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Abstract: The Lower Jurassic Ab-Haji Formation which is widespread across east-central Iran but 
best exposed on the Tabas Block consists of sandstones, siltstones and mudstones deposited in fluvio-
deltaic and marginal marine settings. Provenance studies of this formation record the geodynamic 
history of Central Iran during and in the aftermath of the main Cimmerian event (Triassic–Jurassic 
boundary to Liassic) and are crucial for the reconstruction of the tectonic setting and palaeogeogra-
phy of this region. Sandstone provenance analysis of six selected outcrop sections using modal analy-
sis suggests that the predominantly quartzose and quartzolithic sandstones of the Ab-Haji Formation 
were largely derived from plutonic, quartzose sedimentary and low-grade metamorphic rocks, attrib-
uted to a recycled-orogen and cratonic sources. Sandstone and shale geochemistry suggests that most 
major and trace element patterns are near upper continental crust values, indicating felsic and (meta-) 
sedimentary sources. Key elemental ratios are consistent with a mixed recycled source under humid 
climatic conditions and moderate to intensive chemical weathering. Weathering indices indicate that 
recycling processes and/or humid climatic conditions contributed to the high compositional maturity 
of the sandstones such that they plot in craton-interior and passive-margin fields on tectonic QtFL and 
QmFLt ternary diagrams. Paleogeographic reconstructions and geologic mapping indicate that the 
erosion of uplifted pre-Jurassic rocks exposed in tilted fault blocks within an extensional continental 
retro-arc basin provided the principal sources. Strata of the Ab-Haji Formation in the western and 
southern Tabas Block were predominantly derived from low-grade metamorphic and sedimentary 
rocks exposed on the adjacent Yazd Block, while those in the eastern Tabas and western Lut blocks 
were derived from the erosion of mature sedimentary strata of the uplifted Shotori Swell, i.e., from 
the eastern margin of the tilted Tabas Block.

Key words: Sandstone petrography; geochemistry; provenance; extensional basin; Ab-Haji Forma-
tion; east-central Iran.

1. Introduction

The principal objective of provenance analysis is 
to reconstruct source area geology, source-to-sink 
transport processes, tectonics and climate (Ibbeken 
& Schleyer 1991). Several standard methods have 
been developed for the analysis of sandstones (Dickin-
son & Suczek 1979) and whole-rock geochemistry of 
fine-grained siliciclastic rocks (Bhatia 1983; Bhatia 

& Crook 1986). The motivation for sedimentary prov-
enance studies is commonly the intent to understand 
the dominant controls of sediment-forming processes 
(e.g. tectonic, climatic, or transport) in the hinterland, 
to improve the tectonic model of sedimentary basin 
formation and to predict porosity and permeability 
trends as a function of source composition. Combined 
geochemical and petrographic analyses are a power-
ful tool to reach these objectives. Here, we apply these 
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Fig. 1. 
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techniques to explore the provenance and tectonic set-
ting of the Lower Jurassic Ab-Haji Formation, east-
central Iran. In this region, a number of petrographic 
and geochemical studies have led to an improved un-
derstanding of the tectonic setting and climatic situa-
tion in the sedimentary basins of Iran (e.g., Balini et 
al. 2009; Najafzadeh et al. 2010; Etemad-Saeed et al. 
2011). 

The development of the Mesozoic sedimentary 
basins on the Central-east Iranian Microcontinent 
(CEIM) can be related to the onset of Neotethys sub-
duction at the southern margin of the Iran Plate (Arvin 
et al. 2007; Wilmsen et al. 2009a; Mahmoudi et al. 
2010). This event resulted in continental back-arc ex-
tension on the Iran Plate leading to the formation of 
extensional basins such as the Late Triassic Nayband 
Basin (Fürsich et al. 2005a), associated with wide-
spread transgressions. Extension resulted in the de-
velopment of several large Mesozoic back-arc basins 
along the Eurasian margin (Stampfli & Borel 2002; 
Brunet et al. 2003; Golonka 2004; Mahmoudi et al. 
2010). At the same time, the main Cimmerian uplift 
and foreland deformation event occurred in northern 
Iran (Alborz Range) (Wilmsen et al. 2009a) (Fig. 1A). 

During the Early Jurassic, the sediments compris-
ing the Ab-Haji Formation were deposited within a 
segmented continental back-arc basin in east-central 
Iran (Wilmsen et al. 2009a; Salehi 2013; Salehi et al. 
subm.). Although the provenance and tectonic setting 
of this formation have not been evaluated in a regional 
context, modal analyses of sandstones from the Ab-
Haji Formation, limited to the southern part of the Ta-
bas Block (Shadan & Hosseini-Barzi 2013), suggest 
a recycled-orogen source of a fold-and-thrust belt and 
deposition into a nearby foreland basin lacking a vol-
canic contribution, rather than into a back-arc setting. 
Moreover, major-element discrimination diagrams 
suggest a quartzose sedimentary provenance reflect-
ing the recycled source. However, an active continental 
margin setting is suggested for this formation based on 
limited sandstone and shale geochemistry (Moosavi-
rad et al. 2011, 2012).

Earlier studies (Alikhasi 2008; Shadan & Hosseini-
Barzi 2013) focusing on the western and southern parts 
of the Tabas Block document recycled sources mixed 
with a minor felsic source. However, volcanic sources 
for the sediments, which would support a back-arc set-
ting, as well as the sandstone petrography and shale 
geochemistry of the Ab-Haji Formation in the eastern 
part of the Tabas and the western Lut blocks, have not 
been identified (Fig. 1B). The aim of the present study 
is to evaluate the tectonic setting of the Early Jurassic 
sediments in east-central Iran through modal analyses 
of sandstones and the geochemistry of sandstones and 
shales from the Lut, Tabas and Yazd blocks (Fig. 1B).

2. Geological setting 

The Iran Plate, an element of the Cimmerian micro-
plate assemblage, became detached from Gondwana 
during the Permian and collided with the Turan Plate 
of Eurasia during the Late Triassic, thereby closing 
the Palaeotethys (Eo-Cimmerian event; e.g., Stöcklin 
1974; Stampfli & Borel 2002; Fürsich et al. 2009a; 
Wilmsen et al. 2009a) (Fig. 2A). This Eo-Cimmerian 
Orogeny transformed the northern margin of the Iran 
Plate into an under-filled Carnian–Rhaetian flexural 
foreland basin (Wilmsen et al. 2009a). At the same 
time, Neotethys subduction commenced along the 
southern margin of the Iran Plate. This process is 
inferred to have reduced the compression of the Iran 
Plate such that extensional basins formed. These were 
subsequently filled with up to 3000 m of marine No-
rian–Rhaetian-age sediments (Nayband Formation of 
Central Iran; Fürsich et al. 2005a). The main Cimme-
rian uplift and foreland deformation event occurred 
at the Triassic–Jurassic boundary, followed by rapid 
denudation of the Cimmerian Mountains in northern 
Iran. This event also resulted in the end of marine 
sedimentation, followed by a period of non-deposition/
erosion, source-area rejuvenation and the deposition of 
the Lower Jurassic Ab-Haji Formation in east-central 
Iran (Wilmsen et al. 2009b) (Fig. 2B-C). 

Fig. 1. A. Structural and geographic framework of Iran showing main sutures, structural units and geographic areas. B. 
Locality map of east-central Iran with major structural units (blocks and block-bounding faults; modified from Wilmsen 
et al. 2009b). Outcrop locations are indicated by black rectangles. 1. Kuh-e-Rahdar. 2. Simin-Sepahan. 3. Ravar-Abkuh. 4. 
Zarand-Chenaruyeh. 5. Parvadeh. 6. Kuh-e-Shisui. 
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Palaeogeographic reconstructions of the Early 
Jurassic (Thierry 2000) place the Iran Plate at the 
northern margin of the Neotethys at a palaeolatitude 
of ca. 40°-45°N in a warm-temperate climate (Fig. 

