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Abstract: The petrography and geochemistry of clastic rocks from the Gadvan Formation in the Abadan Plain (southwest
Iran) were analysed to infer their weathering intensity, compositional maturity, provenance, and tectonic setting. The Index
of Compositional Variability (0.47-0.71) indicates high compositional and mineralogical maturity. The Chemical Index
of Alteration and the Plagioclase Index of Alteration suggest high intensity of chemical weathering in the source area.
In addition, a remarkable high content of REE and LREE/HREE and Th/U ratios, as well as high C-value (1.7) suggest
high chemical weathering in the source area. Rounded zircon grains, mineral homogeneity, and a lack of feldspar grains
could be related to high weathering and the effect of recycling. Elemental ratios (La/Sc, La/Co, Th/Sc, Th/Co, Gd,/Yby,
Cr/Ni, Co/Th, La/YDb, and La/Th), bivariate diagrams (La/Sc vs. Co/Th, La/Sc vs. Th/Co, Cr/Th vs. Th/Sc, Th/YD vs.
Ta/Yb, and La/ Yb vs. La/Th), and an enrichment of Nb, Zr, Th, La, Cr, Ni contents imply felsic to intermediate parent
rocks, which are similar to the massive granitoids of the Arabian Shield. This could be supported by the dominance of
zircon grains, as well as inclusions of rutile and tourmaline in quartz grains in the Gadvan sandstones. Moreover, further
petrographical evidences, such as undulatory quartz grains, rare biotite and a small orientation of grains is also related to
low-grade metamorphism in a felsic source rock. Finally, the Mudrock Maturity Index and tectonic discrimination

diagrams reveal a convergence process in a collisional setting, in which the Zagros Mountains originated.
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Introduction

As a part of the Khami Group (Fahliyan, Gadvan, Dariyan
Formations), the Lower Cretaceous Gadvan Formation in the
Abadan Plain comprises siliciclastic rocks, such as sandstone,
siltstone and shale/claystone. The overlying and underlying
rock units of the Gadvan Formation are Fahliyan and Dariyan
Formations in the type section, as well as in the Abadan Plain.
The Gadvan Formation is equivalent to the Zubair Formation
in Iraq and Kuwait, the Biyadh Formation in Saudi Arabia,
the Kharaib Formation in Qatar, Oman, and the United Arab
Emirates (Sharland et al. 2001). The Gadvan Formation has
a different name in the south-east Iraq (Zubair Formation)
with the same lithology and the same name in the Dezful
Embayment, Ize Zone, and Fars Province; however, with
different lithology (carbonate). This formation is 200-300 m
thick (the area of Abadan Plain is 26,500 km?) and its type
section, which is located at the eastern end of Kuh-e Gadvan
(42 km east-north-east of Shiraz), consists of gray and green to
brownish yellow marl or shale, and dark gray argillaceous
limestone (Motiei 1993).
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The geochemistry of siliciclastic rocks is widely used in
various studies to infer the tectonic setting and provenance
(e.g., Taylor & McLennan 1985; Roser & Korsch 1988; Cox et
al. 1995; Heins & Kairo 2007; Etemad-Saeed et al. 2011,
2015; Armstrong-Altrin et al. 2012, 2014, 2015; Armstrong-
Altrin 2015). The ratio of the most immobile elements
increases towards a passive margin due to the relative tectonic
stability and prolonged weathering (Zimmermann & Bahlburg
2003; Armstrong-Altrin et al. 2004). These ratios can be
recorded in sediments as an indicator of paleoclimatic changes
and the degree of sediment recycling (Nesbitt & Young 1982;
Chittleborough 1991). Therefore, major, trace, and rare earth
element (REE) geochemistry of siliciclastic rocks is consi-
dered a good indicator for tracing variables, such as parent
rock, weathering, oxic and anoxic conditions, as well as tec-
tonic setting (Ravnas & Furnes 1995; Nath et al. 1997; Getaneh
2002; Dobrzinski et al. 2004; LaMaskin et al. 2008; Etemad-
Saeed et al. 2011; Shadan & Hosseini-Barzi 2013; Jafarzadeh
et al. 2014; Etemad-Saeed et al. 2015; Mir 2015; Mir et al.
2016; Ngueutchoua et al. 2017; Gazi et al. 2017; Khazaei et
al. 2018).
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Some important questions still exist concerning the Gadvan
Formation, such as: Where is the source of sediments? What is
the composition of its source rocks? What type of tectonic set-
ting is dominant in the source area? And what was the wea-
thering condition like during deposition? In order to answer
these questions, we analysed the petrography and geoche-
mistry of fine-grained siliciclastic rocks from the Gadvan
Formation in the Abadan Plain (southwest Iran). The aim of
this study is to infer the weathering, provenance, and tectonic
setting of the Gadvan Formation in the Lower Cretaceous of
the Zagros Basin.

