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Abstract

The study of the geochemical characterization of sandstone rocks contributes
to understand the nature of the source rocks, their tectonic setting and the effects of
paleoclimate and paleo-weathering. Accordingly, twenty sandstone samples from
the red sandstone units of the Gercus Formation were collected from the
northeastern limb of Safin Anticline at Shaglawa Area — Northern Irag. The studied
sandstone samples show depletion in major, trace elements contents, except for
Ca0, MgO and Ni, Co and Cr respectively, and general depletion in the rare earth
elements (REE) contents. Major element geochemistry indicates that the red bed
sandstones of the Gercus Formation are of an oceanic island arc (OIA) tectonic
setting. On the other hand, the results revealed that the paleo-weathering of the
source area of the Gercus Formation experienced intensive chemical weathering
under humid and/or warm climate conditions. The maturity and paleoclimate
conclusions of the studied samples suggest a low feldspar content and low values of
K,O / Al,O3 ratio, which in turn resulted from the dominance of low grade
metamorphic and sedimentary rock types in the source area.

Keywords: Geochemistry; Sedimentary provenance; Oceanic Island Arc (OIA);
Siliciclastic; Middle Eocene.
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1. Introduction

Several geologic branches utilize provenance analysis in their study to correlate and
evaluate rock units for energy resources. Petrographic studies of siliciclastic rocks were
implemented in the provenance studies by many authors to understand source rock type,
tectonic setting, paleo-weathering, paleoclimate and paleogeographic. Further, sandstone
geochemistry was implemented in many studies worldwide to delineate the sedimentological
history of the sediments cycling and maturation through geologic time. The geochemistry of
sedimentary rocks is genetically linked to the mineralogical assemblages of the rocks and,
therefore, have been used to understand weathering, diagenesis and, of course provenance [1].
On the other hand, rare earth geochemistry is used to understand the sediment recycling and
maturation because it provides a unique tool to explore the ancient history of the sediments.
Trace and rare earth elements (REE) are relatively reliable more than significant in
understanding the provenance and the tectonic setting and identifying the felsic or mafic
contribution in the source area [2, 3, 4, 5, 6, 7].
Insight from geochemistry can better understand the different factors that control sediment
differentiation and maturation and thus changes in the whole rock geochemistry. This paper
aims to utilize sandstone geochemistry to understand the source area characteristics and
framework of the tectonic setting, provenance, and paleo-weathering of sandstone of the
Gercus Formation in northeastern Irag.
2. Geological Setting

Shaglawa city is located in northeastern Erbil Governorate (Figure 1) and represent an
accessible area to carry out the study. The studied section is located in the northeast limb of
Safin Anticline, representing northwestern- southeastern trend double plunging asymmetrical
anticline fold. Safin anticline is situated in the High Folded Zone in the Unstable Shelf of The
Arabian Plate [8, 9].
Red sandstone of the Gercus Formation is targeted in previous works to clarify the
geochemical analysis’s role and study major trace and rare earth elements in understanding
provenance and its implication [10- 21].
Middle Eocene, the Gercus Formation, first described by Maxson (1936) SE Turkey while a
supplementary type section was chosen in Iraq in Dohuk [21]. The Middle Eocene age is
assigned to the formation because of the stratigraphic position and some scarce palynomorphs
data [22]. The stratigraphic position of the formation is well known to be placed between the
Pila Spi and Kolosh formations.
The stratigraphic formation relationships are deferential locally from comfortable to
uncomfortable, especially in northeastern Iraq where conglomerate beds are observable [15,
21, 23, 24]. The lower boundary with Kolosh Formation is generally gradational [8, 25] and
locally unconformable [23, 16, 21]. At the same time, it is gradational with the Khurmala
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Formation [15, 24, 25] and Sinjar Formation [26] with local scale unconformity [27]. The
upper contact surface between Gercus and Pila Spi Formations is gradational [8], while other
authors reported conformable and unconformable relationships [16, 23, 24].
The formation's lithology is composed mainly ofof siliciclastic rocks with some limestone,
dolomitic limestone, gypsum [17] and black shale with a rarely described igneous intrusion
[20]. Conglomerate beds occurrence refers to local unconformity stratigraphic relationships of
the formation. It could reach 20 m near Dohuk Area and 6 m in the upper part of the Gercus
Formation near Shaglawa City [7]. Argillaceous shale is reported from locations, especially in
Koisanjak city northeastern Iraq [10]. The red pigment is a unique and common feature in the
Gercus Formation throughout the outcropped formation area in the north- northeastern Irag
area. Several studies studied the geochemistry and mineralogy (please refer to [7] and
references within) of the Gercus Formation, including the red pigments [14, 28, 29]. Further,
the formation thickness is ranged from less than 100 m in the northeast to several hundred
meters in northern Irag (i.e. 800 m in Dohuk Area) [19].
The siliciclastic rocks of the Gercus Formation show a variety of sedimentary environments
from aeolian, fluvial, lacustrine [18] and marine sedimentary environments [11]. This is
evident from the fluviatile with arid to semi-arid climate [14], clastic dominated tidal flat [12]
and gravity flow regime in the marine environment [11]. On the other hand, delta and delta
front depositional environment with some sedimentary structures refer to braided delta, with
minor intertidal and supratidal environments intercalation [16].
3. Stratigraphic description