2A). The distribution of marine and non-marine stra-
ta indicates that the Lut and some part of the Tabas 
blocks were mostly covered by the sea during the Ear-
ly Jurassic whereas most of the Yazd Block remained 

Fig. 2. A. Early Jurassic palaeogeography of the central and western Tethys (modified after Thierry 2000). B. Lut, Tabas 
and Yazd blocks are shown in assumed Early Jurassic orientation based on an Early Jurassic palaeogeography of the western 
Tethys (base map modified after Thierry 2000). Ab Alborz, CI Central Iran, Tb Tabas, Ya Yazd, Bi Binalud. C. Geody-
namic model after the main-Cimmerian event in Iran during the earliest Jurassic (modified from Wilmsen et al. 2009a). 
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emergent (Lower Jurassic stratigraphic gap) (Fig. 2A-
B). The common presence of fossil plant fragments 
and the occurrence of locally mineable coal seams in 
the Lower Jurassic strata of east-central Iran (Wilmsen 
et al. 2009b; Alizadeh et al. 2011) confirm a humid-
temperate climate with ample vegetation. 

Evidence of the Mid-Cimmerian Bajocian-age tec-
tonic event is observed across of the Iran Plate (north-
ern and east-central Iran), where it is documented by 
conspicuous inter-regional, in part angular, uncon-
formities. Their origin can be related to plate-tectonic 
processes in the South Caspian area (Brunet et al. 
2003; Fürsich et al. 2009b) and along the southern 
margin of the Iran Plate (Wilmsen et al. 2009b). On 
the Tabas Block, the Mid-Cimmerian unconformity is 
well developed and associated with considerable ero-
sion and, locally, gentle folding (Wilmsen et al. 2003; 
Wilmsen et al. 2009b). The Late Cimmerian event 
(Late Jurassic–earliest Cretaceous) resulted in inten-
sive block-faulting in east-central Iran (Wilmsen et al. 
2010; Cifelli et al. 2013).

Published geodynamic models (e.g., Davoudzadeh 
et al. 1981; Soffel & Forster 1984; Soffel et al. 1996; 
Alavi et al. 1997; Besse et al. 1998) have suggested that 
the CEIM experienced post-Triassic counterclockwise 
rotation (135°) around a vertical axis to its present-day 
position, and that this rotation was associated with con-
siderable lateral movements along the block-bounding 
faults (Figs. 1A and 2B). Rotation took mainly place 
in post-Jurassic times (Esmaeily et al. 2007; Bagheri 
& Stampfli 2008; Wilmsen et al. 2009b) although the 
timing has been questioned by some recent studies 
(e.g., Muttoni et al. 2009) . Nevertheless, Cifelli et al. 
(2013) recently suggested that the block-bounding fault 
between the Tabas and Lut blocks changed from a ex-
tensional regime during the Jurassic to a right-lateral 
transpressional regime between the Early Cretaceous 
and the Palaeocene. Furthermore, Mattei et al. (2012) 
have documented evidence of significant Neogene  
anticlockwise rotation (20°-35°) of the Tabas and Yazd 
blocks.

Fig. 3. Lithostratigraphic framework of the Lower-Lower Middle Jurassic System of the northern and southern Tabas Block 
and the western Lut Block, east-central Iran (modified from Wilmsen et al. 2009a).
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3. Regional Upper Triassic–Middle Jurassic 
stratigraphy 

As elsewhere on the Iran Plate, Middle Triassic plat-
form carbonates in east-central Iran (Shotori Forma-
tion) pass upwards into the overlying Norian-Bajocian 
siliciclastic rocks of the Shemshak Group (Seyed-
Emami 2003; Fürsich et al. 2005a; Fürsich et al. 
2009a). This group is delineated by the Eo-Cimmerian 
unconformity at its base and the Mid-Cimmerian un-
conformity at its top (Fig. 3). 

In all of the studied areas (easternmost Yazd Block, 
northern and southern Tabas Block, Lut Block), the 
Upper Triassic Nayband Formation of the lower Shem-
shak Group is well developed (Figs. 3 and 4A). This 
widespread formation consists mainly of fine-grained 
marine siliciclastics and carbonates containing abun-
dant fossils (Hautmann 2001; Fürsich et al. 2005a, 
Senowbari-Daryan et al. 2010; Hautmann et al. 2011). 
Upsection the Nayband Formation is overlain by sil-
iciclastic strata of the Lower Jurassic Ab-Haji Forma-

tion. The type area of this formation is located in the 
Kalmard area near Kuh-e-Rahdar, northwestern Tabas 
Block (Aghanabati 1975), where, however, it is only 
82 m thick (Fig. 1B).

The Ab-Haji Formation crops out from the east-
ern margin of the Yazd Block and within much of the 
Tabas Block, except along its eastern margin (Shotori 
Mountains), and extends as far as the western Lut 
Block (Fig. 3). It attains a thickness of up to 700 m but 
locally may be reduced to a few tens of meters. Over 
much of the Tabas Block, the basal contact is marked 
by coarse-grained quartzarenites (Fig. 4A, B). The 
Ab-Haji Formation mainly consists of thin- to thick-
bedded greenish sand- and siltstones and locally con-
tains rare thin coal seams (Figs. 4C, 5), representing 
fluvial plain, coastal plain, delta and shallow-marine 
deposition (Fig. 3) (Salehi 2013; Salehi et al. subm.).

During the Aalenian (in the southern Tabas Block 
and on the Lut Block already in the Toarcian; Seyed-
Emami 1971; Seyed-Emami et al. 2000; Seyed-Emami 
et al. 2004a), a pronounced transgression initiated the 

Fig. 4. Field aspects of the Ab-Haji Formation. A. Overview of the Parvadeh section (5), view to the south from the top of 
the Upper Triassic Nayband towards the Lower Jurassic Ab-Haji and Badamu formations. B. Sharp erosional contact of 
coarse-grained sandstones of the Ab-Haji Formation overlying fine-grained siltstones and sandstones of the Nayband For-
mation (Zarand-Chenaruyeh; section 4). Up-section (image left) fine-grained siliciclastics of the Ab-Haji Formation follow. 
View to the east. C. Close-up photograph of the middle part of the Ab-Haji Formation (Ravar-Abkuh; section 3); the red and 
gray siltstones and shales between sandstones likely formed in a continental setting.
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Fig. 5. Representative lithostratigraphic log of 
the Ab-Haji Formation with sample locations 
(Parvadeh; section 5). Grain-size code: vf: very 
fine-; f: fine-; m: medium-; c: coarse-; vc: very 
coarse-grained sand.
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deposition of the comparatively condensed, ammo-
nite-rich, dark, often oolitic limestones, marls and sil-
iciclastic rocks of the Badamu Formation (Fig. 3).

The overlying Lower Bajocian Hojedk Formation 
is usually easily identified as the siliciclastic package 
between the carbonates of the underlying Badamu and 
the overlying Parvadeh Formations. Its top represents 
the Mid-Cimmerian unconformity. In the eastern part 
of the Tabas Block and on the Lut Block, the Hojedk 
Formation is generally marine and can be dated using 
ammonites (e.g., Seyed-Emami et al. 2004a). Towards 
the west, its character changes to marginal marine and 
fluvial and includes coal seams. The Hojedk Forma-
tion is also characterized by rapid lateral facies and 
thickness changes.

The pronounced transgression following the mid-
dle Bajocian Mid-Cimmerian unconformity initiated 
deposition of the Upper Bajocian to Lower–Middle 
Bathonian, condensed oncolitic–microbial limestones 
and siliciclastic rocks of the Parvadeh Formation (30 
to 150 m thick; Wilmsen et al. 2009a) which were de-
posited across wide areas of the Tabas Block and also 

onlap the Shotori High (Fig. 3). In the western part of 
the Lut Block, the Parvadeh Formation is replaced by 
the marine sandstones of the informal Qal’eh Dokhtar 
Sandstone; in the southern Tabas Block, by the lower 
part of the lithologically variable Bidou Formation.

