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Abstract—The Sardar Formation (Carboniferous) has a lithological variation that is characterized by sand-
stone, shale and limestone members. Shales of the Sardar Formation from the east central Iran have been
analyzed for major elements and a number of trace elements. The shales of Sardar Formation are rich in
quartz minerals and clay minerals of the bulk minerals. Clay minerals of shales are composed of illite, kaolinite
and slightly montmorillonite. SiO, versus K,O/Na,O diagram shows these shales plotted in the passive con-
tinental margin or cratonic field. Geochemical data suggest high acidic source rocks similar to granite and
intermediate igneous rocks. CIA and ICV suggest semi-humid climatic conditions during depositions and
indicate high chemical weathering in the source area. The geochemical parameters such as V/Cr, Ni/Co and
Cu/Zn ratios indicate that these shales were deposited in oxic environment.

Keywords: provenance,paleoclimate, passive margin, Sardar Formation, Iran

DOI: 10.1134/S0016702912090029

1. INTRODUCTION

Shale is the most abundant type of sedimentary
rocks exposed at the earth surface [1]. It shows the aver-
age crustal composition of the provenance very much
better than any other detrital sedimentary rocks [2]. The
geochemistry of shales is mostly used for provenance
interpretations compared to the petrography approach
used for sandstones [3—6]. The bulk geochemistry of
mudrocks shows the real original signatures for prove-
nance and reflects paleoweathering and diagenetic his-
tory. Trace element such as La, Y, Sc, Cr, Th, Zr, Hf,
Nb, and particularly Ti are the best suites for prove-
nance and tectonic setting studies due to their relatively
low mobility during sedimentary processes [7]. Major
oxides, such as TiO, and Al,O;, and trace elemental
analysis are commonly used for provenance interpreta-
tions. For example, contributions of trace elements, zir-
conium, lanthanum, barium and vanadium, in
mudrocks provides information about conditions of
source rocks in combination with different binary and
ternary plots of other elements [§—19].

The purpose of this paper is to describe the major
and trace element geochemistry of shales from the Sar-
dar Formation (Carboniferous) in the east central Iran
and interpret provenance, paleotectonic and pale-
oweathering. This study allows for a better understand-
ing of paleogeographic reconstruction of Carboniferous
period in a remote area of Central Iran.

! The article is published in the original

2. GEOLOGY AND STRATIGRAPHY

Structurally, the study areas are located in the Tabas
Block, east central Iran. The Paleozoic succession of
east central Iran was deposited in north-south trending
Tabas Block which was bounded by the Nayband right-
lateral strike slip fault in the east and the Kalmard-Kuh-
banan right-lateral strike slip fault in the west [20]. Cen-
tral Iran, along with the Alborz Mountains of northern
Iran, is located between the Neotethys and Paleotethys
suture zone of Iran and are a part of the Cimmerian
Continent [21], which was separated from the Gond-
wana super-continent during the Permian time [22—
25], The Tabas Block is a part of the Cimmerian conti-
nent covers an area of approximately 50.000 square
kilometers [26]. Based on regional facies and sequence
stratigraphic analyses of the Paleozoic deposits of Iran
[25], the Tabas Block considered as a failed rift basin,
which is related to the Paleotethys margin during Devo-
nian to Late Triassic time. This block was separated,
along with the rest of the Cimmerian Plate, from north-
ern Gondwana during the Permian.

The Sardar Formation (Carboniferous) crops out
along the bounding faults of the Tabas Block and is dis-
tinguished by its characteristic siliciclastic facies in the
field (Figs. 1, 2). The Sardar Formation unconformably
overlies the Member 2 of the Shishtu Formation (Early
Carboniferous), which is about 220 meters thick and
consists mainly of gray, thin to intermediate bedded
limestone and is unconformably overlain by the Per-
mian Jamal Formation, which is over 500 meters thick
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Fig. 1. Simplified geologic map of the study area.

