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Abstract

The Upper Triassic (Norian—Rhaetian) Nayband Formation is situated at the southwestern margin of Central East Iranian
Microcontinent and records Eo-Cimmerian events. The formation is composed of mixed carbonate-siliciclastic deposits.
This study presents information on the tectonic reconstruction and palaeoclimate of the southwestern margin of Central
East Iranian Microcontinent during the Late Triassic. Petrography and modal analyses of sandstones show a variety of
quartz-rich petrofacies including subarkose, lithic arkose, sublitharenite, feldspathic litharenite and litharenite. The com-
bined modal analysis and geochemical results of major and trace elements of the sandstone samples represents mixed
sedimentary, intermediate, felsic igneous rocks and moderate- to high-grade metamorphic provenance areas. The major
elements and modal analyses of the Nayband Formation sandstone samples suggest an active continental margin tec-
tonic settings. The palaeoclimatic conditions were sub-humid to humid with relatively low to moderate weathering in
the source area which is in agreement with the palaeogeography and palaeotectonic history of southwestern margin of
Central East Iranian Microcontinent during the Late Triassic.

1. Introduction

The composition of siliciclastic rocks is controlled by
various factors including transportation processes, ge-
ology, tectonic and palaeoclimate of the source area
(McLennan et al.,, 1993; Arribas et al., 2007; Zimmer-
mann and Spalletti, 2009; Adhikari and Wagreich, 2011;
Ghazi and Mountney, 2011; Nehyba et al., 2012; Garzanti
et al,, 2013; Salehi et al., 2014, 2018a; Nehyba and Ro-
etzel, 2015; Fathy et al., 2018; Igbal et al., 2019). It is
possible to determine the composition of the source
area in the siliciclastic sediments using the results of
geochemical analysis data (e.g. Roser and Korsch, 1988;
Armstrong-Altrin et al., 2012). Trace elements are insol-
uble and usually inactive under superficial conditions,
therefore, they are suitable for analysing the source rocks
(McLennan et al., 1993; Von-Eyatten et al., 2003). The
aim of this study is using modal and geochemical
analysis (major and trace elements) to determine
the source rock, palaeoweathering, palaeoclimatic
conditions, tectonic setting and palaeogeography of
siliciclastics of the Nayband Formation in the south-
western margin of Central East Iranian Microcontinent
(CEIM) (Fig. 1A). The results provide information on the
provenance characteristics of the Upper Triassic
deposits in Central Iran in the context of the Eo-
Cimmerian Orogeny and the palaeogeographic recon-
struction of the Middle-East during Early Mesozoic.

2. Geological setting

The Iran Plate, an element of the Cimmerian Micro-
plate assemblage, was separated from the Arabian
Plate following the opening of the Neo-Tethys Ocean
in the Late Paleozoic (Wilmsen et al., 2009a). During
the Late Triassic, Neo-Tethys subduction started at the
southern margin of the Iran Plate (Arvin et al. 2007).
The Eo-Cimmerian Orogeny was the result of collision
between the Iran Plate and the Turan Plate of Eurasia
(e. g. Wilmsen et al., 2009a). This collision is one of the
important events in the Early Cimmerian Orogeny
(Wilmsen et al.,, 2009a) and had a crucial role in the
deposition of the Middle-Late Triassic successions of the
Cimmerian terranes of Iran (Flrsich et al., 2009). The sub-
duction process is inferred to have reduced compressive
stress on the interior parts of the Iran Plate, leading to
the formation of extensional basins in which a relatively
thick succession of shale, sandstone and some carbon-
ates have been deposited on the CEIM (Fiirsich et al,,
2005; Mannani and Yazdi, 2009; Wilmsen et al., 2009a;
Nitzel et al., 2010). The extensional phases formed the
back-arc basin along the southwestern edge of the Iran
Plate (Wilmsen et al., 2009a). This palaeogeographic sce-
nario started with the sedimentation of the Nayband
Formation in the southwestern margin of CEIM. The Nay-
band Formation refers to the Upper Triassic part of this
succession (i.e. Shemshak Group) with siliciclastic and
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mixed carbonate-siliciclastic deposits. The thickness
of these deposits in the type locality (south of Tabas) is
3000 m and includes five members; Gelkan, Bidestan,
Howz-e-Sheikh, Howz-e-Khan and Qadir (Fig. 2) (Firsich
et al., 2005). Schéfer et al. (2003) reported that the CEIM
was located in the northern margin of the Neo-Tethys at
the time of sedimentation of the Nayband Formation.
Moreover, earlier studies suggested that the Nayband
Formation was deposited on tilted fault blocks of an
extensional basin (Flrsich et al., 2005). Although this
formation is well developed in the Tabas Block (Firsich
et al,, 2005; Bayet-Goll et al., 2018), it is less distinct or
absent in the Yazd Block of CEIM (Senowbari-Daryan
et al, 2011). The Nayband Formation reappears in the
north of Isfahan (southwestern margin of CEIM) where
a complete section attains a thickness of more than

one thousand meters and is subdivided into four local
informal members (Zahehi, 1973; Seyed-Emami, 2003)
(Fig. 2).

3. Methods

A total of 55 samples were collected from three mea-
sured stratigraphic sections in the study area. The sand-
stones samples were named according to the Folk (1980)
classification. The modal analysis has been performed on
55 samples of medium-grained sandstone with at least
300 points per sample (Tables 1-3) by the Gazzi-Dickinson
method (Ingersoll et al., 1984; Dickinson, 1985). In order
to determine the chemical composition of siliciclastic
deposits, the bulk of 33 medium-grained, sandstone
samples with the least degree of surficial weathering and
calcium carbonate contents (less than 5%) were selected
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Figure 1: A: Structural and geographic framework of Iran with main sutures, structural units, geographic areas and the location of the studied sections
(modified from Wilmsen et al., 2009b), B: Location map showing the access roads to the sections in central Iran.
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Figure 2: General stratigraphy of the Upper Triassic rocks of the Nayband area in east-central Iran and comparison with the studied sections in central

Iran.

