are considered to have been
sourced from proximal igneous rocks, based on morphology and inter-
nal textures (Kolodner et al., 2006).



Fig. 8. Broken faces of detrital zircons from the Gheshlagh deposit.
(A) Cathodoluminescence (CL) and (B) BSE images showing broken detrital zircon [sam-
ple Gh-159]. (C) CL and (D) BSE images of fragmented detrital zircon grain showing oscil-
latory zoning in the interior of the zircon [sample Gh-173].

Fig. 9. U-Pb concordia diagram of detrital zircons from the Gheshlagh bauxite deposit.

Fig. 10. Relative age probability diagram displaying the U-Pb detrital zircon age distribu-
tion for the Gheshlagh bauxite deposit.

Fig. 11.Detrital zircon age spectrum of the Gheshlagh bauxite deposit versus the tectono-
magmatic events of northern Gondwana.
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Detrital zircons in the Gheshlagh deposit show a population peak at
641 Ma, which is also observed in the above mentioned sedimentary
rocks of the ANS (Fig. 12). Granitic rocks associated with the East
African Orogeny are abundant in the northern ANS (Fig. 11), with
U-Pb zircon ages of 637 ± 5 (Ali et al., 2010, 2012). Zircon grains with
older age populations, ranging from ca. 714 Ma to 938 Ma with two
major peaks at 792 Ma and 847 Ma, may have originated from igneous
rocks of the Tonian-Cryogenian arc in the northern (Morag et al., 2011)
and eastern parts of ANS (Stern, 2002; Stern and Johnson, 2010). These
subduction-related igneous rocks range in age from ca. 870 to 630 Ma
(Stern and Johnson, 2010).
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5.1.4. Source of zircon grains younger than 600 Ma (Group I)
The Gheshlagh deposit contains zircon grains younger than 600 Ma,

with a population peak at ~566 Ma and the youngest age of 521 Ma
(Fig. 10). They were supplied from proximal igneous rocks based on
their delicate needle-like shape and sharp oscillatory zoning (Table 1).
We suggest that they likely derived from Cadomian arc rocks
(600–500 Ma), which formed on the northern margin of Gondwana
due to southward subduction of Prototethys (Ustaömer et al., 2009;
Garfunkel, 2015) from ~600 Ma for 100 m.y. (Moghadam et al., 2017a;
Fig. 13A). The youngest age of zircon, 521 Ma, from the Gheshlagh de-
posit suggests that Cadomian magmatic activity likely continued in
the region to the Early Cambrian.

The proposed interpretation is further supported by the occurrence
of Cadomian igneous zircon as detrital grains in early Paleozoic sedi-
mentary rocks of the Alborz Mountains, reported by Horton et al.
(2008) and Moghadam et al. (2017b) (Figs. 12D, E). The data suggest
the paleo current was such that Cadomian arc rocks on the northern
margin of the ANS provided detritus to the area.



Fig. 12. Relative probability plots for U-Pb ages of detrital zircons from sedimentary rocks in the Iran Block and the ANS. (A) Rutig and Elat Conglomerates in the northern ANS; (B) Abt
Formation in the eastern ANS; (C) Huqf Supergroup sedimentary rocks and Cambro-Ordovician sandstones on the northernmargin of the ANS; (D) Qelli and Padeha Formations in north-
eastern Iran Block; (E) Neoproterozoic-Cambrian sandstones in the Iran Block; (F) Gheshlagh deposit in northern Iran (this study). Data sources for A, B, C are Johnson (2014), and for D, E
from Horton et al. (2008) and Moghadam et al. (2017b).
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5.2. History of the Cimmerian terrane: evidence from bauxite deposit

The detrital zircon populations of the Gheshlagh deposit are domi-
nated by Neoproterozoic-Early Cambrian ages, especially those be-
tween 0.9 and 0.5 Ga, with smaller zircon populations of older ages.
The ages ranging from 0.9 to 0.6 Ga and from 0.6 to 0.5 Ga overlap
with those of igneous rocks in the interior of ANS and Cadomian arc
rocks on the northern margin of ANS, respectively (Table 1). Our new
zircon ages suggest that the Cimmerian Continent was still part of
Gondwana during the deposition of the bauxite protolith in the Perm-
ian. Our proposed interpretation agrees with the paleogeographic re-
construction of the Iran Block by Horton et al. (2008), based on U-Pb
ages of detrital zircon from early Paleozoic strata of the Alborz
Mountains.