and consists of thick bedded to massive limestone and
dolomite. Figure 1 shows the lower part of the Shishtu
Formation (Member 1), Upper Devonian in age
includes mostly well-bedded grey limestone interca-
lated with siltstone and claystone that overlies the fossil-
iferous limestone of Bahram Formation (Middle to
Late Devonian in age). The Sardar Formation occurs in
two disconnected large outcrops (Fig. 1), one at the
west foot of Kuh-e-Shotori across the Sardar valley
(Niaz section with 656 m thickness), and the other at
the south-foot of Kuh-e-Jamal (Howz-e-Dorah sec-
tion with 584 m thickness). The type section (Niaz sec-
tion) is not an ideal section, because the lowermost part
of the formation and its contact with older rocks is not

GEOCHEMISTRY INTERNATIONAL Vol. 50

exposed. However, Howz-e-Dorah section is intro-
duced as reference section in this study, in order to illus-
trate the contact relations with the underlying rocks.
The sedimentary succession of the Sardar Formation
consists of alternating sandstones, shales and lime-
stones.

3. METHODS

Two stratigraphic sections (Niaz and Howz-e-
Dorah localities) were measured, described and sam-
pled in the field (Fig. 3). A total of 285 samples of sand-
stone, limestone and shale were collected in the field.
21 shale samples were used for analysis of major and
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Fig. 2. Location map of the Tabas Block (between the Kalmard-Kuhbanan Fault in the west and the Nayband Fault in the east)
in east central Iran (1: Niaz section, 2: Howz-e-Dorah section). The area between the Paleotethys suture (PTS) and Neotethys
suture (NTS) on the index map comprises the Cimmerian plates of central and northern Iran (modified after [26]).

trace elements and mineralogy. The major and trace
element concentrations were determined by X-ray fluo-
rescence spectrometer (XRF) at Spectrum Kansaran
Binaloud (Mine Material Research Co.), Mashhad,
Iran (Philips PW 1480 X-ray spectrometer). Same sam-
ples of shales analyzed with X- ray diffraction (XRD)
that the information of the machines is Philips X pert
diffractometer system.

4. RESULT AND DISCUSSION
4.1. Clay Mineralogy

The X-ray diffraction studies on the bulk shale show
that all the studied samples are mainly composed of

GEOCHEMISTRY INTERNATIONAL Vol. 50

quartz associated with clay minerals, K-feldspar and
plagioclase. The principal clay minerals are kaolinite
and illite (Fig. 4). Feldspar, gypsum and calcite occur
only in minor amounts. The XRD patterns of whole-
rock samples show that shales of the Sardar Formation
are rich in quartz associated with clay mineral such as
kaolinite, illite and slightly montmorillonite. For shales,
clay mineralogy has been the mineralogical procedure
most often applied to reconstruct provenance.

4.2. Source Rocks for Shales of Sardar Formation

Shales are best favor for provenance studies of silici-
clastic sediments due to their commonly homogeneity

No. 9 2012



780 KHANEHBAD et al.

Jamal Fm.
3
) ~. Jamal Fm. =
A
. 150
. 148
. 106
. 101
.98
. 124
=) . 80
'g 112
= )
Ele g
il B £ 104
S 71 °
e - = g .96
(cnﬁ = 0
s &
[3+]
wn
.61
.49
~1- SH. 38
27 — SH. 35
SH. 21
N N ;
Anticlinal core Shishtu Fm.
Niaz section (SN) Howz-e-Dorah section (SH)
Sandstone Shale E Limestone
E:i Conglomerate ] Sandy limestone 5 Limy sandstone

Fig.3. Columnar sections of the Sardar Formation, showing sample locations.

and their post depositional impermeability. However,
the concentrations of element in shales are affected by
sedimentary processes such as weathering in source
area, transportation from source area to depositional
basin. The element such as K, Na, Mg and Ca concen-

trations are enriched or depleted by these environmen-
tal processes, while another element such as Zr, Ti and
Al are unaffected by these processes due to low solubil-
ity of their oxides and hydroxides in low temperature
aqueous solutions [15, 27, 28].
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Fig. 5. Positive linear correlation coefficients between K,0 and Rb (SN: Niaz section and SH: Howz-e-Dorah section).

