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Abstract

The purpose of this study was to investigate the mineralogy, geochemistry, and provenance of clastic strata of the Aghajari
Formation (Upper Miocene—Pliocene) in the north of Hoseynieh and Andimeshk. Petrographic studies and modal analyses of
sandstones indicate that quartz, feldspar of igneous origin, and lithic fragments (igneous, metamorphic, and sedimentary) are the
main constituents of the sandstones. It was also revealed that the sandstone intervals fall within the recycled or transitional recycled
orogenic provenance field, which accumulated during the late Miocene—Pliocene under warm and semi-arid climates. The clay
mineral content of these sediments is mainly chlorite and illite, of detrital origin. Th/Co versus La/Sc cross-plots indicated a
siliceous source rock, and Ti/Zr versus La/Sc and La/Th versus Hf suggest andesitic source rocks for the Aghajari Formation.
Furthermore, Th/Sc versus Zr/Sc showed a first-order sedimentation cycle. The orogenic events during Miocene—Pliocene (the
Savian and Strian tectonic phases) in the Folded Zagros led to the erosion of a mixture of igneous—ophiolitic rocks from the
Neotethyan oceanic crust and metamorphic rocks exhumed in northern Lorestan and Kermanshah regions, along with the
sedimentary successions of the folded Zagros (the Amiran, Talehzang, Kashkan, Shahbazan and Asmari formations). These
formations supplied the clastic sediments of the Aghajari Formation within the Hoseynieh and Andimeshk syncline.
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Introduction

Sedimentary rocks are the main source of information about
past conditions. Based on the chemical composition of
sediments and siliciclastic sedimentary rocks, the provenance
and other depositional processes, such as weathering,
transportation, and diagenesis, can be evaluated (Dickinson and
Suczek 1979; Sharafi et al. 2018; Asiedu et al. 2019; Salehi et al.,
2018; Zamanian et al. 2019; Peng et al. 2020). Among the various
controlling factors, the tectonic setting and lithology of the
source area are the most important parameters governing the
formation of siliciclastic deposits (Yan et al. 2012; Salehi et al.,
2014; Khazaei et al. 2018). The tectonic setting of siliciclastic
rocks can be interpreted using petrographic and geochemical
data through discrimination diagrams, as these reflect

sediment-generation processes, source-area morphology, and
paleoclimatic conditions (Sabbagh et al. 2018; Pourdivanbeigi
Moghaddam et al., 2020). The Aghajari Formation, the youngest
unit of the Fars Group, was formally introduced by James and
Wynd (1965) and consists of a thick succession of syn-
orogenic red molasse deposits widely distributed throughout
the Zagros region. Its age ranges from Middle Miocene to
Pliocene and varies spatially across the basin (Motiee 2003). In
this study, mineralogical and geochemical evidence are used
to investigate the provenance of the Aghajari siliciclastic
strata. Since sedimentary rocks represent the main remnants
of eroded ancient crust (Condie et al. 2001; Basu 2003),
provenance analysis provides key insights into the Miocene—
Pliocene tectonic evolution of the Zagros Fold-Thrust Belt.
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Material & Methods

In this study, three stratigraphic sections of the Aghajari
Formation, including Paalam (600 m), Khoshab (550 m), and
Piravali (520 m), were investigated in the Hosseinieh area of
the Andimeshk region. Sampling in each section was carried
out based on facies variations and, in some cases,
systematically. A total of 180 rock samples (60 hand
specimens from each section) were collected from different
facies. To investigate the provenance of the Aghajari
siliciclastic strata, 60 sandstone samples (mostly coarse-
grained) were selected for thin-section preparation. From
these, 17 thin sections (7 from the Aghajari Formation and 10
from the Lahbari Member) were selected for modal analysis.
The percentages of cement and matrix in each sample were
calculated relative to the total rock framework. To determine
major and trace elements, identify lithological characteristics,
and evaluate the tectonic setting, 20 mudstone samples were
analyzed using ICP-MS at the Zarazma Laboratory (Tehran).
These samples were selected to represent the entire
stratigraphic succession under study. Additionally, 10
mudstone samples were analyzed by X-ray diffraction (XRD)
at the Central Laboratory of Lorestan University to identify
the mineralogical composition of fine-grained deposits.
Modal analysis of sandstones was performed by counting
300-500 points per thin section following the Gazzi—
Dickinson method (Dickinson 1970; Ingersoll et al. 1984), and
sandstone classification was carried out according to Folk
(1980). Petrographic and geochemical data, together with
established discrimination diagrams and the Chemical Index
of Alteration (CIA) (Nesbitt & Young, 1984), were used to infer
the tectonic setting, palaeoclimate, and paleocurrent patterns.