4. Methods

More than 600 samples were collected from six outcrop 
sections of the Ab-Haji Formation in east-central Iran 
(see Fig. 1B for the locations and outcrop names, Fig. 5 
for a representative lithostratigraphic log with sample lo-
cations). The texture, fabric and composition of 200 thin 
sections were studied using optical microscopy. A total 
of 42 fresh sandstone samples were point-counted follow-
ing the Gazzi-Dickinson method (Gazzi 1966, Dickinson 
1970, Ingersoll et al. 1984). In each thin section, 300 
framework grains were counted. Following the conven-
tion of Pettijohn (1975), we assigned grains <0.03 mm 
to the matrix category. Tables 1 and 2 show framework 
parameters (Ingersoll & Suczek 1979) and detrital mode 
of sandstones from the Ab-Haji Formation. 

Table 1. Framework parameters of detrital modes (ingersoll & suczek 1979).

Qm non Non-undulose monocrystaline quartz

Qm un Undulose monocrystalline quartz

Qpq 2-3 Qpq 2-3 crystal units per grain

Qpq > 3 Qpq > 3 crystal units per grain

Cht Chert

Qp polycrystalline quartzose (or chalcedonic) lithic fragments (Qpq + Cht)

Qt Total quartzose grains (Qm + Qp)

Q Total (Qm non + Qm un) and Qpq used for folk (1974) classification (Qm +Qpq)

P Plagioclase feldspar

K Potassium feldspar

F Total feldspar grains (P + K)

Lv Volcanic-metavolcanic rock fragments

Ls Sedimentary rock fragments

Lm Metasedimentary rock fragments

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

Lt Total siliciclastic lithic fragments (L + Qp)

RF Total unstable rock fragments and chert used for folk (1974) classification
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Table 2. Detrital modes of 42 selected sandstone samples from the Ab-Haji Formation in east-central Iran.

 Sample Outcrop No. Qm non Qm un Qp 2-3 Qp > 3 K P Lm Lv Ls Cht Qm Qp Qt F L Lt Q RF

1 R61 1 94 32 1 46 5 0 71 0 10 41 126 88 214 5 81 169 173 122
2 R63 1 36 46 5 28 6 0 79 0 56 44 82 77 159 6 135 212 115 179
3 R71 1 66 46 8 18 2 0 87 0 19 51 112 77 189 2 106 183 138 157
4 R77 1 62 37 6 15 6 0 98 0 26 49 99 70 169 6 124 194 120 173
5 R80 1 66 49 9 17 3 0 75 0 20 61 115 87 202 3 95 182 141 156
6 R81.5 1 90 64 5 7 1 0 91 0 12 30 154 42 196 1 103 145 166 133
7 S1.5 2 85 54 8 22 4 0 3 0 90 14 139 44 183 4 93 137 169 107
8 S176 2 43 40 2 10 9 2 3 0 135 26 83 38 121 11 138 176 95 164
9 S206 2 54 49 9 14 14 6 3 0 119 19 103 42 145 20 122 164 126 141
10 S218 2 46 33 7 9 3 1 2 0 172 17 79 33 112 4 174 207 95 191
11 S263 2 38 28 2 4 4 0 11 0 179 15 66 21 87 4 190 211 72 205
12 S271 2 47 31 7 14 10 4 3 0 155 19 78 40 118 14 158 198 99 177
13 S315 2 43 36 5 10 8 0 7 0 155 22 79 37 116 8 162 199 94 184
14 S318 2 36 32 6 5 2 0 18 0 159 27 68 38 106 2 177 215 79 204
15 V234 3 36 50 1 17 7 0 28 0 147 26 86 44 130 7 175 219 104 201
16 V242 3 39 49 4 9 3 0 29 0 145 23 88 36 124 3 174 210 101 197
17 V268 3 37 51 1 15 5 0 30 0 139 23 88 39 127 5 169 208 104 192
18 V338 3 36 87 4 16 8 0 29 0 104 22 123 42 165 8 133 175 143 155
19 V430 3 66 106 7 11 10 0 25 0 65 10 172 28 200 10 90 118 190 100
20 V566 3 167 50 7 16 4 0 23 0 18 27 217 50 267 4 41 91 240 68
21 V710 3 171 34 1 11 12 0 33 0 47 9 205 21 226 12 80 101 217 89
22 V836 3 66 104 16 19 15 0 37 0 58 3 170 38 208 15 95 133 205 98
23 V856 3 143 60 6 16 7 0 22 0 24 12 203 34 237 7 46 80 225 58
24 C514 4 79 31 1 21 2 0 13 0 115 30 110 52 162 2 128 180 132 158
25 C533 4 87 45 7 9 19 0 19 0 88 17 132 33 165 19 107 140 148 124
26 C667 4 103 45 9 14 18 0 16 0 92 3 148 26 174 18 108 134 171 111
27 C737 4 172 20 2 14 16 0 10 0 65 9 192 25 217 16 75 100 208 84
28 C911 4 113 40 0 10 6 0 17 0 102 7 153 17 170 6 119 136 163 126
29 C964 4 169 54 6 15 14 1 12 0 30 9 223 30 253 15 42 72 244 51
30 P242 5 138 31 49 25 0 0 0 0 1 38 169 112 281 0 1 113 243 39
31 P254 5 150 21 54 42 4 0 0 0 2 22 171 118 289 4 2 120 267 24
32 P256 5 158 31 21 47 7 0 1 0 0 32 189 100 289 7 1 101 257 33
33 P258 5 177 21 7 37 6 0 0 0 4 42 198 86 284 6 4 90 242 46
34 P284 5 188 18 12 24 4 0 0 0 0 32 206 68 274 4 0 68 242 32
35 P300 5 192 23 4 21 9 0 1 0 0 35 215 60 275 9 1 61 240 36
36 P302 5 194 23 9 14 19 0 1 0 3 28 217 51 268 19 4 55 240 32
37 L410 6 186 73 15 9 9 0 0 0 0 5 259 29 288 9 0 29 283 5
38 L530 6 145 68 10 13 12 0 0 0 1 22 213 45 258 12 1 46 236 23
39 L537 6 111 63 11 24 28 0 0 0 0 28 174 63 237 28 0 63 209 28
40 L549 6 159 89 8 18 6 0 0 0 0 18 248 44 292 6 0 44 274 18
41 L568 6 150 87 14 5 12 0 0 0 0 28 237 47 284 12 0 47 256 28
42 L585 6 213 50 9 7 4 0 0 0 0 10 263 26 289 4 0 26 279 10
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Table 3. Average of major and trace elements composition of sandstones and shales from the Ab-Haji Formation (oxides 
in %, elements in ppm).

Sample location 1 2 2 3 3 4 4 5 6 6
Lithology Sandstone Sandstone Shale Sandstone Shale Sandstone Shale Sandstone Sandstone Shale

No. 3 5 5 7 4 5 4 7 5 3
SiO2 79.31 76.86 62.69 70.57 64.51 85.75 65.46 88.16 95.57 64.51
Al2O3 11.34 10.66 17.3 8.98 17.79 6.79 17.71 5.51 1.63 17.79
Na2O 0.13 1.48 0.99 0.22 0.26 0.25 0.3 0.15 0.03 0.26
K2O 1.91 1.55 3.29 1.4 2.82 1.01 2.88 0.73 0.23 2.82

Fe2O3 1.91 4.13 6.22 9.53 4.95 2.4 3.4 1.03 0.71 4.95
MgO 0.47 1 1.66 1.07 1.36 0.56 1.16 0.28 0.06 1.36
CaO 0.18 0.35 0.56 0.29 0.28 0.09 0.49 0.26 0.3 0.28
TiO2 0.62 0.57 0.88 0.56 0.91 0.47 0.97 0.44 0.14 0.91
P2O5 0.05 0.11 0.08 0.1 0.12 0.04 0.07 0.03 0.02 0.12
MnO 0.01 0.02 0.04 0.17 0.06 0.02 0.03 0.01 0.01 0.06
Cr2O3 0.02 0.02 0.01 0.02 0.02 0.03 0.02 0.03 0.04 0.02
FeO 0.86 1.86 2.8 4.29 2.23 1.08 1.53 0.46 0.32 2.23