The major and trace element analyses of the shales
of Sardar formation collected from the two stratigraphic
sections are listed in Table 1 and 2. Many elements have
clear positive linear correlation coefficients with K,O
such as Th and Rb (Fig. 5) that shows the absolute
abundances of these elements are primarily controlled
by illite. The plot Al,O;, versus TiO, is used commonly
for determining source rock compositions [11, 29]. A

GEOCHEMISTRY INTERNATIONAL VWl. 50 No. 9

positive correlation is evident between Al,O5 and TiO,
in shales. The plot Al,O; versus TiO, for Niaz and
Howz-e-Dorah sections concentrate near the grano-
diorite-granitic field (Fig. 6). Concentration of Zr is
used for analysis compositional of source rocks [15].
Zr content of the Niaz shales varies from 667 to
1236 ppm and for Howz-e-Dorah shales is from 520 to
1073 ppm that is similar to the average value for granite.
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Table 1. Major element (oxide % wt) concentrations of shales

KHANEHBAD et al.

Seﬁgle SiO, | ALO; | Na,0 | MgO | K,0 | TiO, | MnO | CaO | P,05 | Fe,0; | SO; | LOI
SN.5 [69.08 |16.76 | 1.01 | 082 | 266 | 0.78 | 0.00 | 053 | 0.06 | 3.89 | 0.00 | 3.92
SN.I0 | 71.88 | 1420 | 1.01 | 097 | 192 | 070 | 0.01 | 056 | 0.05 | 484 | 000 | 3.42
SN.I5 | 6837 |16.26 | 0.84 | 0.66 | 3.12 | 0.75 | 0.00 | 048 | 0.06 | 497 | 000 | 3.95
SN.27 |69.58 |17.99 | 093 | 052 | 3.02 | 082 | 0.00 | 031 | 0.08 | 2.10 | 0.08 | 3.90
SN.61 |68.86 |1580 | 1.17 | 098 | 245 | 077 | 004 | 057 | 007 | 555 | 0.01 | 3.28
SN.71 6932 |17.21 | 1.11 | 0.83 | 288 | 086 | 0.00 | 048 | 0.05 | 3.17 | 0.00 | 3.67
SN.75 | 70.84 |1599 | 1.12 | 080 | 242 | 083 | 0.00 | 0.55 | 0.05 | 3.53 | 0.00 | 3.4
SN.80 | 67.96 |17.01 | 099 | 1.01 | 291 | 080 | 0.01 | 043 | 0.05 | 429 | 000 | 4.08
SN.98 |6824 |1890 | 077 | 0.61 | 353 | 094 | 000 | 024 | 0.04 | 1.60 | 0.06 | 4.56
SN.101 | 70.68 | 14.77 | 1.06 | 086 | 3.10 | 0.87 | 0.02 | 0.11 | 0.04 | 244 | 067 | 4.86
SN.106 | 66.46 | 16.09 | 0.76 | 0.87 | 3.12 | 0.80 | 0.01 | 042 | 0.05 | 1.41 | 351 | 593
SH.21 |50.69 |22.76 | 0.10 | 0.82 | 3.02 | 1.03 | 0.04 | 1.69 | 0.14 | 934 | 0.04 | 9.75
SH.35 | 67.37 |20.00 | 0.19 | 042 | 203 | 079 | 0.00 | 041 | 0.08 | 1.65 | 029 | 6.20
SH.38 | 64.67 |19.97 | 0.10 | 042 | 290 | 087 | 0.00 | 032 | 006 | 238 | 1.05 | 6.69
SH.49 |[59.17 |2548 | 029 | 060 | 291 | 1.16 | 0.00 | 025 | 0.17 | 1.58 | 0.13 | 7.61
SH.96 |71.03 |17.47 | 0.02 | 044 | 3.11 | 074 | 0.00 | 026 | 0.08 | 220 | 0.00 | 4.19
SH.104 | 62.98 | 2031 | 0.02 | 069 | 361 | 097 | 002 | 071 | 0.10 | 3.69 | 0.00 | 6.40
SH.112 | 65.85 | 19.44 | 0.06 | 058 | 3.78 | 095 | 0.01 | 0.83 | 0.07 | 237 | 000 | 5.54
SH.124 | 64.75 | 21.96 | 0.03 | 060 | 292 | 1.00 | 001 | 024 | 007 | 223 | 000 | 5.53
SH.148 | 67.19 | 17.66 | 0.05 | 0.55 | 3.06 | 0.85 | 001 | 043 | 005 | 394 | 0.00 | 575
SH.150 | 52.99 |26.59 | 0.13 | 067 | 295 | 121 | 0.01 | 0.11 | 0.07 | 3.75 | 0.34 |10.59

Note: LOI = Loss of ignition, SH = Howz-e-Dorah and SN = Niaz sections.