21



Grain Description

Qmnon |[Non-undulose monocrystalline quartz

Qmun Undulose monocrystalline quartz

Qpqg2-3 |Qpq2-3 crystal units per grain

Qpg>3 Qpg>3 crystal units per grain

Cht Chert

Qp Polycrystalline quartzose (or chalcedonic) Lithic fragments|
(Qpg+Cht)

Qt Total quartzose grains (Qm+Qp)

Q Total (Qm non + Qm un) and Qpq used for Folk (1980)
classification (Qm+Qpq)

P Plagioclase feldspar

K Porassium feldspar

F Total feldspar grains (P+K)

SRF, Ls Sedimentary rock fragments

MRF, Lm | Metamorphic rock fragments

VRF,Lv  |Volcanic rock fragments

L Unstable (siliciclastic) lithic fragments (Lv+Ls+Lm)

Lt Total siliciclastic lithic fragments (L+Qp)

RF Total unstable rock fragments and chert used for Folk
(1980) classification

Table 1: Framework parameters of detrital modes (modified from Inger-
soll and Suczek, 1979).

for analysis of the major elements by Philips-PW1480 XRF
instrument and 27 sandstone samples also selected for
the trace elements detection by ICP-OES both at Kansa-
ran Binaloud (Mine Material Research Co.), Tehran, Iran
(Tables 4-5).

4, Results

4.1 Stratigraphy

In this study, the Nayband Formation was studied in
three sections which geographically belong to south-
western margin of CEIM (Fig. 1A, B). In the north of Is-
fahan the Upper Triassic deposits are overlain with a
distinct angular unconformity by Lower Cretaceous de-
posits, whereas the Jurassic sediments are almost miss-
ing completely (Mannani and Yazdi, 2009; Ghasemi-Nejad
et al.,, 2013; Salehi et al,, 2018a). Although Lower Juras-
sic fluvio-deltaic sediments occur in the Tabas Block, the
western Lut Block of CEIM, Alborz and adjoining area
(Fursich et al., 2017; Salehi et al., 2018b). The first section
is located in 60 km northeast Isfahan in the Dizlu area
measured in detail at 33° 04'45” N and 52° 02’ 16" E with
the total thickness of 352 m. It consists of five members
(the Gelkan, Bidestan, Howz-e-Sheikh, Howz-e-Khan
and Qadir) of Norian to Rhaetian age (Mannani and
Yazdi, 2009). In the area, the Nayband Formation rests
fault bounded on the Middle Triassic Shotori Forma-
tion. The section is composed of three generally classi-
fied lithostratigraphic units including lower siliciclastic
(the Gelkan Member), mixed carbonate-siliciclastic (the
Bidestan, Howz-e-Sheikh and Howz-e-Khan mem-
bers) and the upper siliciclastic (the Qadir Member)
(Figs. 3A, 4). The second section is located 125 km north
Isfahan in the Qhrogchi area measured in detail at 33° 36’
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55”N and 50° 59" 36" E with the total thickness of 115 m
(Gelkan, Bidestan, Howz-e-Sheikh and Howz-e-Khan
members). This section passes into recent alluvial de-
posits. In this section, two lithostratigraphic units can
be differentiated including lower siliciclastics (the Gel-
kan Member) and upper mixed carbonate-siliciclastics
(the Bidestan, Howz-e-Sheikh and Howz-e-Khan mem-
bers) (Figs. 2, 3B, 4). The third section is located in the
south Yazd, measured in detail at 31° 48’ 52” N and 54°
19'07” E with the total thickness of 120 m. It has only one
member, the Howz-e-Khan Member (Senowbari-Daryan
et al, 2011). The lower part of this section is not exposed
and the upper part passes into recent alluvial deposits.
This section, similar to the latter section, is composed
of two general lithostratigraphic units including low-
er siliciclastic and upper mixed carbonate-siliciclastic
(Figs. 3C, 4).

4.2 Sandstone petrography and modal analysis

Representative photographs of sandstones from the
Dizlu, Qhrogchi and Yazd sections are presented in
Fig. 5A-F. The sandstone grains are mostly subangular
to rounded and their sphericity changes from low to
moderate. The sandstones show point, straight, sutured,
concavo-convex grain contacts. The sandstones are well
to moderately sorted and closer packed. Textural and
modal analysis of the sandstone grains indicate subli-
tharenite (often sub-chertarenite), subarkose, lithic ar-
kose, feldspathic litharenite and litharenite petrofacies
(Fig. 6A, B).

The major constituents of these sandstones are quartz,
feldspars and rock fragments (sedimentary and metamor-
phic rock fragments). Among quartz grains, monocrystal-
line quartz is more frequent than polycrystalline quartz
(Qp 2-3 and Qp>3) (Fig. 5A, Q). The second component
of sandstones is feldspar (Fig. 5 B, D). Plagioclase domi-
nates over K-feldspar. The rock fragments mainly include
sedimentary (chert) and metamorphic (schist) (Fig. 5F).
The average percentage of the various types of quartz,
feldspar and rock fragmentis 77,12 and 11 %, respective-
ly in all identified petrofacies of the Nayband Formation
(Table 3).