Discussion of Results & Conclusions
The study area is located at the beginning of the Zagros
folded zone. The Aghajari Formation is the main outcropping

rock unit in the study area and consists mainly of sandstone,
siltstone, claystone, mudstone, and shale. The investigated
sandstones are mainly composed of sedimentary rock
fragments, such as chert and carbonate fragments. The
studied sandstones are generally poorly sorted, as seen in the
thin sections. Petrographic studies revealed that sandstones of
the Aghajari Formation are mainly lithic-arenite (sed-arenite),
which is mostly composed of chertarenite and calclithite with
calcite cement. The origin of the cement in these facies can
be attributed to the dissolution of unstable carbonate grains,
with an average composition of (QssReoF2) in the upper part
(Lehbari Member) and (QssResF1) in the lower part of the
Aghajari Formation. The clay mineral content of these
sediments is mainly chlorite and illite, of detrital origin.The
grain size and particle geometry, as well as the degree of
sorting of the studied sandstones, indicate that they are
texturally immature in terms of textural maturity. Th/Co
versus La/Sc cross-plots indicated a siliceous source rock,
and Ti/Zr versus La/Sc and La/Th versus Hf suggest mixed
acidic—basic and andesitic source signatures in the studied
samples for the Aghajari Formation. Furthermore, Th/Sc
versus Zr/Sc showed a first-order sedimentary cycle. The
petrographic and geochemical studies of sandstones in the
Aghajari Formation indicate that the investigated sediments
have a transitional recycled origin, with recycling in an
orogenic zone. Moreover, the results of the modal analysis
indicate that the climatic conditions were semi-arid during
the deposition of this formation. According to geochemical
analyses, the investigated sandstones originated from
intermediate or andesitic rocks. Furthermore, geochemical
diagrams indicate that the studied sandstones formed in an
oceanic arc-island field setting. The geochemical data in the
A-CN-K triangular diagram indicate moderately weathered
conditions in the source area of the Aghajari Formation.
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Table 1- The percentages of modal analysis data were obtained using the Gazzi—Dickinson method (Dickinson 1970).
Qmuon: represents monocrystalline quartz without undulatory extinction, Qmun: denotes monocrystalline quartz
with undulatory extinction. Qp>3 refers to polycrystalline quartz grains composed of more than three crystals,
whereas Qp:-3 includes polycrystalline quartz grains consisting of two to three crystals. Qm represents total
monocrystalline quartz, Qp denotes total polycrystalline quartz, and Qt refers to the total quartz content. F
indicates feldspar. Ls, Lv, Lm, Lch, and Lca represent sedimentary, volcanic, metamorphic, chert, and carbonate
lithic fragments, respectively, while Lt denotes the total lithic fragments. H represents heavy minerals. The
percentages of cement (Cem) and matrix (Mat) were measured relative to each other in each thin section. In
addition, the maximum, minimum, and mean abundances of each component were calculated. The proportions of
cement and matrix for each sample were also calculated relative to the total rock framework.