Fe2O3* 1.05 2.27 3.42 5.24 2.72 1.32 1.87 0.57 0.39 2.72
Ni 78 33.6 49.8 31.33 47.5 29.2 52.33 38 <20 47.5
Sc 8.33 8 15 7.57 14.25 5 14.5 5 1.67 14.25
Ba 237.33 210.8 405.4 211.57 341.25 131.6 372.5 101.57 36.8 341.25
Be 1.5 1.75 2.6 1.86 2.5 1 4.25 3 <1 2.5
Co 5.13 11.1 18.8 11.47 18.13 10.44 14.73 4.64 2.6 18.13
Cs 3.87 2.02 7.26 2.6 8.08 1.34 8.73 1.59 0.38 8.08
Ga 14.03 12.08 20.94 10.5 22.28 8.02 23 6.44 2.1 22.28
Hf 4.7 8.88 5.18 6.6 7.2 7.96 7.03 7.27 4.94 7.2
Nb 14.97 12.32 17.22 11.91 18.88 10.24 20.18 9.41 3.54 18.88
Rb 73.53 54.56 131.8 55.99 122.43 37.82 132.98 30.04 8.06 122.43
Sn 3 2.2 3.4 1.86 3.5 1.8 4 2 <1 3.5
Sr 68.4 89 145.34 49.34 96.05 42.68 109.43 53.9 44.52 96.05
Ta 0.93 0.82 1.3 0.84 1.38 0.8 1.55 0.66 0.28 1.38
Th 9.7 9.96 16.44 8.81 30.25 8.14 18.43 6.6 2.48 30.25
U 1.83 2.14 2.78 2.07 4.18 1.94 3.63 1.84 0.96 4.18
V 85 70.8 134.2 56 124.5 45.2 140 42 14 124.5
W 1.83 1.74 1.94 1.79 2.3 2.14 2.5 2.19 2.36 2.3
Zr 173.53 340.62 194.26 246.23 247.1 305.02 240.5 278.04 184.88 247.1
Y 18.3 21.62 28.04 26.63 34.55 17.22 31.25 14.87 5.98 34.55
La 28.77 26.36 44.6 28.93 76.73 25.2 48.38 18.63 8.08 76.73
Ce 61.13 54.88 90.86 62.66 155.28 55.18 95.35 39.3 17.04 155.28
Pr 6.78 6.19 10.24 7.05 17.15 5.87 10.64 4.32 1.9 17.15
Nd 24.5 24.34 37.86 26.87 61.05 21.16 38.53 15.84 6.88 61.05
Sm 4.73 4.61 7.08 5.22 11.08 3.97 6.97 2.82 1.38 11.08
Eu 0.86 0.95 1.35 1.11 1.55 0.71 1.37 0.56 0.25 1.55
Gd 3.93 4.55 5.78 5.2 9.69 3.44 6.05 2.64 1.21 9.69
Tb 0.57 0.7 0.92 0.83 1.23 0.52 0.96 0.42 0.18 1.23
Dy 3.38 3.94 5.11 4.65 6.66 3.01 5.35 2.51 1.02 6.66
Ho 0.64 0.73 1.06 0.85 1.16 0.59 1.1 0.5 0.19 1.16
Er 1.95 2.16 3.01 2.39 3.37 1.71 3.22 1.44 0.59 3.37
Tm 0.29 0.33 0.47 0.36 0.52 0.26 0.51 0.22 0.09 0.52
Yb 1.9 2.2 2.99 2.21 3.2 1.67 3.14 1.57 0.6 3.2
Lu 0.29 0.32 0.46 0.34 0.48 0.26 0.51 0.23 0.1 0.48
Mo 1.17 1.26 0.52 1.13 0.48 1.72 0.55 1.66 3.48 0.48
Cu 13.5 21.28 31.28 15.77 26.95 10.7 36.35 7.53 4.42 26.95
Pb 2.7 8.44 12.5 6.36 16.58 4.5 18.8 3.91 2.86 16.58
Zn 143 62.2 87.4 43.57 55.75 37.6 83.75 20.43 3 55.75
Ni 23.8 26.96 45.12 24.54 42.08 23.04 34.1 9.69 7.7 42.08
As 2.7 4.7 4.37 1.6 2.6 2.04 4.8 3.15 1.38 2.6
Cd <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1
Sb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1
Bi 0.2 0.17 0.28 0.2 0.28 <0.1 0.23 0.3 <0.1 0.28
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1
Au 1.4 1.63 1.2 <0.5 0.7 0.73 2.1 0.95 0.5 0.7
Hg 0.03 <0.01 0.01 0.02 0.04 0.02 0.04 0.03 0.11 0.04
Tl <0.1 0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5

LOI 4 3.16 6.2 7.03 6.75 2.56 7.43 3.34 1.3 6.75
Sum 99.92 99.9 99.95 99.92 99.84 99.95 99.91 99.96 100.01 99.84
CIA 83.91 70.24 76.67 82.50 83.78 82.00 83.82 85.50 85.20 78.15
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After careful petrographic examination, whole-
rock chemical analyses were performed on 32 sand-
stone and 16 shale samples to obtain analytical data for 
major, trace and rare earth elements. Analyses were 
performed by inductively coupled plasma-mass spec-
trometry (ICP-MS) at ACME Analytical Laboratories, 
Vancouver, Canada (Table 3).

5. Results
5.1 Sandstone petrography and modal analysis

The following text briefly describes the texture and ma-
jor grain components of sandstones from the Ab-Haji 

Formation. Sandstones from the western Tabas Block 
(sections 1 through 4) are generally moderately sorted, 
immature and medium- to coarse-grained; individual 
grains are sub-rounded to rounded. Some samples con-
tain up to 15% of pseudomatrix, derived from deformed 
soft lithic clasts and altered feldspars (Fig. 6A, B). In 
contrast, the samples from the eastern Tabas and west-
ern Lut blocks (sections 5 and 6) are composed of well 
sorted, mature to supermature, medium- to fine-grained 
sandstones devoid of matrix (Fig. 6C). Silica cement is 
predominant in the sandstones from the eastern Tabas 
and western Lut blocks whereas calcite, dolomite and 
iron oxides together with silica cements are more com-
mon in the sandstones from the western Tabas Block. 

Fig. 6. Thin-section photomicrographs of representative sandstones of the Ab-Haji Formation. A. Polycrystalline quartz 
grain (Qp) and sedimentary rock fragment (Ls) (sample from section 1). B. Metamorphic rock fragment (slate with slaty 
cleavage; Lm) and rounded, non-undulose quartz grains in upper right of the photograph (sample from section 3). C. Mono-
crystalline quartz (Qm) and chert grain (Cht) (sample from section 5). D. Plagioclase (F) grain in an immature litharenite 
(sample from section 2).
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Sandstone framework grains from all localities are 
mainly quartz and rock fragments as well as subor-
dinate feldspars (Table 2). Quartz is the predominant 
constituent in all of the sandstones and shows a high 
Qm/Qp ratio. Rounded, non-undulose quartz is the 
main quartz grain type (Fig. 6B, C). According to the 
genetic classification of quartz types (Folk 1974), non-
undulose quartz is uncommon in plutonic and meta-
morphic rocks, whereas mature sedimentary rocks are 
characterized by high percentages of non-undulose 
quartz.

Polycrystalline quartz grains commonly include 
stretched metamorphic quartz with crenulated or gran-
ulated boundaries between elongate crystals, showing 
strong undulose extinction (Fig. 6A).

Sedimentary (Ls) and (meta-) sedimentary (meta-
morphic, Lm) lithic fragments occur in variable pro-
portions throughout the Ab-Haji sandstones in the 
western Tabas Block. Volcanic lithics (Lv) are absent. 