4.3 Geochemistry

The results of the elemental (major and minor) analysis
of studied samples of the Nayband Formation are pre-
sented in Tables 4 and 5. The major elements composi-
tion is normalized against the upper continental crust
(UCC) composition (Taylor and McLennan, 1985) (Fig. 7).
The comparison of the data shows that with the excep-
tion of Si0,, MnO and Cao all the other major elements
are showing depletion in the sandstones relative to the
average values of the UCC. All samples are slightly more
depleted in MgO and KO relative to UCC. The trace ele-
ments are also normalized against the UCC composition
(McLennan, 2001) (Fig. 8). The values of all elements are
depleted relative to UCC.
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Sample No. senf;t:;nbael:d Qmun (Qmnun| Qp2-3 | QP>3 | Qmet | Kfel Pl Lm Cht Acc HM |[cement| Sum
Q1-1 102 148 28 1 9 20 19 10 0 5 24 370
Q3-1 47 142 42 14 4 21 11 15 12 2 5 27 342
Q4-1 66 164 18 14 13 7 8 10 9 2 26 344
Q5-1 46 180 33 17 0 27 14 18 3 10 41 393
Q6-1 g 55 156 20 13 0 31 8 14 8 9 5 25 344
Q8-1 % 71 142 21 16 1 34 20 18 10 7 2 35 379

Q10-1 S 99 152 39 39 19 21 15 27 26 1 2 5 483
Q11-1 88 168 24 12 18 21 8 14 0 1 17 386
Q12-1 35 167 17 6 5 36 28 26 6 5 19 358
Q13-1 38 131 28 9 1" 20 17 52 5 1 24 338
Q14-1 49 120 32 17 26 43 21 8 10 0 2 8 336
G2-1 95 83 47 19 23 35 15 18 14 1 0 360
G3-1 92 109 34 9 16 27 18 6 14 2 3 15 345
G4-1 80 118 46 21 1" 23 18 7 12 0 4 349
G5-1 95 128 31 19 46 21 25 9 14 0 0 30 418
G5-2 82 118 19 11 37 27 30 5 21 2 12 11 375
G5-3 TZ o 135 110 23 11 27 25 24 10 11 2 10 45 433
G6-2 (=] = 136 95 13 6 1" 23 25 1 20 1 6 14 361
G7-1 _t:u 104 115 6 6 13 28 31 10 Ih 4 0 15 343
G11-1 g 107 110 22 8 25 24 32 9 18 2 6 15 378
G12-1 108 110 20 2 36 12 22 7 16 0 4 3 340
G12-2 110 102 24 6 29 32 22 12 12 4 6 8 367
G13-1 115 113 16 2 23 16 26 7 25 3 4 5 355
G14-1 145 95 8 0 1" 13 30 3 14 4 9 22 354
G17 -1 138 102 15 0 1 25 43 4 14 4 9 25 380
G19 113 125 8 5 9 17 34 0 15 2 4 27 359
B3-1 17 133 13 3 1 15 23 7 10 10 0 26 358
B6 43 134 13 6 10 30 41 4 29 4 0 35 349
B8 § 39 174 8 1 13 29 33 6 54 1 0 29 397
B9 s 44 198 15 9 22 20 16 1 31 3 0 31 390
B12 E 63 180 22 3 9 19 21 5 34 3 0 28 387
B14 E 68 177 8 6 17 20 15 5 50 4 1 20 391
B15 54 198 13 8 22 8 22 5 33 5 1 28 397
B16 63 183 7 12 8 8 14 2 48 1 4 21 371
Y6 -1 77 177 7 10 1 8 14 0 27 2 0 60 383
Y7-1 80 176 10 6 1 14 16 3 37 0 0 32 377
Y8-1 = 72 198 10 1 0 16 16 5 38 1 3 15 375
Y9-1 5 90 163 5 2 0 24 13 0 40 2 7 16 362
Y12-1 81 164 17 30 4 4 6 79 0 1 10 399
Y22 -1 53 181 25 4 3 2 25 33 1 2 40 380
Y24-1 64 174 17 15 2 0 53 32 3 2 30 396
Mo 57 178 18 6 1 37 21 8 44 5 3 19 397
M1-1 47 165 15 15 3 23 24 4 46 3 4 9 358
M4-1 61 179 23 14 1 25 31 1 37 4 8 5 399
M5-1 57 221 10 6 0 18 24 13 32 10 8 0 399
M7-1 89 187 13 9 1 17 18 0 50 2 5 0 391
M11-1 = 44 207 8 5 4 12 32 8 16 15 8 4 363
M14-1 & 50 181 12 6 2 7 57 11 61 0 2 1 400
M16-1 _§ 63 199 8 8 7 9 16 0 45 1 7 17 380
M13-3 c 55 222 1" 5 2 10 30 1 36 3 2 7 394
M18-1 66 201 6 2 1" 1" 20 3 52 2 6 19 399
M19-1 61 220 5 3 1 10 17 3 36 5 1 10 372
M24-1 29 236 13 2 3 15 28 1 28 7 3 24 399
M25-1 45 177 16 18 6 8 4 13 73 1 2 35 398
M26-1 82 190 14 13 3 9 6 19 25 0 2 21 384