Samples No.  Quue  Quus  Qus Qs Qu Q, Q 3 K F L. L Lot L Lt H Cem  Mat

5 2316 390 150 230 2706 380 3086 190 060 250 170 130 4274 1980 6554 110 500 1200
6 1790 1260 230 350 3050 580 3630 080 040 120 130 110 4090 1870 6200 0350 800  8.00
7 3150 380 180 540 3530 720 4250 110 050 160 110 160 2110 3040 5420 170 600  4.00
g 2012 650 360 180 2662 540 3202 180 060 240 150 210 3760 2248 6408 150 700 1500
- 26 2245 512 430 260 2757 710 3467 110 070 180 210 180 2543 3300 6233 120 1500 1000
= 27 2610 341 210 370 2951 580 3531 080 050 130 180 230 2249 3580 6239 100 1800 2100
2 28 2217 798 380 290 3005 670 3685 210 040 250 150 270 3382 2183 3985 080 1200 1600
i 29 3150 265 175 510 3415 685 4100 110 060 170 120 150 2775 2515 5560 170 300 800
4 13 2214 385 265 380 2599 645 3244 510 030 340 110 140 3380 2706 6336 080 500 17.00
14 3815 23¢ 240 670 4049 910 4959 160 030 190 210 130 1860 2501 4701 150 800  10.00
Max 3815 1260 450 670 4050 010 4960 310 070 340 210 270 4274 3580 6554 170 1800 2100
Min 1790 234 150 180 2600 380 3090 080 030 120 110 110 1860 1870 4701 030 300  4.00
Mean 2551 521 264 378 30.70 642 3720 150 050 200 160 L7l 3042 2592 5964 113 870 1210
30 2210 250 180 220 2460 400 2860 080 040 120 110 110 4200 2510 6930 090 300 1500
31 2160 220 160 280 2380 440 2820 180 030 210 150 080 2518 4162 6920 050 200 1800
0 2512 180 2350 350 2692 600 3292 110 070 180 130 080 3920 2328 6458 070 1500 20.00
e 10 3045 350 310 340 3365 650 40.15 050 040 090 170 110 2512 2993 5785 110 800 1200
z 11 2410 620 180 270 3030 450 3480 080 030 110 140 120 2030 4060 6350 060 600 17.00
e 12 2260 270 150 240 2530 390 2920 080 020 100 050 080 4050 2710 6930 0350 200 1400
£ 25 3010 290 130 190 3300 320 3620 060 010 070 102 110 2160 3908 6280 030 400  20.00
Max 3015 620 310 350 3370 650 4020 180 070 210 170 120 4200 4162 6930 110 1500 20.00
Min 2160 180 130 190 2380 320 2820 050 010 070 050 080 2030 2328 5785 030 200 1200
Mean 2511 311 194 270 2820 464 32.90 093 036 126 130 110 3056 3239 6522 065 571 1657
Fok el (QCH)(FHL) o o:SSke ol 5 Ab s Sad e b Kvanle opl Bl L)
Sl AV el Wl sy Ao gl (b SIS S Lledds Saes U b sljaes Laails ‘él}a b 33
S Kvanls .l VY ol (g ) 5ae) OF VL i dbb U:"ZU"'CJL Sl bSwanls ool 53 0lsl 3 WS Sl
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Table 2- Percentage of Q+Ch to F+L ratio in the studied samples for assessing the mineralogical maturity. Q =
quartz, Ch = chert, F = feldspar, L = lithic fragments.

Samples No. Q F CH L Q+CH F+L Q+CHIF+L

5 30.86 2.50 42.74 65.54 73.60 68.04 1.08

6 36.30 1.20 40.90 62.00 77.20 63.20 1.22

7 42.50 1.60 21.10 54.20 63.60 55.80 1.14

8 32.02 2.40 37.60 64.08 69.62 66.48 1.05

- 26 34.67 1.80 25.43 62.33 60.10 64.13 0.94
g 27 35.31 1.30 22.49 62.39 57.80 63.69 0.91
5 28 36.85 2.50 33.82 59.85 70.67 62.35 1.13
= 29 41.00 1.70 27.75 55.60 68.75 57.30 1.20
13 32.44 3.40 33.80 63.36 66.24 66.76 0.99

14 49.59 1.90 18.60 47.01 68.19 48.91 1.39

Max 49.59 3.40 42.74 65.54 77.20 68.04 1.39

Min 30.86 1.20 18.60 47.01 57.80 48.91 0.91

Mean 37.15 2.03 30.42 59.64 67.58 61.67 111

30 28.60 1.20 42.00 69.30 70.60 70.50 1.00

31 28.20 2.10 25.18 69.20 53.38 71.30 0.75

9 32.92 1.80 39.20 64.58 72.12 66.38 1.09

= 10 40.15 0.90 25.12 57.85 65.27 58.75 111
S 11 34.80 1.10 20.30 63.50 55.10 64.60 0.85
2 12 29.20 1.00 40.50 69.30 69.70 70.30 0.99
3 25 36.20 0.70 21.60 62.80 57.80 63.50 0.91
Max 40.15 2.10 42.00 69.30 72.12 71.30 1.11