We suggest that the bauxite protolithwas deposited on the northern
margin of Gondwana where detritus was transported northward from
the interior of ANS. After protolith deposition of the Gheshlagh deposit
in Late Permian time, the Cimmerian Continent rifted from Gondwana
very endof Permian (Fig. 13B). There is the evidence for southward sub-
duction of Paleotethys below the northernmargin of Gondwana in very
late Carboniferous period (e.g., Candan et al., 2016); this rifting of the
Cimmerian Continent may have initiated in a back-arc configuration,
as has been proposed by Sengör (1987) and Santosh et al. (2009).
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Incorporation of detrital zircons in sediments requires the exposure
and erosion of zircon-bearing rocks in provenances and the transporta-
tion of zircon to the depositional sites. Age spectra of detrital zircons
from theGheshlagh bauxite deposit suggest that the rocks on the north-
ern part of ANS were the dominant contributors to the detritus of the
bauxite deposit. Interestingly, detrital zircon with ages younger than
520 Ma are lacking in the Gheshlagh deposit, but zircon grains with
ages of 492–404 Ma are reported from Paleozoic siliciclastic rocks of
the Alborz Mountains (Moghadam et al., 2017b). The lack of young zir-
con grains in theGheshlagh depositmaybe explained by the paleogeog-
raphy of the area during deposition of the Gheshlagh bauxite protolith
in the Permian period. Ordovician-Silurian felsic igneous rocks occur
in the northern part of the Iran Block, but their distribution is limited
and far from the depositional site. On the other hand, the area proximal
to the Gheshlag deposit was covered by voluminous Silurian basaltic
rocks, with thickness up to about 1300 m (Derakhshi et al., 2017).
These basaltic rocks (with ~184 ppm Zr; Derakhshi et al., 2017) do not
contain zircon grains because crystallization of zircon requires more
than 1200 ppm Zr in basaltic magmas, based on the Zr saturation equa-
tion ofWatson andHarrison (1983). More importantly, the voluminous
basaltic rocks occur between Ordovician-Silurian felsic rocks and the
depositional site. Such thick basaltic rocks likely prevented the supply
of zircon from more distant locations.



Fig. 13. Schematic diagrams showing plate tectonic and paleogeographic evolution of the Cimmerian Continent and Iran Block from late Neoproterozoic to Late Permian, including closure
of the Paleotethys. (A) Late Neoproterozoic–Early Cambrian subduction along northernGondwana. (B)Neotethys rifting of the Cimmerian Continent, including the Iran Block, in the Perm-
ian. (C) Northward motion of the Cimmerian Continent during Neotethys opening in the terminal Permian period. (D) Paleogeographic reconstruction of the Iran Block for the Permian-
Triassic (modified afterMuttoni et al., 2009b). The approximate location of the study area is shownby thewhite star. Subduction zone= lineswith barbs on the upper plate; oceanic ridge
= small diverging arrows.
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The Cimmerian Continent migrated northward (Fig. 13C), attaining
subequatorial paleolatitudes in the Permian-Triassic time (Fig. 13D)
(Muttoni et al., 2009b), resulting in a tropical climate conducive to the
formation of bauxites and laterites. Due to the fragmentation of the con-
tinent, these deposits are now distributed in northern Iran, the Tauride
Belt in southern Turkey (Hanilçi, 2013), southern and central
Afghanistan (Renaud et al., 2015), and Kattha of western Pakistan
(Ashraf et al., 1972).

6. Conclusions

1) Detrital zircon grains from the Gheshlagh bauxite deposit record a
principal age population at ~0.9–0.5 Ga with smaller populations at
194
~1 Ga and ~2.5–1.8 Ga. Zircon morphologies suggest distal sources
for zircon grains older than 0.6 Ga and proximal sources for those
younger than 0.6 Ga.

2) Detrital zircons with ages younger than 0.6 Ga were likely sourced
from Cadomian igneous rocks (ca. 0.6–0.5 Ga), on the northernmar-
gin of Gondwana. Detrital zircons with ages of ca. 0.9–0.6 Ga most
likely originated from igneous rocks in the interior of the ANS. The
detrital zircons with ages of ~1 Ga were probably derived from
Sinai basement rocks, whereas zirconswith ages of ~2.5 Ga have sev-
eral possible sources, including the Saharan Metacraton and Kabul
Block.

3) The new U-Pb zircon ages suggest that the Cimmerian terrane was
still located on the northernmargin of Gondwana during deposition
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of the bauxite protolith in the Permian. The equatorial paleolatitudes
of the western Cimmerian Continent during the Late Permian
allowed intense weathering to form numerous bauxite deposits.
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