Table 2: Modal analysis of 55 selected sandstone samples of the Nayband Formation, central Iran.
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SampleNo,| Sectionand QF RF (%) Qm F Lt (%) QtFL (%) QFL (%)
member Q F RF Qm F Lt Qt F L Q F L
Q1-1 87 12 1 75 12 13 88 12 0 88 12 0
Q3-1 79 12 9 60 12 28 83 12 5 82 13 5
Q4-1 89 6 5 75 6 19 90 6 4 %0 7 3
Q5-1 81 12 7 67 12 21 83 12 5 83 12 5
Q6-1 2 79 13 8 69 13 18 82 13 5 82 14 4
Qs-1 = 77 15 8 66 15 19 80 15 5 80 15 5
Q10-1 S 77 8 15 56 8 36 82 8 10 82 8 10
Q11-1 81 8 1 67 8 25 86 8 6 86 8 6
Q12-1 70 20 10 61 20 19 73 20 7 72 20 8
Q13-1 69 12 19 54 12 34 71 12 17 71 12 17
Q14-1 75 20 5 51 20 29 78 20 2 77 20 3
G2-1 78 13 9 54 13 33 82 13 5 81 14 5
G3-1 80 14 6 62 14 24 84 14 2 84 14 2
Ga-1 82 12 6 59 12 29 86 12 2 85 13 2
G5-1 82 12 6 57 12 31 86 11 3 86 12 2
G5-2 74 18 8 54 18 28 80 18 2 79 19 2
G5-3 3 X 81 13 6 65 13 22 84 13 3 84 13 3
G6-2 a = 77 14 9 68 14 18 83 14 3 82 15 3
G7-1 § 74 19 7 66 19 15 78 19 3 77 20 3
G11-1 g 78 15 7 63 15 22 83 15 2 81 16 3
G12-1 83 10 7 66 10 24 88 10 2 87 1 2
G12-2 78 15 7 61 15 24 82 15 3 80 16 4
G13-1 79 12 9 67 12 21 86 12 2 85 13 2
G14-1 82 13 5 75 13 12 86 13 1 85 14 1
G17-1 75 20 5 70 20 10 79 20 1 78 21 1
G19 80 16 4 73 16 1 84 16 0 84 16 0
B3-1 83 12 5 77 12 1 86 12 2 86 12 2
B6 66 23 1 57 23 20 76 23 1 74 25 1
B8 2 63 21 16 55 21 24 77 21 2 74 24 2
B9 £ 79 12 9 67 12 21 88 12 0 87 13 0
B12 E 77 13 10 64 13 23 86 13 1 85 14 1
B14 5 77 9 14 62 9 29 90 9 1 88 11 1
B15 79 8 13 68 8 24 91 8 1 89 9 2
B16 80 6 14 72 6 22 93 6 1 92 7 1
Y6-1 85 7 8 79 7 14 93 7 0 93 7 0
Y7-1 80 9 1 75 9 16 90 9 1 89 10 1
Y8-1 - 79 9 12 76 9 15 90 9 1 88 10 2
Y9-1 8 77 10 13 75 10 15 90 10 0 89 11 0
Y12-1 78 2 20 65 2 33 97 2 1 % 2 2
Y221 80 3 17 70 3 27 90 3 7 89 3 8
Y24-1 77 1 22 69 1 30 86 1 13 84 1 15
Mo 67 20 13 60 20 20 78 20 2 75 23 2
M1-1 69 13 18 60 13 27 86 13 1 83 16 1
M4-1 72 15 13 63 15 22 82 15 3 81 16 3
M5-1 74 1 15 70 1 19 86 11 3 84 12 4
M7-1 78 9 13 72 9 19 91 9 0 %0 10 0
M11-1 = 80 13 7 75 13 12 85 13 2 83 14 3
M14-1 = 65 17 18 60 17 23 80 17 3 77 20 3
M13-3 £ 77 1 12 73 1 16 86 11 3 85 12 3
M16-1 © 80 7 13 74 7 19 93 7 0 ) 8 0
M18-1 76 9 15 74 9 17 92 9 1 89 10 1
M19-1 81 8 1 79 8 13 91 8 1 9 8 1
M24-1 77 12 11 73 12 15 85 12 3 84 13 3
M25-1 72 4 24 63 4 33 92 5 3 9 4 5
M26-1 84 4 12 76 4 20 91 4 5 %0 4 6

Table 3: Recalculated modal composition (in %) for the sandstones from the Nayband Formation, central Iran.
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Sample No. sel;‘ei:‘“b:'r‘d Si0, | AlL,0, | Fe,0,| MgO | CaO | Na,0| K,0 | TiO, | P,0,| MnO | LOI' | CIA | ICV | Sum
Q1-1 7955 | 819 | 385 | 062 | 069 | 235 | 092 | 031 [ 006 | 005 | 322 | 7091| 096 | 99.81
Q3-1 o | 8216 652 275 [ 042 | 186 | 234 | 078 [ 040 | 0.14 | 009 | 232 | 6455 121 | 99.78
Q5-1 = [ 7425 | 606 | 455 | 052 | 405 | 201 | 068 | 064 | 0.14 | 021 | 669 [ 64.74| 164 | 998
Qs-1 B[ 721 | 652 | 892 | 086 | 289 | 132 | 092 | 032 | 021 | 041 | 526 | 81.70| 202 | 99.73