Sedimentary lithics (Ls) constitute the major rock 
fragment fraction. They comprise mainly siltstones, 
shales, sandstones and cherts in the western and south-
ern Tabas Block. In the eastern Tabas and western Lut 
blocks, only chert has been observed (Fig. 6A, C). 
(Meta-) sedimentary lithics (low-grade metamorphic, 

Lm), including slates and phyllites, predominate in the 
western Tabas Block while being uncommon in sec-
tions from the eastern Tabas and western Lut blocks 
(Fig. 6B). The feldspars are dominated by untwinned 
orthoclases and subordinate plagioclases (Fig. 6D). K-
feldspar grains are typically similar to quartz in grain 
size but show variable degrees of roundness. The dom-
inant heavy minerals include zircon, epidote, tourma-
line and opaque minerals. 

Sandstone composition from the Ab-Haji Forma-
tion plot in the quartzarenite, quartz-rich sublitharen-
ite and litharenite fields of a QFL ternary plot (Folk 
1974) (Fig. 7A, B). Sandstone composition of the 
western Tabas Block mainly comprise litharenites to 
quartz-rich sublitharenites, whereas sandstones of the 
eastern Tabas Block and western Lut Block plot in the 
quartzarenite field. 

5.2 Geochemistry

The geochemical composition of sedimentary rocks 
results from the complex interaction of several varia-
bles, including, source material, weathering, transport, 
physical sorting and diagenesis (Middleton 1960; 
Piper 1974; Bhatia 1983; McLennan 1989; Cox et al. 

Fig. 7. A. and B. Mineralogical classification of the sandstones from the Ab-Haji Formation in the Folk (1974) diagram: 
Q: total quartz; F: feldspar; RF: rock fragment; SRF: sedimentary rock fragment; VRF: volcanic rock fragment; MRF: 
metamorphic rock fragment. Black circles mark samples from outcrop sections 1-4, white circles from outcrop sections 5-6.
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1995). The average major and trace element concen-
trations of the Ab-Haji sandstones (32 samples) and 
shales (16 samples) are listed in Table 3.

The major element distribution reflects the 
mineralogy of the studied samples. Petrographic 
observations show that the sandstones of the Ab-Haji 
Formation display compositional variations from 
litharenites through to quartzarenites (see above). 
This is best depicted by the SiO2 concentration which 
range from ~75% in litharenites and quartz-rich 
sublitharenites to ~94% in quartzarenites. Sandstones 
are higher in SiO2 than shales (Table 3) while shales 
are higher in Al2O3, MgO, K2O, Fe2O3 and TiO2 than 
sandstones, reflecting the dominance of clay minerals 
and clay-sized particles (Cardenas et al. 1996; 

Madhavaraju & Lee 2010). Concentrations of most 
major elements in the sandstones are generally similar 
to the mean composition of upper continental crust 
(UCC) (Taylor & McLennan 1985), except for CaO, 
Na2O and K2O, which consistently yield lower-than-
average values (Fig. 8A). 

Low concentrations of CaO may either indicate 
a lack of original carbonate minerals or depletion of 
Ca during diagenesis. The depletion of Na2O (~0.45) 
and K2O (~1.78) in sandstones can be attributed to a 
relatively low proportion of Na-rich plagioclase and K-
feldspar; this is consistent with the petrographic data. 

Shale samples from the Ab-Haji Formation show 
higher-than-mean upper continental crust (UCC) con-
centrations of most of the major elements, possibly be-

Fig. 8. Spider plot of major (A) and trace (B) element compositions of sandstone and shale samples from the Ab-Haji For-
mation, normalized against UCC (upper continental crust) values (UCC values after Taylor & McLennan 1985). The trace 
elements are ordered showing LILE on the left (Rb-U), followed by HFSE on the right (Y-Hf) followed by TEE (V-Sc). C. 
Average chondrite-normalized Rare Earth Element plots for samples from the Ab-Haji Formation.
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cause Al, Ti, Mg and K are easily absorbed by clays 
and concentrate in the finer-grained particles (Das et 
al. 2006). On average, the Ab-Haji shales have slightly 
lower SiO2 abundances relative to UCC, possibly due 
to a quartz dilution effect (Bauluz et al. 2000).

Most trace element values, including large ion 
lithophile elements (LILE, including Rb, Ba, Sr, Th 
and U), high field strength elements (HFSE, includ-
ing Y, Zr, Nb and Hf), transition trace elements (TTE, 
including V, Co, Cu, Ni and Sc) and rare earth ele-
ments (REE) of sandstones and shales from the Ab-

Haji Formation are generally similar to UCC values 
(Fig. 8B). With the exception of Sr, all samples exhibit 
similar LILE and HFSE abundances relative to UCC 
(Fig. 8B). Because HFSE elements are enriched in fel-
sic rather than mafic rocks (Bauluz et al. 2000), felsic 
materials may have predominated in the source area. 

TTE in sandstones are also similar to UCC, but are 
depleted in the shale samples. The chondrite-normal-
ized rare earth element (REE) patterns of the studied 
samples are characterized by LREE enrichment and 
fairly flat HREE patterns, similar to old upper con-

Fig. 9. Quartz grain varieties in the sandstones from the Ab-Haji Formation plotted on the diamond-shaped diagrams after 
Basu et al. (1975) (A) and Tortosa et al. (1991) (B). Qp: polycrystalline quartz; Qm u: monocrystalline quartz with undulose 
extinction; Qm nu: monocrystalline quartz with straight extinction. For symbols refer to Fig. 7.
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tinental crust (Fig. 8C). The LREE enrichment and 
the almost flat HREE pattern may indicate a cratonic 
source rock with felsic plutonic and (meta-) sedimen-
tary components (Das et al. 2006).

6. Discussion

6.1 Provenance

6.1.1 Petrography

Sandstone petrography is widely considered to be a 
powerful tool for determining the origin of ancient 
clastic deposits (Blatt 1967; Dickinson 1970; Petti-
john et al. 1972; Garzanti & Vezzoli 2003; Garzanti 
et al. 2007). When plotted in a double-triangular dia-
gram (Basu et al. 1975), sandstone point count data of 
the Ab-Haji Formation mostly suggest a mix of me-
dium- to high-grade metamorphic and plutonic source 
rocks (Fig. 9A-B). Low-grade metamorphic compo-
nents do not appear in this diagram (Fig. 9B). However, 
Blatt & Chiristie (1963) have shown empirically that 
undulose and polycrystalline quartz is less stable than 

non-undulose and monocrystalline quartz and will 
break down to produce monocrystalline quartz grains. 
Consequently, the longer the effective residence time 
of a population of quartz in the “sedimentary mill”, 
the more the position of that population will move to-
wards the non-undulose quartz pole of the diagrams 
(Fig. 9A-B).

Stretched polycrystalline quartz grains with su-
tured intercrystal boundaries are common in samples 
from sections 1-4 (Fig. 6A), suggesting they were de-
rived from low- to medium-grade metamorphic rocks 
(Basu et al. 1975). In contrast, monocrystalline, non-
undulose quartz is the dominant quartz type in sec-
tions 5 and 6 (Fig. 6C), indicating a granitoid source 
rock (Suttner et al. 1981). However, the rounded to 
well-rounded quartz grains (Fig. 6B-C) along with 
chert and siltstone fragments in samples from all six 
sections indicate that quartz-rich sedimentary rocks 
also should be considered as significant contributors 
to sandstone composition.