Geological setting

The Abadan Plain is a structural zone located between the
Arabian Plate to the south-west and the Zagros Fold-Thrust
Belt (ZFTB) to the north-east (Alavi 2004; McQuarrie 2004)
(Fig. 1). Hence, the geological and structural features, as well
as the evolution of this zone are influenced by both of them,
mostly by the Arabian Plate (Aqrawi & Badics 2015; Assadi et
al. 2016). During the late Permian to mid-Cenomanian, exten-
sion between the Sanandaj—Sirjan and central Iran terranes
(northwest Iran, Alborz, and Lut blocks) led to the creation of
the Neo-Tethys Ocean as well as a passive margin in the north-
east part of the Arabian Plate margin (Sharland et al. 2001;

Piryaei et al. 2010). Progressive uplift of the western plate
area commenced in the Early Cretaceous, possibly as a result
of the opening of the South and Central Atlantic Ocean
(Condie 1989; Sharland et al. 2001). These major tectonic
events changed the northeastward tilt of the plate to an east-
ward tilt and were responsible for driving a major clastic
sediment load in the deltaic system of the Zubair Formation
from the western parts of the plate (in Iraq and Kuwait)
(Loosveld et al. 1996; Al-Fares et al. 1998) to its distal equi-
valent, the Gadvan Formation fine deposits in Iran (Motiei
1993). After the mid-Cenomanian, the Neo-Tethys Ocean
began to close and caused subduction of the oceanic crust
beneath the central Iranian plate (Sharland et al. 2001; Sepehr
& Cosgrove 2004; Alavi 2007; Heydari 2008; Piryaei et al.
2010, 2011). The Gadvan Formation siliciclastic sediments in
the Abadan Plain were supplied from the above-mentioned
sedimentary systems, which preserved all of the tectonic and
sedimentary events.

Materials and methods

In total, 350 mudrock and sandstone samples were selected
from a core at different intervals of 4 wells (A, B, E, D) of
the Gadvan Formation in the Abadan Plain (Figs. 1 and 2).
The sandstones were studied in terms of their texture, fabric,
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Fig. 1. Simplified structural scheme of the study
area with approximate position of Arabian Shield,
Ancient Neo-Tethys Ocean, Arabian Plate, Zagros
fold-thrust belt (ZFTB), Sanandaj-Sirjan zone
(SSZ), Central Iran Terranes (CIT), and the current
border of Iran (modified after Sharland et al. 2001).
The position of the four studied wells and the type
section is shown by black circles.
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and composition by optical microscopy. After Well E
performing calcimetery of 37 mudrock samples * Legend
by a Bernard calcimeter, 3 1 mudston.e samples Saniliione
were selected for geochemical analysis (Fig. 2),
taking into consideration the lowest CaCO, con- 5 4 Mudrocks  []
tent (<5 % CaCOy; Pettijohn 1975). . Heterolithics

The mineralogical composition of 15 fine- Samples for calcimetry *
grained mudrocks of the Gadvan Formation was ol Sumplosforgeochemistyy &
investigated using a PHILIPS (PW1800) X-ray . Samples for XRD o
(XRD) in the mineralogical laboratories of the .

. Samples for both XRD and geochemistry —=

Kansaran binaloud company of Iran. Based on
the protocol developed by Tucker (1988), bulk 154 wo—a Number of samples from each well
powder of samples was prepared by removing Sandstones Mudrocks
carbonate and organic matter (using H,0, and . Well E 128 9
acetic acid) (Kunze & Dixon 1986). Afterwards, Well A Well A 75 6
it was treated by cation saturation, ethylene gly- R0 Well B 80 20
col saturation, and heat treatment (to 350 °C ini- il Well D 30 2

tially, and then 550 °C) (Hardy & Tucker 1988).
Identification and semi-quantitative evaluation of
the phases were performed using X’pert software

(e.g., Backman et al. 2006). The obtained semi-
quantitative percentages of the rock forming
minerals and clay size fractions of the studied
samples are presented in Table 1. The results of
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this analysis were used as a link between mud-
rock composition and the tectonic setting of the
sedimentary basin (Mudrock Maturity Index:
MMI) (Bhatia 1985). MMI is defined as 100
[phyllosilicates/(phyllosilicates + quartz+ feld-
spars)] and MMI<33 represents tectic, 33—-67
phyllo-tectic, and >68 phyllic mudrocks.

oo,

15+

Fourteen bulk samples were powdered and their
major element concentrations were analysed by 457
X-ray fluorescence (XRF) spectrometry on fused
beads (Rollinson 1993) at the Kansaran binaloud
laboratories. The results are listed in Table 2.

In addition, 31 samples were crushed into chips
of 2-4 mm, cleaned in distilled water, dried,
and then pulverized to a powder of 200 mesh in
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a tungsten carbide mill. Fused samples were 60
diluted and analysed by Inductively Coupled
Plasma—Mass Spectrometry (ICP-MS) (Perkin
Elmer Sciex ELAN 6000, 6100 or 9000) at
Actlabs in Ontario, Canada. These results are
reported in Tables 3 and 4. We did not report the modal analy-
sis data of the sandstones, due to their very fine to fine grain
size. Petrographical evidences from these fine-grained sand-
stones were used for comparison with other results.

Results
Petrography

The Gadvan Formation in the Abadan Plain consists of
very fine to fine-grained sandstones and mudrocks. Texturally,

Fig. 2. The Gadvan Formation lithological column and location of the samples,
which were selected from the four wells in the Abadan Plain (thickness in meters).

these grains are sub-rounded to rounded, poorly to well-sorted
(bimodal inversion textures). The dominant framework con-
stituent of the Gadvan sandstones is the monocrystalline
quartz grains (Fig. 3A and B) with sub-equant shape and con-
cave—convex contacts, and non-undulatory to slightly undula-
tory extinction. Polycrystalline quartz grains, which have up
to 4 units per grain, show straight to slightly undulose extinc-
tion (Fig. 3B). Feldspars are not common and only a few
orthoclases were observed in the thin sections. The dominant
heavy minerals in the Gadvan sandstones are zircon (Fig. 4A
and F), tourmaline (Fig. 4E and F), rutile (as a separate grain
or inclusions in the monocrystalline quartz grains) (Fig. 4D

GEOLOGICA CARPATHICA, 2022, 73, 1, 25-42
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Table 1: XRD results of the Gadvan mudrocks, together with MMI classification from Bhatia (1985).