The plot of Zr versus TiO, can be used to differentiate
three different source rocks, such as, felsic, intermedi-
ate and mafic igneous rocks. The Zr versus TiO, plot of
the Sardar Formation shales represents predominantly
felsic-intermediate igneous source rocks (Fig. 7). The
TiO,/Zr weight ratio generally increases with decreas-
ing SiO, content, from >200 for mafic igneous rocks, 55
to 195 for intermediate igneous rocks and <55 for felsic
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rocks [15]. The TiO,/Zr weight ratio for all Sardar For-
mation shales is < 20 that represents predominantly fel-
sic igneous source rocks. The average K,0/Na,O ratio
of the Niaz samples vary from 1.9 to 4.58 and for Howz-
e-Dorah is from 29 to 180.5. The average SiO,/Al,04
ratio of the Niaz shales vary from 3.61 to 5.06 and for
Howz-e-Dorah samples is from 1.99 to 4.06. However,
plot of K,0/Na,O versus SiO,/Al,0; for shales of Sar-
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Fig. 6. The plot Al,Oj3 versus TiO, for the Niaz and Howz-e-Dorah shales. The granite line and 3 granite + 1 basalt line are from

[11] (SN: Niaz section and SH: Howz-c-Dorah section).
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Table 2. Trace element (ppm) concentrations of shales

Ba Co Cr Cu Nb Ni 8] Th

Sample |\ gy | gp | vV | Zr | Zn | Sc | La
No.
SN.5 | 190 | 248 | 167 | 767 | 166 | 3 | 64
SN.10 | 119 | 209 | 148 | 808 | 137 | 4 | 60
SN.I5 | 193 | 219 | 155 | 786 | 305 | 4 | 60
SN.27 | 198 [ 802 | 144 | 908 | 49 | 3 | 47
SN.61 | 169 [ 260 | 158 | 715|139 | 5 | 58
SN71 | 227 [ 206 | 158 | 667 | 110 | 3 | 63
SN75 | 159 [ 227 161 | 783|115 | 2 | 70
SN.80 | 216 | 210 | 165 | 696 | 155 | 3 | 46
SN.98 | 248 [ 245 | 165 | 900 | 54 | 2 | 41
SN.101 | 184 [ 173 | 150 |1083 | 81 | 2 | 47
SN.106 | 168 | 239 | 155 |1236 | 89 | 2 | 53
SH21 | 199 [485 [378 | 520|200 | 9 | 43
SH.35 | 131 [ 586 | 208 | 834 | 40 | 2 | el
SH.38 | 175 [393 |[210 | 978 | 30 | 3 | 45
SH49 | 183 [579 | 294 |1019 | 57 | 3 | 3
SH96 | 175 | 348 | 148 | 718 | 46 | 3 | 35
SH.104 | 212 | 422 | 208 | 645 | 86 | 4 | 70
SH.112 | 210 | 394 [ 185 | 694 | 89 | 3 | 41
SH.124 | 194 | 489 |210 |1073 | 41 | 3 | 50
SH.148 | 151 257 | 195 | 642 | 169 | 4 | 39
SH.150 | 197 [ 584 [315 | 653 | 78 | 5 | 53

361 20 | 107 65 32 25 8 12
286 42 88 65 23 61 1 10
332 29 92 57 23 | 107 21 21
317 12 87 40 23 15 1 18
587 35 | 112 39 19 39 2 23
329 17 | 123 59 29 52 13 18
355 34 79 60 22 19 7 13
394 35 | 116 51 25 45 15 22
370 18 | 103 55 32 N 9 20
297 22 89 51 26 13 8 17
262 28 66 42 25 40 6 15
408 83 | 253 64 33 | 121 12 24
286 13 | 131 46 22 13 6 18
364 11 | 143 33 24 N 12 11
376 21 | 153 56 44 59 11 30
416 30 | 101 79 18 39 14 15
387 22 | 126 66 36 34 5 16
439 22 | 103 61 32 46 7 23
345 16 | 134 69 43 35 10 22
385 31 | 119 63 33 44 13 23
357 38 | 204 71 61 78 19 23