The composition of sandstones from the Ab-Haji 
Formation suggests several sources most probably the 
Precambrian and Ordovician–Triassic sedimentary, 

Fig. 10. A. Major element discriminant function diagram of Roser & Korsch (1988) illustrating sedimentary provenance. 
Discriminant functions include: Discriminant Function 1 = (-1.773.TiO2) + (0.607.Al2O3) + (0.760.Fe2O3) + (-1.500.MgO) + 
(0.616.CaO) + (0.509.Na2O) + (-1.224.K2O) + (-9.090); Discriminant Function 2 = (0.445.TiO2) + (0.070.Al2O3) + (-0.250.
Fe2O3) + (-1.142.MgO) + (0.438.CaO) + (1.475.Na2O) + (1.426.K2O) + (-6.861). B. Plot of Th/Sc versus Zr/Sc of Lower 
Jurassic sandstones from Ab-Haji Formation (modified after (McLennan et al. 1993). Sandstones from the Ab-Haji Forma-
tion are enriched in zircon due to sedimentary sorting and recycling (igneous rock averages from Condie 1993); UCC com-
position after Taylor & McLennan (1985). The lower arrow (compositional trend) define the trend expected in first-cycle 
sediments due to magmatic evolution from mafic to felsic; upper arrow shows the trend produced by the addition of zircon 
during sedimentary sorting and recycling. For explanation of symbols, see Fig. 7.
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low-, middle- to upper-rank metamorphic and plutonic 
rocks of the Yazd Block as well as Carboniferous–Tri-
assic sedimentary rocks from the eastern margin of 
the Tabas Block (see below).

6.1.2 Geochemistry

In order to use major elements for provenance inter-
pretations, we considered the discriminant functions 
of Roser & Korsch (1988), which use Al2O3, TiO2, 
Fe2O3*, MgO, CaO, Na2O and K2O contents as vari-
ables. In this diagram (Fig. 10A), the majority of the 
Ab-Haji Formation sandstone and shale samples plot 
in the quartzose sedimentary provenance field and 
suggests that the sediments were of quartzose recycled 
origin.

Trace element patterns can be used to determine the 
source of the sediments and provide useful information 
about the provenance of sedimentary rocks (e.g., Cull-
ers 1988; Cullers 2000; von Eynatten et al. 2003) be-
cause mafic and felsic source rocks differ significantly 
in specific indicator ratios. Sc and Th are transferred 
quantitatively from source to sediment; hence, its ra-
tio can be used to monitor the average compositional 
variation of source rocks (McLennan et al. 1993). Zr/Sc 
monitors zircon enrichment due to sedimentary sorting 
and recycling. When Th/Sc is plotted in a Zr/Sc - Th/Sc 
diagram (Fig. 10B), high Zr/Sc ratios support a recycled 
source rock provenance for all sandstone and shale sam-
ples of the Ab-Haji Formation. 

6.2 Tectonic setting

6.2.1 Petrography

The majority of the sandstone samples from the Ab-
Haji Formation plot in the recycled-orogen field of a 
standard ternary QtFL diagram (Dickinson & Suczek 
1979) (Fig. 11A). Some rare samples plot in the craton-
interior field.

Variations in sedimentary rock fragments as well 
as low-grade metamorphic rock fragments from sec-
tions 1-4 suggest that the grains were sourced from a 
recycled orogen (Fig. 11A). Within recycled orogens, 
sediment sources are predominantly sedimentary 
rocks derived from tectonic settings in which stratified 
rocks are deformed, uplifted and eroded (Dickinson & 
Suczek 1979; Dickinson 1985). In contrast, sandstones 
plotting in the craton-interior field are usually mature 
or supermature because they are derived from rela-
tively low-lying granitoid and gneissic sources, sup-
plemented by recycled sands from associated platform 

or passive margin basins and may be subjected to long-
term weathering (Dickinson et al. 1983). In a QmFLt 
diagram (Dickinson et al. 1983; Critelli et al. 2002), 
samples from the Ab-Haji Formation fall principally 
within the craton-interior, recycled-orogen and transi-
tional-recycled fields (Fig. 11B). The sandstones of the 
Ab-Haji Formation of the eastern Tabas and western 
Lut blocks (sections 5-6) plot in the craton-interior 
field while the western Tabas Block sandstones from 
sections 1-4 include samples that plot in the recycled-
orogen and transitional-recycled fields. Modal analy-
sis and texture indicate that the latter sandstones are 
immature, suggesting limited transport. The position 
within the diagrams near the quartz pole (i.e. for sand-
stones of sections 5-6) would suggest a considerable 
transport distance, a high degree of sedimentary recy-
cling, and/or highly abrasive transport processes (Folk 
1951; Cox et al. 1995). Not all of these factors may have 
contributed to the petrographic composition of the Ab-
Haji Formation, but – in the absence of evidence for 
aeolian transport or extensive fluvial transport – inten-
sive sediment recycling of older sedimentary rocks in 
a continental interior setting is likely to have been the 
main mechanism of mineralogical maturation. Sedi-
ment recycling resulted in a shift of compositional data 
towards a cratonic provenance and a passive-margin 
tectonic setting, especially for the samples from the 
eastern Tabas and western Lut blocks. In support of 
this concept, Hulka & Heubeck (2010) showed that 
the craton-interior characteristics of some sandstone 
samples may result from the recycling of older forma-
tions of continental sedimentary petrographic char-
acter. Uplifted older mature sedimentary material is 
indeed widely available in Central Iran and thus likely 
the principal source for the Ab-Haji Formation across 
the study area: The Permian-age mature and recycled 
quartzarenites of the Yazd Block (Hosseini-Barzi & 
Shadana 2010) and siliciclastic intercalations in the 
Nayband Formation (Fürsich et al. 2005a) and/or the 
Carboniferous–Permian Sardar Group (Leven et al. 
2006) of the Shotori Mountains probably provided 
source material for the Ab-Haji Formation during the 
Early Jurassic.

6.2.2 Geochemistry

The major element geochemistry of the sandstone and 
shale samples from the Ab-Haji Formation (Table 3) 
were analysed using ternary plots to characterize the 
tectonic setting as proposed by Kroonenberg (1994). 
This diagram suggests that the samples were deposited 
in a passive continental margin (Fig. 12A). 
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Fig. 11. QtFL (A) and QmFLt (B) plots for tectonic provenance of sandstones from the Ab-Haji Formation. Provenance 
fields after Dickinson & Suczek (1979). For symbols, refer to Fig. 7.
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Trace elements, particularly those with relatively 
low mobility and low residence times in seawater, 

such as Th, Sc, Ti, Nb and Zr are transferred quanti-
tatively into clastic sediments during primary weath-

Fig. 12. A. Plot of the major element composition of Ab-Haji Formation sandstone and shale samples on the tectonic setting 
discrimination diagram of Kroonenberg (1994). B. Trace element composition of sandstone and shale samples from the Ab-
Haji Formation on the ternary tectonic setting diagram of Bhatia & Crook (1986). See text for details. Legend: A: oceanic 
island arc; B: continental island arc; C: active continental margin; D: passive continental margin. For symbols, refer to Fig. 7.
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ering and transportation and are thus useful tools for 
the discrimination of provenance and tectonic setting 
(Taylor & McLennan 1985; Bhatia & Crook 1986; 
McLennan 1989; McLennan & Taylor 1991). On the 
La-Th-Sc diagram of Bhatia & Crook (1986) (Fig. 
12B), the Ab-Haji Formation samples mostly plot in 
the passive-margin field. The same geochemical data, 
plotted in the diagram presented by Cullers (1994), 
fall in a mixed field indicating that the Ab-Haji sedi-
ments were derived from a mixed sedimentary or 
(meta-)sedimentary source. The distinctive depletion 
in Sr in both sandstone and shale samples (Fig. 8B) 
also suggests a recycled-orogen or passive margin set-
ting (e.g., Najafzadeh et al. 2010).

These indications are, however in contrast to the 
regional geodynamic setting of the study area which 
is more consistent with a broad back-arc (or retro-arc) 
basin (Wilmsen et al. 2009b). These apparent incon-
sistencies need to be addressed.