Sample Quartz  Feldspar  Calcite Pyrite Heavy mineral  Kaolinite  Illite Chlorite SUM* MMI %'
No. % (Alb. %) % % % % % % (Mudrock Maturity Index)
G.A.P2 40 5 1.5 2 <1.5 38 8 0 96 50.55 Phyllo-tectic
G.AP3 40 3 <1 9 1.5 36 7 0 97.5 50.00 Phyllo-tectic
G.A.P5 42 0 2 6.5 <1.5 41 5 0 98 52.27 Phyllo-tectic
G.A.P7 30 4 0 1 <1.5 49 11 0 96.5 63.83 Phyllo-tectic
G.A.P9 34 5 1 1.5 1 45 9 0 96.5 58.06 Phyllo-tectic
G.AP.14 30 5 0 2 1.5 48 12 0 98.5 63.16 Phyllo-tectic
G.A.P.16 29 5 0 4 <1.5 44 11 0 94.5 61.80 Phyllo-tectic
G.AP18 39 4 0 2 1.5 42 9 0 97.5 54.26 Phyllo-tectic
G.A.P20 34 4 0 2 <1.5 45 10 0 96.5 59.14 Phyllo-tectic
G.A.P29 36 4 0 4 1.5 37 15 0 97.5 56.52 Phyllo-tectic
G.A.P31 35 4 1 1.5 1.5 45 8 0 96 57.61 Phyllo-tectic
G.A.P33 39 5 1 2 1 40 8 0 96 52.17 Phyllo-tectic
G.A.P34 32 2 0 3 <1.5 49 9 0 96.5 63.04 Phyllo-tectic
G.A.P36 35 3 1 1 <1.5 43 6 3 93.5 57.78 Phyllo-tectic
G.A.P.37 30 4 3 1 <2 50 6 0 96 62.22 Phyllo-tectic
*The remnant of the constituents are not separable and therefore are not presented as percentage.

Table 2: XRF results of the Gadvan mudrocks.
Sample Si0, ALO, TFe,0, CaO0 NaO0 KO0 MgO TiO, MnO P,0 LOI Sppm CIA PIA
NO. 2 23 23 2 2 2 25
G.A.P2 49.84 24.84 5.57 1.07 0.47 2.1 1.36 1.72 0.03 0.068 12.72 1764 87 90.01
G.AP3 52.2 22.62 5.81 0.8 0.24 1.57 0.62 1.68 0.026 0.057 13.49 1231 90 95.29
G.A.P4 47.25 24.01 8.72 0.32 0.49 1.63 1.25 1.43 0.042 0.073 0.775 14.07 88 96.45
G.A.P6 49.12 23.65 8.26 0.64 0.57 1.92 2.42 1.33 0.034 0.083 0.889 10.97 87 93.65
G.A.P7 43.82 23.75 8.19 3.75 0.36 1.38 2.01 1.56 0.05 0.135 1.326 13.77 87 94.13
G.A.P9 51.01 24.73 6.25 0.87 0.53 2.24 1.34 1.47 0.041 0.075 11.33 1027 91 97.37
G.A.P.10 44.42 26.85 9.23 0.68 0.32 1.12 1.19 1.44 0.049 0.096 0.925 13.41 87 93.40
G.AP.14 53.1 24.7 5.71 0.3 0.51 2.68 1.12 1.48 0.023 0.091 10.02 1425 91 97.17
G.A.P.18 52.39 25.58 5.86 0.22 0.42 1.87 1.23 1.63 0.014 0.081 10.52 1442 91 97.40
G.A.P20 51.12 25.25 6.48 0.28 0.34 1.98 1.2 1.66 0.031 0.082 11.43 1386 90 97.69
G.A.P29 46.97 28.88 5.67 0.22 0.4 2.61 1.29 1.54 0.017 0.089 12.19 1752 91 96.51
G.A.P33 49.81 25.39 6.45 1.03 0.61 2.17 1.4 1.32 0.012 0.148 11.5 1973 93 96.26
G.A.P34 52.14 23.88 6.87 0.29 0.35 1.84 1.22 1.70 0.023 0.077 11.45 1667 81 84.48
G.A.P37 49.91 24.51 6.48 2.24 0.36 1.09 1.32 1.84 0.039 0.098 11.47 1044 88 94.72

and F) and opaque minerals. The pore spaces between grains  Geochemistry

are predominantly filled with rounded and multiple generation
quartz overgrowths (Fig. 4B and C). Due to the very fine to
fine-grained homogeneous nature of these sandstones, modal
analysis could not be performed. Based on a percentage esti-
mation comparison chart by Folk et al. (1970), these sand-
stones are classified as quartz arenite. The most important and
primary evidences of parent rock mineralogy can be found
in the detrital particles in siliciclastic rocks (Boggs 2009).
Therefore, petrographic evidences from the sandstones were
employed to infer the provenance and sedimentary recycling
of the studied samples.