Note: N = not detected, SH = Howz-e-Dorah and SN = Niaz sections.

dar Formation show that most of shales plot in the field
representing phanerozoic shale composition (Fig. 8).
This shows that clay minerals in these shales control the
major element composition which is diluted by increas-
ing SiO, content [19, 31].
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The ternary K,0—Fe,0;—Al,0; (Fig. 9) diagrams
show that all shales of Sardar Formation are plotted
near Al,O; apex that is indicating enrichment of Al,O5

and also suggests that clay minerals control the element
abundance [30].
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Fig. 7. Zr versus TiO, plot for the shales of Sardar Formation (after [15]) (SN: Niaz section and SH: Howz-e-Dorah section).
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The K,0/Al,O; ratio of sediments can be used as an
indicator of the original composition of ancient sedi-
ments. The K,0/Al,O; ratio for feldspars and clay min-
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Fig. 9. Ternary K,0—Fe,03;—Al,05 diagram for shales of
Sardar Formation (SN: Niaz section, SH: Howz-e-Dorah
section) (diagram after [32]).
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erals are different and varies from 0.3 to 0.9 and 0.0 to
0.3, respectively [33]. K,O/Al,O; ratio for Shales of
Niaz and Howz-e-Dorah succession is 0.13 to 0.21 and
0.1 to 0.19, respectively. In all samples, K,0O/Al,O,
ratios are close in field of clay minerals range that this
show the illite is the dominant clay mineral in these
shales. The ratio of Al,0;/TiO, in mudrocks is similar
to parent rocks [15]. The ratio of Al,O5/TiO, of shales
are usually used to infer the source rock compositions,
due to this ratio increases from 3 to 8 for mafic igneous
rocks, from 8 to 21 for-intermediated igneous rocks and
from 21 to 70 for felsic igneous rocks [15], The ratio of
Al,O;/TiO, for Niaz and Howz-e-Dorah sections are
ranges 16.97 to 21.93 and 20.46 to 25.31, respectively.
Al,0,/TiO, ratio of these shales suggests that these sed-
iments may have been derived from intermediated to
felsic igneous rocks. The ratios of Th/Sc, Th/Co,
Th/Cr and La/Sc are indicators for felsic and mafic
rocks [30, 33, 35]. The ratios of Th/Sc, Th/Co, Th/Cr
and La/Sc for these shales are compared with those of
sediments derived from felsic and basic rocks as well as
to upper continental crust and Post Archean Australian
shales (PAAS) (Table 3) that show these ratios are in the
field of felsic rocks. The La/Sc versus Th/Co plot sug-
gests that these shales were drived from acidic rocks
(Fig. 10).

4.3. Tectonic Setting

Plot of SiO, versus K,0/Na,0 is commonly used for
identification of tectonic setting of shales that they were
deposited in passive margins, active continental mar-
gins and oceanic island arc margins [10, 36]. In this
binary diagram, all samples from both sections are plot-
ted in passive margins field (Fig. 11). Therefore, based
on this study, sediments derived from stable continental
areas. [36] for sandstones and argillites of selected New
Zealand terrancs used a discriminate function analysis
elements (TiO,, Al,O;, total Fe,O;, MgO, CaO, Na,O
and K,O) in discriminating four different provenance
groups including: 1—mafic, 2—intermediate-domi-
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Table 3. Range of elemental ratios of shales of Sardar Formation in this study compared to the ratios in similar fraction
derived from felsic, mafic rocks, upper continental crust and Post-Archean Australian shale

Range of shales .
Elemental from the Sardar Formation Range of sediments [3, 52—54] Upper Post-Archean
ratio continental crust | Australian shale [55]
Niaz section | Howz-e- Dorah section | Felsic rocks | Mafic rocks
Th/Sc 2.5—-10 2.67—10 0.84—20.5 0.05—-0.22 0.79 0.9
Th/Co 0.24—0.77 0.29—1.43 0.67—19.4 0.04—1.4 0.63 0.63
Th/Cr 0.11-0.23 0.08—0.22 0.13-2.7 0.018—0.046 0.13 0.13
Cr/Th 4.38—8.92 4.48—10.54 4.00—15 25-500 7.76 7.53
La/Sc 11.6-35 4.78—30.5 2.5—-16.3 0.43—0.86 2.21 2.4

nantly andesitic detritus, 3—felsic and plutonic and
volcanic detritus and 4—recycled mature polycyclic
quartzose detritus. In this diagram (Fig. 12), all shales of
Sardar Formation plotted in felsic and intermediate
igneous rocks fields.