The studied section is approximately 28 m, representing the outcropped part of the
formation in the studded area. The section alternates between sandstone and claystone, with
two thick beds of silty claystone and 1.5 m of dolomitic limestone at the top of the section
(Figurel).
The section is outcropped with first relatively thick sandstones layers, which reach more than
1m. The contact surfaces between the sandstone layers are fairly obvious. A thin mudstone
(claystone) layer alternates the thick sandstone layer. This continued until the first thick silty
claystone layer appeared near the mid of the section (Figurel). The thick silty claystone
seems to reflect the gradual fining upward sequence as a 5.5-m-thick mudstone bed appears at
the top of the thick silty claystone bed with a nearly recognized contact surface.
This pattern continues following the thick mudstone bed, with the reappearance of the silty
claystone layer that reaches 2 m. After this point, 4 m thick mudstone beds outcrop with
obvious contact surface with the alternate sandstone layer. A mudstone bed with a 1-m
thickness succeeds the last sandstones layer in the section. It is ending up with a very
interesting 1-m-thick dolomitic limestone at the top of the examined section.
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Figure 1-(A): Geological map of the study area after [9], [30]. (B): Representative lithologic
section of the studied the Gercus Formation.

4. Materials and Methods

A total of twenty sandstone samples were collected from the studied section of the Gercus
Formation at Shaglawa area — Northern Iraq. The studied samples represent the red
sandstones layers systematically within each sedimentary cycle (Figure 1). All samples were
subsequently air-dried and prepared for whole-rock geochemistry analysis. Major, trace and
the rare earth elements contents were measured using inductively coupled plasma mass
spectrometry (ICP-MS) at Bureau Veritas Commaodities Canada Ltd. The results and detection
limit for each element are given in Tablel.
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Table 1 Whole-rock geochemistry of the siliciclastic rock samples of the Gercus Formation.