In general, the Gadvan mudrocks (Fig. 3C-F) are fossilife-
rous, massive (mudstone/silty mudstone/siltstone) to lami-
nated (shale/marl) with different amounts of organic matter.
The Gadvan mudrocks are predominantly composed of quartz,
feldspar, calcite, pyrite, kaolinite, illite, and heavy minerals
(Table 1). Moreover, MMI in the Gadvan mudrock samples is
50-63, which is classified as phyllo-tectic mudrocks (Table 1).

GEOLOGICA CARPATHICA, 2022, 73, 1, 25-42

Major element concentrations

The SiO, contents of the studied mudrock samples range
from 43.82 to 53.1 wt. % with an average of 49.5, and Al,O,
contents vary from 22.62 to 28.88 wt. % with an average of
24.9 (Table 2). The average SiO,/Al,O; ratio (1.98) of these
sediments is lower than that of the upper continental crust
(UCC ~4.34; Taylor & McLennan 1985). TiO, values vary
considerably (1.84-1.32 wt. %, average 1.55), while the Fe,O;
contents in these samples range between 5.57 and 9.23 wt. %
with an average of 6.82 and the majority of the samples
lying within the range of 1.42-1.55 wt. % for TiO, and
5.6-6.55 wt. % for Fe,0,, respectively. CaO and MgO range
from 0.22-3.75 wt. % (average 0.91) and from 0.62-2.42 wt. %
(average 1.36), respectively. K,O contents (1.09-2.68 wt. %,
average 1.87) are higher than those of Na,O (0.24-0.61 wt. %,
average 0.42). P,0O, and MnO contents are very low, ranging
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from 0.05 to 0.15 wt. % (average
0.09) and from 0.01 to 0.05 wt. %

(average 0.03), respectively. Major
oxides are plotted against Al,O;
in Figure 5, Fe,0, and TiO, have
a positive correlation, whereas the
rest of them show negative trends.

Moreover, the Gadvan mudrocks

were normalized to the UCC (Taylor
& McLennan 1985) (Fig. 6A). CaO
and Na,O abundances display mar-

ked depletion, and TiO,, Fe,O; and
Al O, contents are slightly enriched

relative to the UCC (Fig. 6A).

Trace element concentrations

In comparison with the UCC,
the contents of Rb, Sr, and Ba in

the studied samples display marked
depletion (average/UCC 0.56, 0.54,

0.24, respectively), and the rest of

the large ion lithophile elements
(LILE) (Th and U) in the Gadvan

mudrocks are relatively similar to
the UCC (average/UCC 1.92 and
1.07, respectively) (Fig. 6B). More-
over, high field strength elements
(HFSE), such as Zr and Nb are

relatively similar to the UCC (ave-

rage/UCC 1.11 and 1.47, respec-

tively) (Fig. 6B). There is a slight

enrichment in the Transition Trace
Elements (TTE) Cr and V (average/

and the rest of them (Co, Ni and

UCC 3.22 and 2.66, respectively)
Sc) are almost similar to the

UCC (Fig. 6B) in the Gadvan

mudrocks.

Rare earth element concentrations

The average of total REE (3'REE)

concentrations of the Gadvan sedi-
ments is 301.37 ppm (Table 4), and
these concentrations vary between
177.99 and 414.69 ppm. There is
a significant enrichment in REE
values in the studied samples
(301.37 ppm) relative to the UCC
(148 ppm; Rudnick & Gao 2014).

In spite of the differences in abun-

dance, the chondrite normalized

REE pattern of samples is similar
to the UCC (Fig. 6C), which implies
homogenization of these clastic
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Table 4: Useful geochemical parameters of the studied samples from the Gadvan Formation.

SampleNo. YREE  YLREE YHREE %ﬁ%‘;‘g GdyYb, EwEu*  La/Th La/Sc  La/Sm  Tb/Yb  Th/Yb
G.AP2 32470 30078 23.92 12.57 1.44 0.64 3.89 3.54 8.57 0.35 6.90
G.AP3 27050 25076 19.83 12.65 1.21 0.63 342 3.56 10.01 0.31 7.44
G.APS 31207 28860 2347 1230 1.95 0.63 2.48 4.49 7.12 0.45 12.18
G.AP7 27226 252.98 19.28 13.12 1.80 0.66 4.03 2.95 8.13 0.42 7.89
G.APS8 26632 246.82 19.50 12.66 1.45 0.67 3.81 341 8.73 0.36 7.30
G.APY 25637 237.60 18.77 12.66 1.35 0.66 3.76 3.12 8.79 0.34 6.97
G.AP10 39626 34400 5226 6.58 3.58 0.71 4.66 3.33 2.75 0.84 446
GAPII 22963 21010 19.53 10.76 1.20 0.67 423 2.60 8.93 0.30 5.28
G.API2 220.18  209.90 19.28 10.89 1.19 0.65 419 2.67 8.92 0.30 5.36
GAPI3 21154 194.65 16.89 11.52 1.09 0.65 4.14 2.73 9.98 0.28 5.50
G.AP14 17799 162.77 15.22 10.69 1.01 0.62 4.67 3.01 10.71 0.26 4.62
G.APIS 37212 33140 4072 8.14 1.99 0.66 5.29 5.33 5.33 0.50 4.01
G.API6 34901 32076 2825 1135 113 0.63 5.00 521 8.98 0.27 4.20
G.API17 23880 22074 18.06 12.22 1.30 0.61 411 4.09 9.37 0.33 6.42
G.APIS 24876 230.59 18.17 12.69 1.36 0.61 412 428 9.74 0.33 6.90
G.API9 31946 29530 2416 1222 1.48 0.64 4.07 4.84 9.04 0.37 6.99
G.A.P20 34397 32031 23.66 13.54 1.31 0.62 2.87 442 10.39 0.32 10.20
G.AP21 30597 28460 2137 13.32 1.26 0.62 4.06 4.68 1021 0.31 7.03
G.AP22 41469 37590 3879 9.69 237 0.66 2.89 475 5.76 0.55 9.68
G.AP23 25461 234.87 19.74 11.90 134 0.64 4.11 438 9.29 0.33 6.37
G.AP24 34702 31820 2882 11.04 1.68 0.65 4.00 495 7.44 0.40 6.54
G.AP25 28477 26282 2195 11.97 118 0.61 4.08 432 9.89 0.30 6.08
G.AP26 39013 36130 2883 12.53 1.43 0.62 2.88 4.90 9.06 0.35 9.71
G.AP27 23871 22022 18.49 1191 113 0.63 4.04 3.66 10.00 0.29 5.99
G.AP28 37651 35091 25.60 1371 1.32 0.59 291 3.48 10.12 0.32 10.18
G.AP29 390.57 36410 2647 13.76 1.46 0.59 3.04 410 9.38 0.35 10.09
G.AP31 27648 24860 2788 8.92 2.00 0.68 3.94 3.2 5.64 0.48 5.93
G.AP33 26443 24015 2428 9.89 1.74 0.68 3.74 3.14 6.38 0.42 6.39
G.AP34 34218 31765 2453 12.95 1.25 0.62 3.31 478 9.95 0.31 8.18
G.AP36 32203 29706 2497 11.90 1.52 0.66 3.87 451 8.49 0.37 7.17
G.AP37 31541 29317 2224 13.18 1.28 0.64 2.48 471 10.76 0.31 11.68
Mean 30137 27702 2435 11.38 153 0.65 3.62 3.92 7.99 0.37 7.20