Sedimentary sorting and recycling can be monitored
by a plot of Th/Sc versus Zr/Sc [7]. First-order sedi-
ments show a simple positive correlation between these
ratios, while, recycled sediment show a substantial
increase in Zr/Sc with far less increase in Th/Sc. On the
Z1/Sc versus Th/Sc diagram (Fig. 13), all samples plot-
ted in sediment recycling (zircon added). Also, the high
concentration of Zr and Th relative to the PAAS in
these shales could be due to the concentration of certain
accessory mineral such as Zircon and monazite.

The results of our study can be correlated with pale-
omagnetic and paleotectonic maps of the Carbonifer-
ous period of the world [37]. The Iranian plate was
probably positioned on the north-facing passive margin
of Gondwana.
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4.4. Paleoweathering and Paleoclimate
in the Source Area

The chemistry of sedimentary rocks is controlled by
the concentration in the composition of their source
rocks, intensity of weathering processes, sedimentation
conditions and diagenesis [38]. The weathering pro-
cesses are governed mainly by tectonic and climate. The
Chemical Index of Alteration (CIA) gives an indication
of the degree of weathering in the source region [39].
The CIA index is calculated using the equation:

CIA = {AL,O,/(ALO; + CaO + Na,0 + K,0)} x 100.

Values are expressed as molar proportions and CaO
represents CaO presents in silicate minerals only. The
CIA value of nearly 100 is for kaolinite and chlorite, and
70—75 for average shale’s [39]. CIA values for fresh
granite is around 50 [40]. High values indicate intensive
chemical weathering in the source area while low rates
(i.e., 50 or less) indicate unweathered source areas. CIA
values for the Sardar Formation shales vary from 77 to
80, with an average 79.5 for Niaz Section and from 80 to
89, with an average 85.14 for Howz-e-Dorah section
that indicating the Sardar Formation shales were
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Fig. 10. La/Sc versus Th/Co plot for shales Sardar Formation (fields after [35]). (SN: Niaz section and SH: Howz-e-Dorah sec-

tion).
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derived from high chemical weathering and indicate
conversion of feldspar to clay minerals in the source
areas during transport before deposition.

Post depositional diagenetic history and weathering
of shales can be evaluated by plotting the CIA value in
A-CN-K compositional ternary diagrams. In this ter-
nary diagram (A: Al,O;, CN: CaO+ Na,O and K: K,0)
[8, 9 and 41—43]. During initial stages of weathering the
trend are parallel to the A—CN line due to destruction
of plagiociasc feldspars and removal of Na and Ca at
elements at this stage [6]. As weathering continues, k—
feldspar is destroyed, releasing K and shifting the resid-
ual composition toward Al,O;. However, all samples
plot near the Al,0;—K,0 joint (Fig. 14) that is indicat-
ing high to severe weathering condition in the source
area.

In addition, paleoclimate and chemical maturity of
fine grain terrigenous material delivered to the basin can
also be deduced from chemical composition of the fine
fraction of shales and metapelites [44, 45]. The
Al,05/TiO, ratio (<20 in humid conditions and >30 in
arid climatic conditions) can be used as a climatic indi-
cator for the source area. The average Al,0,/TiO, ratio
of shales at Niaz and Howz-e-Dorah successions are
20.33 and 22.2, respectively, that indicates humid to
semi humid-climate for the provenance area.

The index of compositional variability (ICV) can be
measured, using the following formula [33]:

Fe,05() + K,0 + Na,0 + CaO + MgO + TiO,/Al,0;.