Min 28.20 0.70 20.30 57.85 53.38 58.75 0.75

Mean 32.87 1.26 30.56 65.22 63.42 66.48 0.96
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Fig 4- Microphotograph of sandstones showing the calclitharnite petrofacies. A, B, C: The cement
is made of calcium carbonate. C: Fine-grained calclitharnite. Dark grains indicate carbonate
fragments, and light grains indicate chert fragments and quartz. (Yellow arrows: carbonate

fragments, red arrows: single-crystal quartz, green arrows: polycrystalline quartz, blue arrows:
chert fragments, purple arrows: chlorite grains, and orange arrows: metamorphic fragments).
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Fig 5- Microphotograph of sandstones showing the chert-arnite petrofacies. A: The cement is
mainly made of calcium carbonate and is likely related to the dissolution of unstable carbonate
grains. B: The dark parts are iron oxide cement. The red to pink parts are calcium carbonate, and
the transparent parts are silica (mostly chert grains). Images A and B are stained with alizarin red.
C: The dominant cement of this facies is silica. D: The cement is mainly calcium carbonate. (Yellow

arrows: carbonate fragments, red arrows: single-crystal quartz, and green arrows: polycrystalline
quartz; blue arrows: chert fragments).
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e  Lower part of the Aghajari Formation.

e  Upper part of the Aghajari Formation. Ss-Sh
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Fig 6- Ternary diagrams of petrofacies of the lower and upper parts of the
Aghajari Formation (Lehbari Member) (proposed after Folk 1980). All samples
indicate a litharenite composition, with predominant chert and carbonate rock

fragments.
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Table 3- Mineralogical composition of fine-grained samples obtained from XRD analysis
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Fig 7- XRD analysis pattern of mudrocks taken from the Aghajari Formation in the study area
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Table 4- Concentrations of major (in percent) and minor (ppm) elements in the mudrock samples.

Samples Hf Th v Ir Sc La Ca cr P Nin Ti Ca Mg Fe K Na Al
No. PPEl  ppEen PP PR ppen ppm1 ppmi ppmi ppen ppmn WOE WA TR W OWW WM W

e 17 71 133 84 181 12 118 157 643 882 049 528 MWD 457 178 059 124

a2 1§ €7 134 79 161 12 182 119 07 773 044 589 181 394  LT0 083 635

Ags2 L7 68 41 @1 152 13 187 182 638 877 O44 534 MWD 360 16l 083 E75

Agf9 15 68 155 79 163 12 185 135 ] 735 049 517 WD 391 1 5 L12 678

AgET 18 123 176 87 213 34 101 135 0] 857 036 470 MWD 528 21 082 887

Ed L12 14 55 112 & 108 M 11§ & 533 867 G028 632 119 303 147 051 515
3 L4 19 62 140 91 149 1 175 113 611 T4 04l 546 WD 362 168 067 648
E L1s 16§ 80 140 8 159 10 137 134 634 210 045 500 180 417 173 0®2 R
L1s 15 51 130 6 112 1 133 13 612 687 037 544 168 287 1M 081 Sl

L2 15 €2 128 73 138 01 151 [ 573 67 039 548 170 347 131 064 621

Max 19 123 176 87 213 34 118 188 0] 857 036 632 181 528 22 L12 887

Afn 14 51 1z & e M 1ls & 533 £27  BIE 470 119 287 1M 081 5l

Mean 1§ 70 139 781 154 245 178 1327 6362 7049 043 541 168 385 165 071 674

ME L2 71 154 8 153 4 171 133 623 679 045 510 WD 380 L&z 083 667

¥ 15 55 106 6 Y] mo1ml 50 516 806  0I7T 508 MD 245 139 044 468

A4 L7 &2 133 77 41 1 157 118 £19 711 B3@ 506 WD 342 LTl 053 614

Ag L7 &9 M5 @ 160 31 315 108 549 663 05 480 142 323 loB LE2 @

Agls g &1 W7 86 157 28 162 1 541 1313 048 301 WD 432 203 OTE 1TS

g' Aga2 14 71 M0 74 168 23 185 1 616 g4 D45 502 WD 431 LTE OTE TS
5 Agld LE &1 1T 105 182 31 119 149 g3 1135 L3S 528 WD 433 223 076 S0
'E_ L4 00 77 152 8 173 M 1132 167 ] 815 049 546 WD 440 183 0TE X2
L6 L8 &3 137 78 41 23 167 18 £50 T4 B42 531 WD AT L7l 081 634

L3 1§ 59 136 70 137 1 13% 3 530 757 B33 57T WD 33 L7l 084 585

Max 20 m9 172 105 182 3T 315 167 &3 1313 L3S 508 142 483 223 053 S0

Afin 14 55 1§ @ Y] MW 138 3 515 663 027 301 142 245 132 044 448

Aean 17 74 141 832 152 247 194 1204 6234 G407 044 526 142 382 151 073 65
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Table 5- Pearson correlation coefficients between elements in the lower and upper parts of the Aghajari