rocks (LREE enrichment, negative Eu anomaly and nearly flat
HREE).

Discussion
Sediment classification and composition

Based on the geochemical classification diagram of Herron
(1988; Fig. 7), the studied mudrocks are classified as Fe-shale
to shale.

In order to distinguish the different lithologies, Al,O, was
chosen as a normalization factor due to its immobile nature
during weathering, diagenesis, and metamorphism as well
(Bauluz et al. 2000). In general, the negative correlation of
major oxides and trace elements (Sr and Ba) with AL,O, is
an indicator for the loss of feldspars and removal of soluble
elements from the clastic fraction during chemical weathering
in the source area (Fig. 6A and B) (Tawfik et al. 2018). Also,
a significant negative correlation between SiO, and Al,O,
(Fig. 5) is evidenced by the sorting effect, as well as hydrody-
namic fractionation relative to the UCC (Ramos-Vazquez et
al. 2017; Kettanah et al. 2021). The UCC normalized plots
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demonstrate that some elements are enriched and many are
depleted relative to the UCC (Fig. 6A and B). Accordingly, in
the Gadvan shales, with regards to the UCC, depletion of
SiO, and enrichment of Al,O;, TiO,, and Fe,0; are identified.
On the other hand, shales are enriched in Fe,O, due to the
presence of pyrite in the moldic porosities or replacement of
shells. The depletion of Na,O and K,O and the K,0/Na,0>1
can be implied to a relatively smaller amount of Na-rich
minerals in them. Low feldspar content is verified by deple-
tion of Ba, Rb, and Sr, which are associated with feldspars
(Armstrong-Altrin et al. 2017; Hu et al. 2019; Wang et al.
2019). The terrigenous nature of these shales and high organic
matter content are the reasons for the depletion of CaO relative
to UCC.

Zr, Sr, V, Rb, La, Cr, Ce, Nb, Pr, and Ni are enriched in the
studied samples relative to the UCC. The lower content of Sr
relative to the UCC (Fig. 6B) is likely due to the destruction of
calcic plagioclase, whereas enrichment of Zr is generally due
to the occurrence of zirconium minerals (Hossain 2019; Bessa
et al. 2021). Slight enrichment of Nb compared to Zr in the
studied samples could be due to the more absorbable nature to
clay minerals in mudstones. Higher mean contents of the REE,
Zr, Th, Ce, and Y could be the result of relatively higher
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Fig. 3. Photomicrographs of the parent rock’s properties evidences and the studied mudrocks. A — General view of Gadvan sandstones.
B — Polycrystalline quartz (Qp) and weakly undulatory (Ue) of monocrystalline quartz. C — Siltstone. It can be seen that the Gadvan silt-
stones have a moderately laminated structure. D — Silty mudstone. E — Mudstone. Black assemblies are pyrite or residual hydrocarbons.

F — Laminated shale (dark laminae are enriched in organic matter).

abundances of REE bearing heavy minerals like zircon,
monazite, allanite, etc. (McLennan 1989; Ramos-Vazquez et
al. 2017). Similarly, enrichment of Nb, Ni, Cr, and V is due to
the clay-rich nature of the studied samples relative to UCC
(Hossain 2019; Mustafa & Tobia 2020).