Q12-1 O 8539 | 612 | 249 | 034 | 058 | 145 | 094 | 025 | 008 | 002 | 201 | 7382| 084 | 9967
Q14-1 8631 | 398 | 283 | 014 | 211 | 095 | 066 | 0.14 | 0.06 | 004 | 253 | 67.00| 1.27 | 99.75
G2-1 8363 | 6.54 | 288 | 032 | 076 | 263 | 056 | 020 | 0.08 | 0.05 | 2.06 | 67.49| 1.05 | 99.71
G4-1 89.25 | 485 | 122 | 004 | 165 | 238 | 039 | 0.10 | 001 | 002 | 1.23 | 52.89| 1.12 | 99.86
G8-1 o | 8602 ] 501 | 211 [ 018 | 165 | 238 | 039 | 016 | 004 | 001 | 155 | 5548 130 | 995
G12-1 Zz E 8566 | 536 | 1.66 | 025 | 046 | 211 | 062 | 0.16 | 0.04 | 001 | 3.52 | 65.77| 087 | 99.85
G14-1 =[7329 | 596 | 573 | 036 | 492 | 196 | 06 [ 020 011 ] 021 | 633 [ 6354[ 175 | 9967
G15-1 O 78039 | 668 | 354 | 046 | 262 | 231 | 056 | 020 | 007 | 009 | 278 | 5986 | 133 | 99.7
G17-1 8205 | 635 | 296 | 044 | 178 | 255 | 05 | 013 | 006 | 007 | 286 | 60.02] 1.25 | 99.75
G19 8301 | 698 | 202 | 053 | 092 | 276 | 083 | 029 | 012 | 003 | 224 | 67.83] 094 | 99.73
B3-1 | 7836 | 765 | 272 | 039 | 292 | 271 | 085 [ 019 003 | 004 | 401 | 5617] 1.5 | 99.87
B6 = | 7489 | 589 | 111 | 022 | 705 | 268 | 062 | 013 | 009 | 003 | 689 | 5369| 1.16 | 996
B9 .§ 7149 | 412 | 098 | 015 | 1077 184 | 05 | 005 | 004 | 003 | 967 | 5215| 1.19 | 99.64
B14 S| 6102 | 491 | 13 | 077 | 1484| 175 | 081 | 0.09 | 007 | 004 | 1425 | 57.63| 1.16 | 99.85
B16 ® 75011 [ 411 | 107 | 148 | 1583 | 172 | 051 | 006 | 0.11 | 005 | 1568 | 59.05| 148 | 99.73
Y4-1 7425 | 848 | 452 | 078 | 298 | 233 | 109 | 034 | 014 | 025 | 451 | 66.10| 124 | 99.67
Y6-1 7081 | 559 | 327 | 151 | 685 | 321 | 031 | 014 | 008 | 037 | 7.69 | 4852| 2.09 | 99.83
Y8-1 3 7891 | 6.15 | 439 | 055 | 3.01 | 239 | 042 | 023 | 010 | 022 | 349 | 5042| 165 | 99.86
Y12-1 s 8351 | 427 | 211 | 019 [ 337 | 102 | 052 | 018 | 007 | 005 | 445 | 6966| 1.07 | 99.74
Y22-1 7626 | 801 | 222 | 062 | 246 | 022 | 1.19 | 033 | 008 | 004 | 822 | 9061 | 046 | 99.65
Y24-1 7635 | 107 | 228 | 032 | 216 | 002 | 194 | 043 | 008 | 006 | 538 | 90.07| 029 | 99.72
M1-1 7125 | 971 | 566 | 095 | 063 | 205 | 138 | 041 | 006 | 006 | 7.6 | 73.73| 1.01 | 99.76
M4-1 7601 | 951 | 642 | 053 | 039 | 243 | 1.02 | 053 | 009 | 0.10 | 28 | 7639| 1.09 | 99.83
M7-1 _ 8539 | 601 | 285 | 048 | 028 | 234 | 046 | 027 | 004 | 001 | 154 | 69.16| 1.04 | 99.67
M11-1 'Fg., 7852 | 832 | 363 | 062 | 213 | 229 | 095 | 028 | 010 | 098 | 28 | 6556| 1.19 | 99.62
M14-1 £ 80.56 | 912 | 287 | 059 | 052 | 269 | 094 | 033 | 007 | 003 | 171 | 7255| 077 | 99.43
M18-1 © 80.52 | 713 | 3.02 | 066 | 136 | 269 | 063 | 031 | 009 | 0.12 | 3.16 | 6535| 1.14 | 99.69
M21-1 7325 | 723 | 432 | 112 | 419 | 228 | 096 | 025 | 008 | 0.11 | 596 | 60.50| 1.43 | 99.75
M26-1 7087 | 559 | 418 | 152 | 675 | 003 | 081 | 025 | 009 | 033 | 936 | 100 | 1.13 | 99.78
AverageDizlu | QadirMb | 7996 | 623 | 501 | 06 | 203 | 1.73 | 081 | 035 011 | 013 | 367 | 7046| 132 | 99.63
section GelkanMb | 8289 | 596 | 596 | 032 | 184 | 238 | 055 | 0.18 | 007 | 006 | 282 [ 6161] 1.19 | 99.83
Bidestan Mb | 6897 | 533 | 143 | 06 | 1028] 214 | 065 | 0.11 | 007 | 004 | 101 | 5574 122 | 99.72
Average Yazd section 7668 | 7.19 | 313 | 066 | 347 | 153 | 091 | 028 | 009 | 0.15 | 562 | 7073 | 1.13 | 99.71
Average Qhrogchisection | 77.04 | 782 | 411 | 08 | 203 | 21 | 089 | 033 008 | 022 | 436 | 7297 1.10 [ 99.78

Table 4: Major elements (wt. %), CIA (Nesbitt and Young, 1982) and ICV (Cox et al., 1995) values of the studied sandstones from Nayband Formation,

central Iran.

The results of geochemical analysis of the major
elements in the studied sandstones plotted on Pettijohn
etal.(1987) and Herron (1988) diagrams indicate litharen-
ite, subarkose and sublitharenite petrofacies (Fig. 9A, B)
and correlate with the petrographic data (Fig. 5).

5. Discussion
5.1 Source rock composition
5.1.1 Modal analysis

Plotting the modal data on the Tortosa et al. (1991)
and Basu et al. (1975) diagrams indicates that the