A passive-margin setting is unlikely and can be ex-
cluded because the onset of Neotethys subduction at 
the southwestern margin of the Iran Plate in the Nor-
ian–Rhaetian is well established (subduction-related 
magmatism in the Sanandaj-Sirjan Zone; Arvin et al. 
2007; Wilmsen et al. 2009b). It persisted with varying 
intensity throughout the Mesozoic and Cenozoic (e.g., 
Chiu et al. 2013). Palaeogeographic reconstructions 
(Barrier & Vrielynck 2008) indicate only limited 
volcanic activity at the active margin during the Early 
Jurassic, supported by recent studies from the Urum-
ieh-Dokhtar magmatic arc and the Sanandaj-Sirjan 
structural zone in Iran (Chiu et al. 2013). Behind the 
arc, a broad (retro-arc) zone of subduction-related ex-
tension with block-faulting produced an array of swells 
and basins on the Iran Plate. Major extensional zones 
were situated in the Alborz (Fürsich et al. 2005b) and 
in the South Caspian area (Brunet et al. 2003). The 
exposed zones (such as the Shotori Swell and the Yazd 
Block) yielded sediments of recycled-orogen charac-
ter (strata consolidated by the Cimmerian orogeny); in 
addition, the significant distance to the poorly active 
magmatic arc limited the input of volcanic compo-
nents. The common asymmetric geometry of continen-
tal back-arc basins may also have reduced magmatic 
components in the Ab-Haji Formation. This type of 
basin commonly shows a steep, thrust-faulted arcward 
margin and a more gently-dipping, block-faulted inner 
craton margin (Einsele 2000). The Tabas and Yazd 
blocks are located on this inner margin so that cratonic 
sediment sources predominated there (Einsele 2000). 
Possibly, the shallow angle of Neotethys subduction 

beneath southwest Iran (Ghasemi & Talbot 2006) 
caused both the limited volcanic activity in the arc and 
the very broad extensional retro-arc zone.

6.3 Source area weathering

Point count data from sandstones of the the Ab-Haji 
Formation plot in the Weltje et al. (1998) diagram in 
the arrow-shaped field (Fig. 13A), representing a mix-
ture of metamorphic, sedimentary and plutonic source 
rocks. According to the Weathering Index (WI = c * r) 
introduced by (Grantham & Velbel 1988), almost all 
sandstones sample plot into the WI field 4, indicating 
a high degree of weathering under humid climate con-
ditions (Fig. 13B). In addition, the sandstones of the 
Ab-Haji Formation suggest semi-humid to humid cli-
mate conditions when plotted in the bivariate diagram 
of (Suttner & Dutta 1986) (Fig. 13C).

The degree of weathering in source rocks can be 
estimated by various chemical indices relying on their 
major element compositions. A widely used example is 
the CIA index (Chemical Index of Alteration, Nesbitt 
& Young 1982), which is based on the assumption that 
the prevailing processes during chemical weathering 
are feldspar degradation and formation of clay min-
erals. The CIA, therefore, is potentially a very useful 
index to characterize the degree of weathering of the 
sediment source and in terms of variable source ter-
rains. Worldwide average shale CIA values range be-
tween about 70 and 75; fresh granites give values of 
around 50 (Visser & Young 1990); extreme weathering 
may produce values approaching 100. The CIA (cal-
culated as CIA = 100 × Al2O3/Al2O3+CaO*+Na2O + 
K2O) of sandstone and shale samples from the Ab-Haji 
Formation show that weathering resulted in a relative 
loss of Na, Ca and K, and in an increase in Al (Table 3; 
oxides are expressed as molar proportions and CaO* 
represents the Ca in silicate fractions only). The sam-
ples have CIA values between 69 and 89, indicative 
of moderate to intense weathering of first-cycle sedi-
ment, or alternatively, recycling. The A-CN-K ternary 
diagram (Nesbitt & Young 1984) can also be used to 
constrain the weathering condition in the source area. 
The major sandstone and shale samples plot close to 
the top axes and the Al2O3-K2O boundary (Fig. 14). 
Therefore, the positions of the samples in the A-CN-
K diagram, as well as their CIA values, are consist-
ent with moderate to intense weathering conditions 
or recycling processes. Our results thus suggest that 
semi-humid to humid climatic condition along with 
recycling of older sedimentary successions resulted in 
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a high degree of weathering (WI = 4), indicating low 
relief and with a humid climate. The abundant coal de-

posits that developed during the Early Jurassic in Iran 
are consistent with the climatic conditions inferred 

Fig. 13. Climatic conditions and their effect on the composition of sandstones from the Ab-Haji Formation in the log-ratio 
plot (A) after Weltje et al. (1998). Q: quartz, F: feldspar, RF: rock fragments. CE: carbonate clasts. Fields 1-4 refer to the 
semi-quantitative weathering indices. B. Semi-quantitative weathering index defined on the basis of relief and climate (after 
Grantham & Velbel 1988). C. Bivariate plot after Suttner & Dutta (1986) and Johnson & Winter (1999). Qt: total quartz, 
F: feldspar, RF: rock fragments, Qp: polycrystalline quartz. For symbols, refer to Fig. 7.
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from WI and CIA, although the paleogeographic posi-
tion of Iran has been reconstructed in somewhat higher 
palaeo-latitudes than expected (warm-temperate pal-
aeolatitude of ca. 40°-45°N; Thierry 2000). However, 
the warm climate of the Early Jurassic (e.g., Chandler 
et al. 1992) may have resulted in a poleward expansion 
of humid sub-tropical climates.

6.4 Potential source area and paleogeographic 
implications

A reconstruction of the palaeogeography of the CEIM 
during the Early Jurassic requires knowledge of the 
spatial and temporal sedimentation pattern of the 
Ab-Haji Formation. The well-constrained distribu-
tion of the Ab-Haji Formation is explained in an ar-
ray of extensional tilted blocks (Salehi 2013; Salehi 
et al. subm.). This tectonic model explains the thick-
ness variations and the rapid E-W facies changes of the 

Ab-Haji Formation as well as the orientation of areas 
of non-sedimentation/erosion and the position of the 
source areas. Extensional tectonic pulses were docu-
mented in east-central Iran during the Late Triassic 
to Late Jurassic (Fürsich et al. 2003; Seyed-Emami et 
al. 2004b; Fürsich et al. 2005a; Wilmsen et al. 2010; 
Cifelli et al. 2013). The extensional pulse in the Early 
Jurassic resulted in block faulting with regional dif-
ferences in subsidence and synsedimentary block 
movements that produced basins separated by uplifts. 
During this time, the Tabas Block was tilted towards 
the west so that its uplifted margin formed the Sho-
tori Swell, along the trend of the present-day Shotori 
Mountains (Figs. 2C, 15). The crest of this tilted block 
was subaerially exposed and became eroded. A simi-
lar source area setting is thought to have delivered syn-
tectonic siliciclastics of the Sikhor Formation during 
the Callovian across the Nayband Fault at the eastern 
margin of the Tabas Block (Fürsich et al. 2003) and 

Fig. 14. Al2O3 - CaO + Na2O - K2O ternary diagram (Nesbitt & Young 1984) showing the high chemical index of alteration 
(CIA) values of sandstones and shales from the Ab-Haji Formation. For symbols, refer to Fig. 7.
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Fig. 15. Potential source area and sediment transport directions for the Ab-Haji Formation in east-central Iran during the 
Early Jurassic. Gray areas marked by (+) display the assumed uplifted source area while areas marked by (-) indicate zones 
of subsidence. Blocks and block-bounding faults modified from Wilmsen et al. (2009b)
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the thick Nayband Formation on the eastern margin of 
the Tabas Block (Fürsich et al. 2005a).

There is evidence for synsedimentary exposure 
and erosion at several localities in the southern Shotori 
Mountains (Fig. 1B) during the early Jurassic, suggest-
ing a major hiatus and one or several phases of uplift 
and erosion of the Shotori High (Fürsich et al. 2009b). 
The Shotori High was also a significant topographic 
feature during the Late Cretaceous (Wilmsen et al. 
2005). 