Paleoweathering and sediment recycling

As a weathering product, mudrocks contain more clays
than sandstones, hence they are highly useful for measuring

the intensity of weathering in the source area (Anaya-Gregorio
et al. 2018; Hernandez-Hinojosa et al. 2018; Ayala-Pérez et al.
2021). Parent rock type and lithology in the source area
strongly controls the chemical composition of sediments and
weathering intensities (Fedo et al. 1995; Schneider et al. 2016;
Ramos-Vazquez & Armstrong-Altrin 2019). The Chemical
Index of Alteration (CIA=100x[Al,0,/(Al,0,+Ca0O*+Na,O+
K,0)]; Nesbitt & Young 1982) (Fig. 8A) and the Plagioclase
Index of Alteration (PIA=100x[(Al,0,-K,0)/(Al,0,+
Ca0*+Na,0—-K,0)]; where CaO* is the content of CaO
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Fig. 4. Photomicrographs of the petrographic evidences of recycling and weathering effects (the vivid colours are due to the thickness of
the thin sections). A — Rounded zircon and biotite (PPL) in a quartz arenite. B, C — Rounded overgrowth and more than one-generation
cements (Q=quartz grains and g=generation) (XPL). D — Inclusion of rutile needles (XPL) in a quartz grain. E — Tourmaline inclusion (PPL)
in a quartz grain. F — Zircon, rutile and tourmaline in the Gadvan sandstone (PPL).

incorporated in silicate fraction, Fedo et al. 1995) (Fig. 8B)
represent the quantitative estimations of secondary clay
minerals with respect to the destruction of primary feldspars
(Nesbitt & Young 1982; Fedo et al. 1995). The alteration of
feldspars increases both values up to 100, while the unwea-
thered rocks have CIA and PIA values near 50 (Nesbitt &
Young 1982; Fedo et al. 1995). On the ternary diagrams,
the samples plot near to the Al,O; or Al,0,—K,O apex, which
is due to the effect of intense weathering in the source area
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(Fig. 8A and B). The Index of Compositional Variability (ICV
=[(Fe,0;+K,0+Na,0+CaO+MnO+MgO+TiO,)/Al,0,];
Cox et al. 1995) (Fig. 8C) is another index for understanding
the mineralogical maturity and weathering intensity of sedi-
ments. For instance, the main framework minerals have high
ICV, whereas clay minerals (kaolinite, illite, and muscovite)
have ICV values lower than 0.84 (0.47-0.71, Cox et al. 1995).
Samples plotted on the ICV versus CIA diagram imply the
intense weathering in the source.
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Higher mean contents of the XREE could be related to
a higher degree of weathering and sedimentary recycling
(Shadan & Hosseini-Barzi 2013; Ngueutchoua et al. 2017;
Madhavaraju et al. 2021). In the Gadvan sediments, average
YREE is 301.37, thus suggesting high intensity of weathering.
Furthermore, since HREE prefer to retain in solution, another
factor which varies due to intense weathering conditions is
LREE/HREE (Cantrell & Byre 1987). The LREE/HREE ratio
in the Gadvan mudrocks varies between 6.58 and 13.76, indi-
cating remarkable fractionation, and suggests intense weathe-
ring at that time. An increase in the LREE/HREE ratio higher
than 4 can be attributed to intense weathering (Vosoughi
Moradi et al. 2016). In addition, weathering has a tendency
toward oxidation of insoluble U*" to soluble U®*, with loss of
solution and elevation of Th/U ratios (McLennan et al. 1980;
Somayajulu et al. 1994; Nagarajan et al. 2007, 2011; Arm-
strong-Altrin 2020). The Th/U ratio of mudrocks from the
Gadvan Formation ranges from 3.05 to 12.32, except for one
sample, which was less than 4, indicating significant weathe-
ring in the source area (Fig. 8D).

The C-value, Y (Fe+Mn+Cr+Ni+V+Co)/Y (Ca+Mg+Sr+
Ba+K+Na), is another indicator successfully applied to infer
the paleoclimate of mudrocks (Cao et al. 2012). The mean
C-value of the Gadvan mudrocks is 1.7, which reflects a humid

or moist paleoclimate in the southwestern parts of the Neo-
Tethys during the Early Cretaceous time. The degree of sedi-
ment recycling can be inferred by Th/Sc vs. Zr/Sc bivariate
plot (McLennan et al. 1993). Th/Sc is an index to determine
the provenance, and Zr/Sc is a reliable index to determine the
influence of the sedimentary recycling process. On the Th/Sc
vs. Zr/Sc diagram, the Gadvan samples plot parallel to trend 2
(sediment recycling — zircon addition), which indicates
extreme influence of recycling and compositional variation
(Fig. 8E). In the Gadvan mudstones, the variation in Th/Sc
(0.64-1.89) and La/Sc (2.67-5.33) ratios (Table 5) is limited,
indicating the effect of recycling, which caused variation and
homogeneity in the composition of sediments derived from
the source and deposited in the Abadan Plain basin.

However, in the Gadvan sandstones, rounded zircon (Fig. 4A),
rounded overgrowths (Fig. 4B) and more than 1 generation of
overgrowths (Fig. 4C) in some quartz grains, which is the evi-
dence of recycling in the studied samples, indicate a recycling
history for most likely quartz rich sedimentary rocks and could
be considered a major source rock. Moreover, petrographical
evidences, such as predominantly homogeneous, sub-rounded
to rounded quartz grains imply the importance of the mecha-
nical effects for rock configuration. Moreover, a lack of unsta-
ble grains, such as feldspars and unstable lithic fragments
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Fig. 5. Graphs of major elements vs. Al,0, showing the distribution of samples from the Gadvan Formation. Triangle is the average of UCC.
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could be related to a high degree of chemical weathering.
Weathering products of K-feldspar are observed as illite in
the mudrock samples (Table 1). These evidences can be due to
recycling, long transport, and humid climatic conditions on
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Fig. 6. Spider plots of major oxides (A) and trace elements (B) of the
Gadvan mudrocks, including Large Ion—Lithophile Elements (LILE)
(Rb-U), followed by High Field Strength Elements (HFSE) and the
Transition Metals (V—Sc) against upper continental crust values from
McLennan (2001). C — REE chondrite-normalizing factors are from
the Gadvan mudrocks and UCC.
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Fig. 7. Geochemical classification diagram (after Herron 1988) for
the Gadvan Formation mudrocks.
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low relief terrains of the Arabian craton, which is compatible
with the Early Cretaceous paleogeographic maps suggested by
Scotese (2014). The Abadan Plain was placed near the equator
with significant chemico—physical erosional and weathering
effective factors.