sandstones of the Nayband Formation originated from
granitic, moderate to high-grade metamorphic rocks
(Fig. 10A, B). The high ratio of monocrystalline to poly-
crystalline quartz can be caused by the destruction of
primary polycrystalline quartz during high energy and
long-term transportation (Folk, 1951). The presence
of foliated metamorphic quartz in thin sections also
emphasizes the metamorphic provenance. The high per-
centage of monocrystalline quartz with non-undulatory
extinction suggests a plutonic provenance for the sand-
stones and the lack of fluid inclusions in the quartz
gives evidence against a hydrothermal provenance
(Basu et al., 1975).
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Sample No.| section and member Vv Zy Sc Sr Ni Ba Cu Co
Q1 a 55 69 5 29 114 1 39
Q8-1 % 110 70 8 32 131 14 42
Q12-1 s 38 56 <1 25 116 13 7 36
Q141 © 28 28 3 18 101 5 35
G2-1 27 37 4 27 129 30 10 30
G8-1 2 30 61 3 17 72 18 5 52
G12-1 E 21 50 3 23 108 33 6 56
G15-1 % % 70 38 3 20 112 27 7 29
G19 a © 20 59 <1 13 86 9 5 28
G20-1 71 34 3 18 91 67 5 39
B2 70 40 4 21 154 7 9 27
B3-1 g 103 55 <1 43 94 45 6 29
B9 = 11 29 <1 13 176 27 1 8
B14 5 25 34 <1 10 91 7 1 15
B16 .uga 14 29 <1 9 72 6 <1 1
B17-1 40 19 4 12 73 12 5 19
Y1 59 69 4 153 29 184 10 13
Y4-1 = 50 41 6 165 29 178 19 13
Y8-1 E 56 33 7 219 27 93 1 1
Y12-1 53 28 5 110 25 101 32 10
Y24-1 95 49 8 60 23 293 6 10
M1-1 53 31 5 51 31 107 25 12
M7 = 30 65 <1 60 25 102 12 6
M11-1 & 53 42 6 79 35 145 28 12
M14-1 _g 55 47 5 71 39 125 30 12
M18 c 62 920 2 108 33 102 13 1
M26-1 43 29 4 102 19 110 7 7
Average Qadir Mb 57.75 55.75 533 63 26 9.25 9.25 38
Dizlu sec- Gelkan Mb 39.83 46.5 3.2 71 19.66 30.67 6.3 39
tion Bidestan Mb 43.83 34.33 4 18 115 17.33 3.8 18.17
Average Yazd section 62.6 44 6 141.4 26.6 169.8 15.6 17.2
Average Qhrogchi section 49.33 50.66 4.4 785 30.33 115.67 19.17 9

Table 5: Trace elements (ppm) concentration of the studied sandstones from Nayband Formation, central Iran.
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Figure 3: Field photos of the Nayband Formation in Central Iran. A: Overview of the Dizl
Formation, inserted between the Middle Triassic Shotori carbonates and the overlying Lower Cretaceous red bed, B-C: The lower siliciclastic and middle
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Figure 4: Lithostrigraphic logs of the Nayband Formation at Qhrogchi (A), Dizlu (B) and Yazd (C) sections, central Iran.




5.1.2 Geochemical analysis

Roser and Korsch (1988) have proposed the discrimi-
nant function diagram to distinguish the sediments con-
cerning their primary source rock as mafic, intermediate
and felsic igneous rocks or sediments containing quartz.
In this function, major oxides including AIZO3, TiO,,
Fe203‘°‘a', Ca0, MgO, K,0 and Na,O are used as variables
in the calculation. In this diagram, most of the samples
of the Gelkan and Qadir members of the Nayband For-
mation at the Dizlu section are plotted in the quartz
sedimentary provenance field while the Bidestan Mem-
ber samples plot in the intermediate and felsic igneous

Figure 5: Microscopic photographs of the components of sandstones
from the Nayband Formation. A: Monocrystalline quartz with un-
dulos (Qm un) and straight extinctions (Qm nun), B: Altered micro-
cline, C: Polycrystalline quartz (QP> 3), D: Altered potassium feldspar
(K fel), E: Metamorphic quartz (Qmet), F: Metamorphic rock fragment
(in XPL light).
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fields. The Yazd section samples show positions in the in-
termediate igneous and sedimentary recycling fields and
Qhrogchi section is dispersed in the same fields as the
Dizlu and Yazd sections (Fig. 11A). Based on the discrim-
inant function of the Roser and Korsch (1988) diagram
the samples of the Qadir, Gelkan and Bidestan members
at Dizlu section and the Qhrogchi section are fall within
the felsic and intermediate igneous fields while, the Yazd
section samples are only plotted in the intermediate ig-
neous field (Fig. 11B). The obtained results from the two
different discriminant function diagrams show felsic and
intermediate igneous and sedimentary recycling prov-
enance as the main sources in the studied sections. The
major element composition on Taylor and McLennan
(1985) diagram represents a granitic provenance (Fig.
11Q). The geochemical proxies verify the results from the
petrographic studies.

The studied sediments point to the exposure of su-
pracrustal successions of the Cimmerian terranes due
to the Eo-Cimmerian orogenic phase related to the
central Iran and Turan continental collision during Late
Triassic. These orogenic processes are considered as
the main mechanisms for supplying sediment to the
Nayband basin. The west-dipping Yazd Block may have
been a likely source for the siliciclastic rocks which pro-
vided a mixed recycled provenance (e.g. Wilmsen et al.,
2010).

The results of the trace elements analysis plotted on
the McLennan et al. (1993) diagram indicate the post
Archean field (Fig. 12A). The same elements plotted on
the Floyd et al. (1989) diagram show an acidic source rock
(Fig. 12B). The bivariate diagram of TiO, against Zr sug-
gests that the source rocks of Nayband sediments were
of felsic and intermediate provenance (Fig. 12C). Analysis
of the source rock based on the modal and geochemistry
as well as the petrofacies studies shows very close cor-
respondence and overall felsic and intermediate igneous
source rocks.

Q
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Figure 6: A and B: Sandstones classification (based on Folk, 1980) of samples from the Nayband Formation.
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Figure 9: Geochemical classification of the sandstones of the Nayband Formation. A: Pettijohn et al. (1987), B: Herron (1988) (refer to Fig. 6 for the symbol

legend).

5.2 Tectonic setting

5.2.1 Modal analysis

Tectonics and depositional setting have a direct effect
on the sandstones composition, which is consequently
used as a tool to reconstruct the general tectonic setting

30

(Dickinson, 1985). The modal analysis of the composition
of the studied sandstones at the Dizlu section in the Qm-
FLt ternary diagram (Dickinson and Suczek, 1979) indi-
cates that most samples of the Qadir Member plot in the
recycled orogenic field; the Gelkan Member samples plot
in the transitional-continental and craton interior fields;
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legend).

the Bidestan Member samples are distributed in the
fields near the Qm pole; the Yazd section samples plot in
the craton interior and recycled orogenic fields and the
Qhrogchi section are just in the recycled orogenic field
(Fig. 13A). Thus, the sandstone samples mainly plot in
the recycled orogenic field and a few samples in the cra-
ton interior field in the QtFL ternary diagram (Dickinson,
1988) (Fig. 13B). The sandstones which plot in the craton
field, near the triangle pole, are mature and have been
transported long distances with frequent sedimentary
recycling (Cox et al.,, 1995). Plotting the modal data of the
sandstones on the Yerino and Maynard (1984) diagram
(QFL) indicates passive continental margin setting for all
samples (Fig. 13Q).