Formation
Lower part
Al;03 Na.0 K20 Ca0 MgO MnO TiO2 Fe203 P20s Th Co Y Cr Zr La Sc

Al203 1

Na0 649" 1

K20 943" 0.409 1

Ca0 -682° 0616  -0.563 1

MgO 1

MnO 0.395  -0.055 0528  -0.530 1

TiO, .969™ 7218 885" -0.607 0.324 1

Fe,0s  .768™ 0502  .769"  -0.428 0452 781" 1

P20s 870™ 746° 806 -0.432 0.146  .937" 744" 1

Th 905 0515  .855™  -750 0.442 856 0477 699" 1

Co 0549 0309 0469  -0.251 0073 0532  -0.016 0451 721 1

Y 897 7020 820" -0.492 0.292  .959™ 837"  .915™ 723 0.353 1

Cr 0436 0579 0355  -0.033 0027 0631 0599 74T 0.244  0.119 736" 1

La 868™ 0490  .831"  -635 0470  .839™ 0432 7057 947" 725 7317 0271 .926™ 1

Sc 930" 0590  .885™  -0.491 0.304  .922 903"  .844™ 722 0384 913" 0551  .799"  .666" 1
Upper part

A0 Na0 K20 Ca0 MgO MnO TiO, Fe203 P20s Th Co Y Cr zr La Sc

AlO3 1

Na:0  -0.149 1

K20 953" -0.372 1

Ca0 -765" 0334  -0.567 1

MgO 0.764 0449 0481  -0.722 1

MnO 0569  -0.182 0623  -0.173  -0.408 1

Tio, 881" 0.163 756" 839™ 990" 0415 1

Fe0s 960"  -0.195  .944™  -695° 0723 0598  .897™ 1

P20s 856™  0.157 705" 827" 0843 0500  .896™  .794™ 1

Th 968™  -0.248 934"  -700° 0645  0.601  .768™  .903"  .823™ 1

Co 700 0.143 659"  -0.605  .887" 0421 879" 809" 0619 0526 1

Y 875" 0.216 731" 833" 977" 0388 878" 770" 949" 827"  0.600 1

cr 0.384 703" 0213  -0.602 880" 0.279 700" 0.408 0584  0.207 755" 0.573 1

zr 947" 0052 899" 771" 910 0459 933" .930™ 827" 848" 841" 864" 0552 1

La 889™ 0073 773" 794" 0600  0.492 731" 754" 857" 924" 0412 908" 0333  .766™ 1

Sc 955 0135 927"  -710" 0800 0520 932" 985"  .805™  .868™  .853" 810" 0477 967" 737" 1

**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

&\ o, » .(Dickinson and Suczek 1979; Dickinson 1985)
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Fig 8- Point-counting data on the QmFLt diagram for
transitional recycled origin (Dickinson and Suczek 1979; Dickinson et
al. 1983). (Qm: Monocry stalline quartz; F: Total feldspar; Lt:
Lithic fragments+ polycrystalline quartz+ chert)
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(Dickinson and Suczek 1979; Dickinson et al. 1983). (Qt: Total quartz

(Qm+Qp); F: Total feldspar; L: Lithic fragments (Lv+Ls+Lm))
Fig 9 - QtFL ternary diagram of point-count data shows an
orogenic zone with recycling (Dickinson and Suczek 1979; Dickinson
et al. 1983). (Qt: Total quartz (Qm+Qp); F: Total feldspar; L: Lithic
fragments (Lv+Ls+Lm))
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Fig 10- a) Data plotted on the La—Th—Sc triangular diagram, falling within the
oceanic arc island field. b) Data plotted on the Th—-Co-Zr/10 triangular diagram,
also within the oceanic arc island field (Bhatia and Crook 1986).
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Fig 11- A: Plot of La/Sc versus Th/Co for samples from the Aghajari Formation,
indicating a siliceous nature for the source rocks (McLennan et al. 1980). B: Plot of Th/U
versus Th for the Aghajari Formation samples, suggesting derivation from the upper

continental crust.
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studied samples. ¢) La/Th versus Hf plot showing mixed acidic—basic and andesitic source signatures in

the studied samples.
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Fig 14- Plot of Th/Sc versus Zr/Sc for the studied
samples, indicating placement within the first
sedimentary cycle. B = basaltic rocks, F = acidic

igneous rocks. (McLennan et al. 1993)
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are close to moderately weathered minerals.
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