Source rocks

The low mobility of the few major, trace, and REE of sedi-
ments makes them useful indicators to trace sedimentary pro-
venance (Taylor & McLennan 1985; Wronkiewicz & Condie
1987; Roser & Korsch 1988; McLennan et al. 1993; Hayashi
et al. 1997; Cullers 2000; Hossain et al. 2010, 2017; Tapia-
Fernandez et al. 2017).

The provenance discrimination scheme proposed by Roser
& Korsch (1988), based on the abundances of seven major
oxides (TiO,, Al,O;, Fe,O,, MgO, CaO, Na,O, and K,0), indi-
cates a progressive loss of feldspar and increase in quartz due
to source rock weathering or recycling (Fig. 9A). Among the
major oxides, the Al,O,/TiO, ratio is less affected during
weathering, transportation, and diagenesis (Rollinson 1993;
Armstrong-Altrin et al. 2015, 2018; Hossain et al. 2018).
The Al,0,/TiO, ratio varies from 3 to 8, ~8 to 21, and ~21 to
70 for mafic, intermediate, and felsic igneous rocks, respec-
tively (Hayashi et al. 1997). In the Gadvan mudrocks, this
ratio varies from ~13.35 to 19.26 (average 16.17), and when
coupled with moderate to high SiO, contents (up to 53 wt. %),
their derivation is indicated primarily from intermediate and
felsic source materials.

Moreover, slight enrichment of Nb could be interpreted as
a signature of the addition of alkaline or continental source
rocks (Ravnas & Furnes 1995). Slight enrichment of Cr and Ni
suggests that these distributions are likely controlled by phyl-
losilicate clay minerals and a Cr/Ni ratio between ~2 and 4
(3.57) implies intermediate and/or felsic source rocks. Th and
Sc are good indicators of sedimentary provenance because
they are quite insoluble, and thus are transported almost exclu-
sively by terrigenous detritus (Potter et al. 2005). Taking into
account that felsic rocks are significantly richer in La and Th,
as well as poorer in Sc, Cr, and Co than mafic rocks, the La/Sc,
La/Co, Th/Sc, and Th/Co ratios are good indicators for source
rocks (Taylor & McLennan 1985; Condie 1993; Cullers 1994,
2000; Cullers & Podkovyrov 2000; Armstrong-Altrin et al.
2019, 2021) (Table 5). These ratios in the Gadvan mudrocks
are within the range of sediments derived from felsic source
rocks, and the mean of these ratios is mostly similar to the
upper continental crust composition.

In addition, on the Th/Yb vs. Ta/Yb diagram, the Gadvan
samples plot between the continental and fringing arc areas
and the average upper continental crust value (Pearce 1983)
(Fig. 9B). Furthermore, the La/Sc vs. Co/Th, La/Sc vs. Th/Co,
Cr/Th vs. Th/Sc and La/Yb vs. La/Th diagrams reveal felsic
and intermediate sources for the Gadvan mudrocks (Condie &
Wronkiewicz 1990; Shao et al. 2001; Cullers 2002; Gu et al.
2002) (Fig. 9C, D, E, and F). The Gd,/Yb, ratios in the upper
crustal rocks vary from 1.0 to 2.0 (McLennan et al. 1993).
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The average of Gd,/Yby ratio for the Gadvan sediments is
1.53 (Table 4), indicating either an upper crustal composition
or felsic volcanic rock composition. Therefore, on the basis of
these results, in addition to the high LREE/HREE ratio, La/Sc,
Th/Sc, and Th/Co ratios, as well as the REE and negative Eu
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anomaly (Eu/Eu’=0.59-0.71, average=0.65) (Table 4), we can
infer a felsic to intermediate continental rock as the source for
the Gadvan mudrocks.

The type of extinction, monocrystallinity or polycrystalli-
nity, the type of contact between grains, and the composition
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Fig. 8. Geochemical plots for the Gadvan sediments in the Abadan
Plain for recycling and weathering condition of the source area.
A — A—-CN-K plot (Nesbitt & Young 1982). B — (A—K)-C—N plot
(Fedo et al. 1995). C — ICV (Index of Compositional Variability)
versus CIA (Chemical Index of Alteration) plot (Cox et al. 1995).
D — Th vs. Th/U diagram (after McLennan et al. 1993). E — Zr/Sc
vs. Th/Sc diagram (after McLennan et al. 1993). PAAS=Post Archean
Australian Shale.
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Table 5: Ranges of elemental ratios of shales in this study compared to the ratios in similar fractions derived from felsic and mafic rocks
(Cullers 1994, 2000; Cullers & Podkovyrov 2000), upper continental crust (Taylor & McLennan 1985), basalt and andesite (Condie 1993).
The data values that are more similar to the Gadvan samples are marked in grey.