The thickness variations and facies changes in the 
Ab-Haji Formation follow the pattern of basement 
uplift and erosion of tilted fault blocks of east-central 
Iran (Salehi 2013, Salehi et al. subm.). The Ab-Haji 
Formation is absent from the central Shotori Moun-
tains (Wilmsen et al. 2009a), but appears towards the 
west at Parvadeh (Section 5), where it is 75 m thick, 
comprising mainly fluvial and coastal-plain strata. At 
this locality, the east-west trending fluvial channels of 
the formation cut erosively into the underlying fine-
grained siliciclastic sediments of the Nayband Forma-
tion that, along with the well-developed channel facies 
and the poor development of the fine-grained flood 
plain deposits, suggest a depositional setting com-
prising low-sinuosity rivers with a preferred sediment 
transport direction towards the west-dipping tilted Ta-
bas Block (Salehi 2013; Salehi et al. subm.) (Fig. 15). 

At Kuh-e-Shisui on the Lut Block (in the eastern-
most part of the study area; section 6), the Ab-Haji 
Formation reappears. Here it consists of c. 210 m of 
shallow siliciclastic shelf deposits, prodelta sediments 
and stacked delta-front sandstones with clear evi-
dence of eastward progradation (Salehi 2013; Salehi 
et al. subm.). Based on the thickness variations, facies 
changes and evidence of the synsedimentary removal 
of strata, the siliciclastic rocks of the Ab-Haji Forma-
tion in the northeastern Tabas and western Lut blocks 
were mainly derived from the exposed pre-existing 
sedimentary successions on the Shotori Swell of the 
eastern Tabas Block.

The pattern of local erosion on the Yazd Block 
extending as far down as the Lower Palaeozoic strata 
during the Middle to Late Triassic (Eo-Cimmerian 
orogeny) supports a model of basement uplift and ero-
sion of tilted fault blocks (Bagheri & Stampfli 2008). 
The Ab-Haji Formation overlies Permian strata with 
a significant stratigraphic gap at section 1 where it is 
only 82 m thick and composed of shallow-marine sand-
stone and deltaic facies that prograde eastward. The 
formation rapidly thickens towards the east and grades 
equally rapidly into mud-dominated fluvial-plain and 

thin coastal-plain deposits at section 2 where it is 347 
m thick. In the southern Tabas Block (Ravar-Zarand 
area), the Ab-Haji Formation (section 3-4) shows simi-
lar thickness and facies changes as in sections 1 and 
2 (Salehi 2013; Salehi et al. subm.). Thus, the Yazd 
Block may have been a likely source for the siliciclas-
tic rocks along the western margin of the Tabas Block 
on stratigraphic grounds (Fig. 15) while the presented 
petrographic and geochemical evidence would also 
suggest that the pre-Jurassic plutonic, metamorphic 
and sedimentary rocks of the same block may have 
provided source material. Subsequently, the plutonic-
metamorphic rocks of the Bayazeh and Sagand areas 
as well as Posht-e-Badam and Chapedony complexes 
of the Yazd Block have been considered as potential 
source rocks for Middle to Upper Jurassic strata of the 
southern Tabas Block (Zamani-Pedram 2011) (Fig. 15).

In support of this hypothesis it should be noted that, 
low-grade metamorphic (Lm) and sedimentary grains 
(Ls) are common in sandstones of the Ab-Haji Forma-
tion at the western margin of the Tabas Block (Fig. 
6A, B; sections 1-4) (Salehi 2012; Shadan & Hosseini-
Barzi 2013), but Lm-type grains are not observed in 
sandstones on the eastern margin of the Tabas (sec-
tion 5) or Lut blocks (section 6; Fig. 6 C). Therefore, 
low-grade metamorphic and sedimentary rocks were 
likely sources for the siliciclastic sediments of the Ab-
Haji Formation yielding a mixed recycled provenance 
from the tilted Yazd Block to the western and southern 
Tabas Block (Fig. 15). The same source area in the 
west has been assumed for the subordinate siliciclas-
tic material occurring in the Callovian–Lower Kim-
meridgian Kamar-e-Mehdi Formation of the western 
Tabas Block (Wilmsen et al. 2010). 

Shadan & Hosseini-Barzi (2013) considered the 
displacement of intrabasinal faults (basement fault) and 
exposure of supracrustal successions (fold-and-thrust 
belt) due to Eo-Cimmerian orogenic phase related to 
the central-Iran – Eurasia continental collision at the 
end of the Triassic as the main mechanisms for supply-
ing sediment to the Ab-Haji Basin. However, Wilmsen 
et al. (2009a), Salehi (2013) and Salehi et al. (subm.) 
have suggested that initial plate coupling between the 
Iran and Turan plates in northern and northeastern 
Iran in the early Late Triassic (Eo-Cimmerian event) 
was followed by peripheral foreland sedimentation in 
the area of the present-day Alborz Mountains. Subse-
quently, the main Cimmerian uplift phase (due to slab 
break-off) occurred near the Triassic–Jurassic bound-
ary, resulting in the termination of marine sedimenta-
tion as well as non-deposition or erosion, source-area 
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rejuvenation, and a distinct increase in grain size in the 
sediments which were deposited in northern and cen-
tral Iran. This tectonic event also created relief in east-
central Iran (Yazd and Tabas blocks) and was followed 
by a period of extensional tectonics in a retro-arc set-
ting related to the onset of Neotethys subduction below 
the Iran Plate from the south/southwest (e.g., arvin et 
al. 2007; Barrier & Vrielynck 2008). This general 
geodynamic setting is strongly supported by facies 
analysis of the Ab-Haji Formation across a large area 
of east-central Iran (Salehi 2013; Salehi et al. subm.). 
Our data thus do not support a peripheral foreland ba-
sin setting as suggested by Shadan & Hosseini-Barzi 
(2013), based on their petrographic and geochemical 
analyses of a single section of the Ab-Haji Formation 
from the southern Tabas Block. 

7. Conclusions

1. The Ab-Haji Formation is a siliciclastic unit of the 
Shemshak Group between underlying fine-grained 
sandstones and siltstones of the Nayband Formation 
and carbonates of the overlying Badamu Formation. 
The formation is characterized by quartzolithic and 
quartzose sand- and siltstones and minor coal seams.
2. Sandstone modal analysis shows that the sandstones 
of this formation on the western and southern Tabas 
Block consist of immature litharenites to sublithar-
enites with predominant sedimentary and low-grade 
metamorphic grains, while the sandstones of the east-
ern Tabas and western Lut blocks consist of mature 
quartzarenites. 
3. Sandstone and shale geochemistry suggests that 
most major and trace element values are similar to 
mean upper-continental-crust values and indicate fel-
sic and (meta-) sedimentary sources.
4. Modal analysis of sandstones and geochemistry of 
sandstones and shales suggest a derivation from plu-
tonic, metamorphic and quartzose sedimentary source 
rocks within a recycled-orogen tectonic setting for 
the western and southern Tabas Block and a cratonic 
tectonic setting for the eastern Tabas and western Lut 
blocks. 
5. The distribution of major and trace elements in dis-
crimination diagrams suggests that the provenance of 
the Ab-Haji Formation is consistent with a mixed re-
cycled source and was deposited in a passive-margin 
tectonic setting. 
6. Weathering indices indicate intensive recycling and 
humid climate favoring profound chemical weathering 
of the source area and producing compositionally ma-

ture sandstones. These processes modified the plotted 
position of sandstones in tectonic ternary QtFL and 
QmFLt diagrams to plot in craton-interior and pas-
sive-margin fields. 
7. The erosion of uplifted pre-Jurassic mature sedi-
mentary strata and low-grade metamorphic rocks ex-
posed on tilted fault blocks within an extensional con-
tinental retro-arc basin were likely the main sources 
for Ab-Haji strata. Palaeogeographic reconstructions 
and sandstone petrography suggest that the siliciclastic 
sediments of Ab-Haji Formation were likely derived 
from the Yazd Block in the west and from the Shotori 
Swell on the eastern margin of the Tabas Block.
8. The lack of volcanic lithic grains is explained by 
the significant distance between the inferred volcanic 
arc at the eastern margin of the Lut Block and the Ab-
Haji Basin, by low volcanic activity of this arc during 
the Early Jurassic, by a high degree of sedimentary 
recycling and by intensive chemical weathering in the 
source area. 
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