5.2.2 Geochemical analysis

Geochemical studies of the major elements in the
sandstones show that the composition of these rocks
is closely related to the provenance and tectonic set-
ting of the basin (North et al., 2005; Armstrong-Altrin
et al, 2012). Plotting the data on the ternary diagram
of Kroonenberg (1994) indicates that all the samples of
the three sections plot in the passive continental mar-
gin (Fig. 14A). The values of TiO, plotted versus MgO +
Fe,0, on Bhatia (1983) diagram (Fig. 14B-D) represents
that the data of Qadir and Gelkan members and also
Yazd section indicate both active and passive continen-
tal margin fields; the Bidestan Member samples plot
in the passive continental margin field and Qhrogchi

section samples are in the active continental margin
field (Fig. 14B). Plotting the geochemical results on the
Al,0./SiO, versus Fe,O, + MgO graph indicates that all
data of the three sections are located near the active
continental margin field (Fig. 14C). The geochemical
data of Qadir and Gelkan members, Yazd and Qhrogc-
hi sections plotted on the AIZO3 / (Ca0 + Na,0) versus
Fe,O, + MgO graph and are located in the boundary of
the active and passive continental margin fields; and the
Bidestan Member plots in the active continental margin
field (Fig. 4D). Overlap of sample points into fields of
passive and active continental margin suggests to use
other criteria of discrimination. Crook (1974) reported
that the sediments of passive continental margins are
highly mature, originated in the plate interiors, intra-
cratonic, and deposited on stable (passive) continental
margins. In the present case, the Nayband Formation
sediments mainly lack evidences for recycling and sup-
port deposition under an immature environment relat-
ed to an area with active tectonism. The inferred active
tectonic setting of the sediments is correlated with Late
Triassic palaeogeography which will be discussed in the
following.

5.3 Chemical weathering

The intensity of weathering is mainly controlled by the
rock composition, climatic conditions and tectonic set-
ting (Armstrong-Altrin et al., 2004; Garzanti and Resentini,
2016).
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5.3.1 Modal analysis

Modal data of the sandstones on the Weltje et al. (1998)
diagram represent metamorphic and sedimentary source
rock with the data having a tendency toward the pluton-
ic field (Fig. 15A). In addition to determining the source
rock of siliciclastic sediments, the above diagram defines
the index of weathering which is previously presented
by Grantham and Velbel (1988). The studied sandstones
are located in fields number 1 and 2 in this diagram
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and show semi-humid and tropical conditions. Plotting
the modal data on Suttner and Dutta (1986) indicates
semi-humid climate for the Bidestan Member samples
of Dizlu section and samples of the Yazd and Qhrogchi
sections. A slight tendency from semi-humid toward the
humid field is seen in the Qadir and Gelkan members
of the Dizlu section (Fig. 15B). The results of the plotted
data on the Suttner et al. (1981) diagram indicates plu-
tonic and metamorphic source rocks and also points
to a humid climate for the samples of all three sections
(Fig. 15Q).

5.3.2 Geochemical analysis

The chemical maturity of the sandstones is a function
of the climate. The Suttner and Dutta (1986) diagram has
been used to study the palaeoclimatic conditions in the
sediments of the source area which indicates humid cli-
mate for the sandstones of all three sections. It should be
noted that sandstones of the Qadir and Gelkan members
of the Dizlu section have a stronger tendency to more hu-
mid climate condition (Fig. 16).

The obtained results correlate well with the petrograph-
ic data which show high amounts of quartz as a result of
humid climate conditions. This climatic situation is also
supported by palynoflora studies by Sajjadi et al. (2015)
in southeastern Tabas implying a moist warm climate,
and by the provenance analysis of the Upper Triassic
sandstones from north of Isfahan (Salehi et al. 2018a).
However, based on palynological study by Cirilli et al.
(2005) on the Nayband Formation at the type locality,
a change from humid to drier and warmer (tropical to
subtropical) conditions is recorded. A warm, semiarid to
arid palaeoclimate was also reported towards the east,
in the Tethyan Salt Range of Pakistan, formerly situat-
ed in the southwestern Tethyan realm during Rhaetian
(Igbal el al., 2019).

5.3.2.1 Chemical Index of Alteration (CIA)

The CIA is a suitable method to evaluate the degree
of chemical weathering and palaeoclimatic fluctuations
(Nesbitt and Young, 1982; Bahlburg and Dobrzinski, 2011;
Igbal et al.,, 2019) which can be calculated by the fol-
lowing equation: CIA= [AI203/(AI203+CaO*+Na20+KZO)]
%x100. Where CaO* represents the Ca in silicate fractions
and the samples with the high content of CaO is relat-
ed to the diagenetic cement and must be corrected ac-
cording to the following equation (e.g. Fedo et al., 1995):
Ca0* = Ca0- (10.3 x P.O,). If the obtained CaO was less
than Na,O, no correction is needed; if it was more than
Na,O, we consider CaO equal to Na,O (McLennan et al.,
1993). The average value of CIA is 70.5 for the sand-
stones of Qadir Member, 61.6 for the Gelkan Member,
55.7 for the Bidestan Member at Dizlu section; 70.7 for
Yazd and 72.9 for the Qhrogchi section (Table 4). We
can attribute the low to moderate weathering to the
relatively low amounts of fully altered feldspars which
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Figure 14: Tectonic setting of sandstone samples based on the major element from the Nayband Formation. A: Kroonenberg (1994), B-D: Bhatia (1983),
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is closely correlated with the inferred tectonic setting.
The slightly depleted mobile major and trace elements
of the sandstone samples from the Nayband Formation
relative to UCC also point to low to moderate weathering
(Figs. 7, 8).