Where Fe,0;,, = total iron and CaO includes all
source of Ca. In this index, the weight percents of the
oxides are used rather than moles, and the values
decrease with increasing degree of weathering. The
ICV index indicates the degree of maturity of fine alu-
minosilicatic materials delivered to deposition basin
[33]. ICV > 1 shows immature shales with a high per-
centage of silicate minerals (without clay minerals),
while, more mature clayey rocks with abundant clay
minerals proper have lower ICV values. The average
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ICV for shales in the Sardar Formation at the Niaz and
Howz-e-Dorah successions is 0.57 and 0.40, respec-
tively, that shows all these shales are more mature
clayey type rocks associated with abundant clay min-
erals such as Kaolinite and illites. Average basalt and
average granite [46] yield strongly contrasting ICV val-
ues of 2.2 and 0.95. An interesting view of major ele-
ment chemistry comes from a cross plot of CIA versus
ICV values. Figure 15 shows that shales with this
degree of weathering commonly derived from felsic
and intermediated source rocks.

A robust agreement of palacomagnetic poles of Iran
and West Gondwana is observed for the Carboniferous,
indicating that Iran was part of Gondwana during this
time [48], During Carboniferous, an Iranian plate was
located at 30°S (tropical climate). In this paleo-tropical
succession, humid to semi-humid climate prevailed
during the deposition of these shales.

4.5. Paleo-oxygenation Condition

Geochemical data have been used by various authors
to understand the paleo-oxygenation condition of
ancient sediments. The V/Cr ratio has been used as an
index of paleo-oxidation in many studies [49, 50].
Ratios above 2 indicate anoxic conditions, while values
below 2 suggest more oxidizing conditions [51]. The
average V/Cr ratio for shales of Niaz section and Howz-
e-Dorah section is 1.67 and 1.61, respectively (Table 4)
that show these shales were deposited in oxic condi-
tions. The Cu/Zn ratio is also used as a redox parameter
[56]. While low Cu/Zn ratio indicates oxidizing condi-
tions and high Cu/Zn ratio suggest reducing deposi-
tional conditions. However, the average Cu/Zn ratios
for the shales of Niaz and Howz-c-Dorah successions
are range from 0.51 and 0,97, respectively, that indicate
all shales were deposited in oxidizing depositional con-
ditions. The Ni/Co ratios below 5 indicate oxidizing
environments, whereas ratio above 5 suggests suboxic
and anoxic environments [51]. The Ni/Co ratio for
shales of Niaz and Howz-e-Dorah sections are from

GEOCHEMISTRY INTERNATIONAL Vol. 50
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Table 4. Cu/Zn, Ni/Co and V/Cr as an index of paleo-oxidation for shales of Sardar Formation

Sardar Formation V/Cr

Ni/Co Cu/Zn

1.41-2.34 Average: 1.67
1.47—1.92 Average: 1.61

Niaz section

Howz-e-Dorah section

0.56—3.68 Average: 1.49
1-2.81 Average: 1.71

0.19—1.01 Average: 0.51
0.31—1.72 Average: 0.97

0
(e}

CIA Index
N
S
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Fresh basalt
20 | | | | ]
0 0.5 1.0 1.5 2.0 2.5
ICV Index

ee]
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Fig. 15. Two indicators of weathering, Chemical index of Alteration (CIA) and Index of Chemical Variation (ICV) in shales of

Sardar Formation (data of [47]).
(SN: Niaz section and SH: Howz-e-Dorah section).

0.56 to 3.68 and 1 to 2.81, respectively which show that
these shales were deposited in oxidizing environments
(Table 4).

5. CONCLUSION

The shales of Sardar Formation are rich in quartz,
feldspar and phyllosilicates such as illites and Kaolinite.
The Sardar Formation averages of the elemental ratios
fall within the felsic source rocks. The geochemistry of
these shales suggests that they formed by high weather-
ing of acidic rocks. Al,0;/TiO, ratios also suggest
source rocks of granitic and intermediated igneous
rocks.

The large SiO, contents and large K,O/Na,O ratios
reflect derivation from stable cratonic area or passive
margin or tectonic quiescence. The geochemical data
such as Ni/Co, V/Cr and Cu/Zn ratios show that these
shales were deposited in oxidizing conditions. ICV val-
ues of the shales of Sardar Formation are less than 1 that
suggesting they are compositionally mature and were
dominated by recycling. In A—CN—K ternary diagram,
all shales of the Sardar Formation plot parallel along the
A—K line that indicate intense chemical weathering in
the source area.
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