el | Gatnsunpler | Rangeflimen, - Kangeoftimen, - Upper onnntl g g
La/Sc 2.67-5.33 39 2.50-16.3 0.43-0.86 2.21 1.05 0.32
La/Co 2.90-6.71 4.6 1.80-13.8 0.14-0.38 1.76 0.74 0.29
Th/Sc 0.64-1.89 1.08 0.84-20.5 0.05-0.22 0.79 0.17 0.07
Th/Co 0.69-2.69 1.27 0.67-19.4 0.04-1.40 0.63 0.12 0.06

1 — This study; 2 — Cullers 1994, 2000; Cullers & Podkovyrov 2000; 3 — Taylor & McLennan 1985; 4 — Condie 1993.

of grains are some important factors which are considered for
study of the parent rocks. In the Gadvan sandstones, undulo-
sity is more usual than polycrystallinity. Moreover, evidences
in the Gadvan sandstones, such as higher abundance of undu-
lose monocrystalline quartz than polycrystalline quartz (2—4
grains) (Fig. 3A and B), rutile (Fig. 4D), tourmaline inclusions
(Fig. 4E and F), zircon and non-undulatory to slightly undula-
tory extinction in quartz grains, scarcely biotite and a small
orientation of grains could be related to low-grade metamor-
phism in a felsic plutonic parent rock (e.g., Jafarzadeh &
Hosseini-Barzi 2008). According to geochemical and petro-
graphic evidences, the seemingly Late Proterozoic Arabian
Shield is an extended massive granitoid in the western part of
the studied area and the nearest probable provenance for
the Gadvan Formation.

Tectonic setting

On the K,0/Na,O vs. SiO, diagram, the Gadvan mudrocks
plot on the passive margin (PM) field (Fig. 10A; Roser &
Korsch 1986). The Th—Sc—Zr/10 and La-Th-Sc triangular
diagrams and MMI reveal an active + passive continental
margin setting for the Gadvan mudrocks (Fig. 10B and C;
Bhatia & Crook 1986). Based on the major element concentra-
tions, Verma & Armstrong-Altrin (2013) proposed a discrimi-
nant function diagram to discriminate among island arc or
continental arc, continental rift, and continental collision set-
tings (Fig. 10D). For example, active margin includes the sedi-
ments derived from arc and collision settings, and the passive
margin comprises sediments from the rift setting (Verma &
Armstrong-Altrin 2013, 2016). On the discriminant function
diagram (Fig. 10B), most of the Gadvan mudrocks plot in the
collision field, suggesting that the studied rocks were derived
from active continental margin, which is a part of collision or
convergence. Therefore, it can be implied that the Gadvan
mudrocks were subjected to very complex processes con-
trolled by regional tectonism. In other words, this can be the
result of the convergence process between the Arabian and
Iranian plates since that time (e.g., LaMaskin et al. 2008;
Jafarzadeh et al. 2014; Gazi et al. 2017). Berberian & King
(1981) and Davoudzadeh et al. (1981) believed that conver-
gence of these two plates began from the Late Triassic to
the Early Jurassic. However, Mohajjel & Fergusson (2000),
Hessami et al. (2001), Alavi (2004) and Molinaro et al. (2004)
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proposed that convergence of the Arabian and Iranian plates
started from the Late Jurassic to the Early Cretaceous simulta-
neously with the deposition of the Gadvan Formation in the
south-west of the Neo-Tethys margin. Plotting of the samples
in the collision zone, including our new above-mentioned
results, proved that the convergence started before the Early
Cretaceous.

Conclusion

* The Gadvan sandstones texturally vary from sub-mature to
mature, very fine- to fine-grained, and they are classified as
quartz arenite. XRD analysis on mudrocks demonstrates
that the main constituent minerals comprise quartz, feldspar,
calcite, pyrite, kaolinite, illite, and heavy minerals.

* The indices of weathering and alteration (CIA, PIA and
ICV) indicate intense weathering in the source area.

* Th/Sc vs. Zr/Sc bivariate plot demonstrates sediment recy-
cling. The variations in Th/Sc and La/Sc ratios are indica-
tive of sedimentary recycling processes.

* The provenance discrimination diagrams and the Al,O,/
TiO, ratio suggest the derivation of the studied sediments
from the felsic to intermediate source rocks. Slight enrich-
ment of Nb, Zr, Th, La, Cr and Ni, and Cr/Ni ratios between
~2 and 4, high LREE/HREE ratio (11.38) as well as La/Sc,
La/Co, Th/Sc, and Th/Co ratios indicate the alkaline or con-
tinental source rocks. In addition, other bivariate diagrams
based on trace element concentrations reveal a felsic prove-
nance. The Gadvan sandstones are moderately to well-
sorted and rounded to sub-rounded, with abundance of
monocrystalline quartz grains and a few feldspars, which
can be related to a felsic parent rock. However, greater
abundance of weakly, undulose monocrystalline than poly-
crystalline quartz (2—4 sub-grains), as well as the existence
of some mica grains could suggest low-grade metamor-
phism. The geochemical and petrographical evidences
imply a felsic and low-grade metamorphic parent rock,
similar to the massive granitoids of the Arabian Shield.

 The discrimination diagrams confirm the active continental
margin tectonic setting of the Gadvan sedimentary basin
related to the beginning of convergence and the collision
process between the Arabian and Iranian plates before
the Early Cretaceous.
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