5.3.2.2 Index of Compositional Variability (ICV)

This index is used to determine the compositional
maturity of sediments (Cox et al., 1995) and measures
the abundance of aluminum compared to the other
main cations in a rock or mineral by following equation:
ICV=[(CaO+K,0+Na,O+Fe,0,(t)+MgO+MnO+TiO,)/
AlLO.l. The samples with higher alteration products
such as clay minerals have less ICV values (less than 1)
and are formed in the areas with very low topography
and intense chemical weathering (Cullers and Pod-
kovyrov, 2000). The average amount of the index is 1.3
in the Qadir Member, 1.9 in the Gelkan Member, 1.2 in
the Bidestan Member at the Dizlu section; 1.1 at Yazd
and 1.1 in the Qhrogchi section. The average of these
results is higher than 1 and indicates compositional-
ly immature and first-cycle deposits. Plotting the CIA
data versus ICV (Lee, 2002; Potter et al., 2005) indicates
moderate chemical weathering in the source area and
minor sedimentary recycling for the studied samples
(Fig. 17A). Most of the samples in the three sections are
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near to the granitic source which shows low sedimen-
tary recycling. We use the A-CN-K triangle diagram to
determine the weathering trend of elements with mo-
lar proportions (Nesbitt and Young, 1982). Plotting data
parallel to A-CN line indicates early stages of weather-
ing (Fig. 17B). Based on the obtained results, the sand-
stone samples of Bidestan Member at the Dizlu section
have experienced less weathering intensities compare
to other samples.

5.4 Palaeogeographic implications

During the late Mid-Triassic (Ladinian) the northward
drift of the Iran Plate resulted in narrowing of the Pa-
laeotethys and Neotethys spreading (e.g. Wilmsen et al.,
2009a) (Fig. 18A). The Shotori/Elikah carbonate platform
was formed on a passive margin that covered a large
area including the central Iran and the Alborz Basin
(Aghanabati, 2004). Following the initial collision in the
early Carnian, the northern margin of the Iran Plate was
transformed into a peripheral foreland basin in north-
ern Iran, forming a widespread hiatus and erosional un-
conformity in major areas of central Iran (Wilmsen et al.,
2009a) (Fig. 18B). The deposition of the Nayband Forma-
tion (mid-Norian—-Rhaetian) in CEIM occurred along an
active continental margin following the Neotethys sub-
duction and at the same time the lower Shemshak Group
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was deposited on a peripheral foreland basin in northern
Iran (Alborz Basin) (Fig. 18C) (Wilmsen et al., 20093, b).
Thickness variations and facies development of the
Nayband Formation in the study area are explained by
a tilted fault block model in an extensional tectonic re-
gime for the back-arc basin (Wilmsen et al., 2009b, 2010;
Cifelli et al., 2013) (Fig. 18C). Such a Cimmerian-related

back-arc extensional tectonic pulses was documented
in CEIM during the Late Triassic to Late Jurassic (Firsich
et al., 2005; Wilmsen et al., 2009a; Salehi et al., 2018b).
A similar geodynamic setting has been offered for the
CEIM and its southwestern margin (studied sections) in
the geodynamic model of Cimmerian orogeny and the
Triassic—Jurassic evolution of the Iran Plate (Wilmsen
et al., 2009a). The extensional pulse in the Late Triassic
resulted in block faulting with regional differences in
subsidence and synsedimentary block movements that
produced basins separated by shoulder uplifts (Fiirsich et
al., 2005). The Yazd Block remained topographically high
during the Late Triassic to Early-to-Late Jurassic (Wilm-
sen et al., 2009b). An extensional tectonic setting has
also been reported in the southwestern Tethyan realm,
currently form northwestern Pakistan, by seismic data
pointing to the presence of many subsurface basement
normal faults. These faults formed due to rifting within
Pangaea during the Triassic-Jurassic boundary interval
and resulted in the breakup of the Indian Plate from Af-
rica and Arabia (Igbal et al., 2015a, b; 2019). Accordingly,
the geochemical and modal analysis results of this study
point to an active continental margin tectonic setting
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Formation (Lee, 2002; Potter et al., 2005), B: Diagram of A-CN-K (Al,O, - CaO + Na,0 - K,0) indicates low to moderate weathering stages (Nesbitt and

Young, 1982) (refer to Fig. 6 for the symbol legend).

for the siliciclastic sediments of the Nayband Formation
during the Late Triassic.

6. Conclusions
The petrography and geochemical studies of the silici-
clastic deposits of the Upper Triassic Nayband Formation
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in Central Iran, led to the determination of the source
rocks, tectonic setting, palaeoweathering and palaeocli-
matic conditions:

The composition of sandstones in this formation shows
a variety of quartz-rich petrofacies including sublitha-
renite (often subchertarenite), subarkose, lithic arkose,
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feldspathic litharenite and litharenite and their com-
ponents consist of more than 77% of various types of
quartz, and minor feldspar and rock fragment.

Geochemical studies of major oxides, trace elements
and modal analysis of the sandstones indicate mixed sed-
imentary, intermediate to felsic igneous rocks and mod-
erate to high-grade metamorphic rocks in the source
area. The results of major and trace elements geochemi-
cal studies give evidence for an active continental margin
tectonic setting.

The study of the palaeoclimatic conditions based on
the modal and geochemical analysis of the sandstone
indicates humid to semi-humid climate in the source
area with metamorphic and plutonic source rocks. The
weathering of the source rocks based on geochemi-
cal analysis represents low to moderate weathering
conditions.

The exposure of supracrustal successions of the Cim-
merian terranes due to extensionally tilted fault blocks
during the Late Triassic is considered as the main process-
es for supplying siliciclastic sediments to the Nayband
basin.
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