£ T | =
g g T E Sandstone Samples (n=20)
2 2 = o
S T 3| €
g E E %
& g E § Gl | 62| G3|6a|65|Gs| 67| 68| 6o |G10|611|612|G13| 614 |G15|Gl6 [ 617 | G1s | 619 | G20 | Mean | UCC | PAsS
802 LF200 | 001 42224747 4264|4218 314935013623 | 28.17 | 32.78 | 27.14 | 36.12| 26.76 | 25.60 | 31.12| 32.19 | 2138 | 23.10| 1957 | 1948 | 2230| 3115 | 66 | 628
Al2O3 | LF200 | 001 | 523 | 487 | 8.13 | 507 | 5.04 | 466 | 489 | 400 | 497 | 385 | 655 | 3.76 | 3.86 | 499 | 538 | 2.79 | 342 | 2.68 | 248 | 3.10 | 449 | 152 | 189
Fez03 | LF200 | 0.04 | 504 | 550 | 5.10 | 571 | 686 | 7.69 | 739 | 5.68 | 601 | 555 | 647 | 525 | 5.01 | 593 | 522 | 3.77 | 441 [ 358 | 325 392 | 541 | 5 | 12
S MgO | LF200 | 001 [18.04]19.00|16.56] 13.08 [16.84 | 17.18 1632 [ 1625 | 13.98 | 1535 | 10.04| 15.66 | 1320 1528 [ 1448 | 7.98 | 9.10 | 65 | 7.84 | 850 | 13.83 | 22 | 22
< Ca0 LF200 | 001 | 754 | 3.84 | 430 | 652 |10.88| 938 | 8.76 [13.72 | 11.81]15.17 | 13.56| 15.85 | 18.79 | 12.70| 1559 | 20.63 | 26.18 [ 32.50 | 3160 | 28.15| 1582 | 42 | 120
£ NazO | LF200 | 0.01 | 050 | 036 | 023 | 027 | 0.16 | 0.18 | 0.16 | 0.10 | 0.03 | 005 | 0.05 | 0.08 | 0.07 | 0.05 | 025 | 0.04 | 0.04 | 004 | 003 | 003 | 014 | 30 | 119
£ K20 LF200 | 001 | 049 | 054 [ 027 | 060 | 036 | 0.43 | 032 | 0.16 | 031 | 022 | 0.75 | 031 | 033 | 031 | 0.64 | 033 | 037 | 038 | 030 | 037 | 039 | 34 | 368
e TiO2 LF200 | 001 | 0.13 | 0.11 [ 021 | 0.13 | 023 | 027 | 024 | 023 | 028 | 025 | 0.44 | 030 | 030 | 028 | 025 | 027 | 029 | 028 | 021 | 027 | 025 | o5 | 098
2 P20s__ | LF200 | 001 [<0.01[<001] 0.01 | 001 [<0.01]<0.01|<001[<001| 002 | 0.03 | 0.05 | 0.03 | 0.05 | 0.03 | 0.01 | 0.02 | 003 | 0.02 | 002 [ 002 | 002 | 017 | 016
= MnO | LF200 | 001 005 | 0.04 | 003 | 0.06 | 0.07 | 003 [ 0.07 | 0.10 | 0.09 | 0.10 | 0.04 | 0.12 | 0.10 | 0.09 [ 0.09 | 0.11 [ 0.10 | 0.06 | 007 | 0.06 | 008 | 008 | 011
Cr203_ | LF200 |0.002] 017 [ 015 | 0.15 | 021 | 0.18 | 045 | 039 | 026 | 0.16 | 040 | 0.09 | 021 | 0.18 | 0.18 | 025 | 0.17 | 0.14 | 0.15 | 0.10 | 012 | 021 o
LOI LF200 | 5.1 |1920]17.60]21.90|2070[27.40 24202480 30.90 | 2020 31.50 | 25.50 | 31.30 [ 3220 | 28.60 | 2520 33.30 | 32.60  33.70 | 34403290 | 2786 3
Total — . 9951 90.48( 09.53] 9954 09.51] 09.56] 99,57 99.57] 99,64 99.61| 09.61| 99.63( 99.67] 0956 99.55( 09.50| 9075 90.81] 0975|0074 9062 | —
Si02/ARO3 | ... | ... 807 975 525] 832 625] 751 7.41] 704] 660 705] 551 7.12| 663 624 595] 767 635 730| 7.86] 7.19] 707
£ [Feroskz0| . [ . 12.12[ 10.19] 13.89] 9.52[ 19.06] 17.88[ 23.00] 35.50] 19.39] 2523| 8.63[ 1694] 1515 1923 s.16] 11.42[ 11.92] 0.42] 1083] 1059] 1566
g |KeONa20 | .o | ... 093] 150[ 117] 222 225] 239] 200[ 160] 1033 2.40]2500] 388] 471] 620[ 2.56] 825] 925] 950] 1000] 1233 6.03
Na2O/K20 | ..o | ... 1.02] 067] 085] 045 o044[ 042 o050] 063 010 023] 004 026] 021] 016] 039 012] 011] 011 o010 oos[ 034
Ba LF200 | 1 | 31 | 31 | 47 | 34 | 30 | 21 | 22 | 19 | 25 | 25 | 30 | 20 | 33 | 32 | 43 | 23 | 26 | 27 | 28 | 29 | 2070 | 550 | 650
Ni LF200 | 20 | 1064 | 1141 | 990 | 1062 | 1152 | 1312 | 1279 | 907 | 849 | 744 | 058 | 826 | 644 | 857 | 966 | 434 | 510 | 433 | 307 | 452 | 85035 | 44 | 55
Sc 1200 | 1 | 11 |10 | 17| 135 [ 14| 17 16| 13| 13 12| 14| 1|10 1314|758 | 7| 6] 8 [1170]156] 16
z Co LF200 | 02 | 708 | 864 | 808 | 669 | 652 | 758 | 724 | 487 | 410 | 420 | 533 | 513 | 34 | 491 | 606 | 27.7 | 321 | 261 | 248 [ 279 | 51904 | 17 | 23
] Hf LF200 | 01 | 04 | 03 | 06 | 03 | 05 | 04 | 03 |04 |07 |05 | 13 | 06 | 06| 05 | 04 | 06| 07 | 06| 04 | 05 | 053 | 58 5
z Nb LF200 | 01 | 11 | 11 [ 12 | 11 [ 21 | 15 [ 13 [ 15 | 37 [ 24 | 79 |33 [ 35| 3 | 2 |34 |38 |33 | 26 35| 266 | 12 | 19
2 Rb LF200 | 01 | 36 | 38 | 45 | 43 | 5 | 41 | 41 [ 33 | 87 | 56 | 164 52 | 61 | 6 | 53 | 64 | 76 | 64 | 57 | 68 | 595 | 112 | 160
2 Sr LF200 | 0.5 | 605 | 495 | 567 | 76 |1161[1027| 99 |151.1] 046 [1308] 755 | 914 [139.6] 95 | 796 | 943 | 1012|1265 1359 1215] 9588 | 350 | 200
g Ta LF200 | 0.1 | <01 <01 [ <01 <01] 01 |<01[<01[<01]| 02 |02 |04 |02 02| 0201 02020202 02]02]22 | N
£ Th LF200 | 02 | 02 |02 [ 03 | 03 | 03 |02 |01 |01 | 08 | 04 | 14| 06| 06| 06| 03|06 07| 05| 05| 06| 047 | 107 | 146
U LF200 | 01 | 03 | 02 |03 | 03 [ 03 |04 |02 |02 | 04 |03 |08 |04 |04 03 02|03 04]05]06][05] 037 | 28 | 31
v LF200 | 8 | 63 | 110 | 46 | 91 | 57 | 109 | 113 | 83 | 52 | 81 | 86 | 79 | 64 | 79 | 89 | 64 | 88 | 63 | 61 | 67 | 7725 | 107 | 150
Zr LF200 | 0.1 | 118 | 107 | 175 | 113 | 184 | 125 | 12.1 | 145 | 266 | 183 | 519 | 223 | 243 | 21.6 | 146 | 218 | 264 | 21.1 | 189 | 228 | 1997 | 190 | 22
Y LF200 | 01 | 41 | 37 | 35 | 44 [ 54 | 39 |37 | 41 | 64 [ 63| 6 |62 |62 6 |47 |71 77| 6 | 6 |57 | 53 | 210 | 27
La LF200 | 01 | 19 | 18 | 16 | 2 |28 | 21 | 17 |21 | 41 | 4 | 63 | 49 | 44 | 39 | 33 | 64 | 59 | 51 | 49 | 46 | 369 | 30 | 382
Ce LF200 | 01 | 32 | 33 | 25 | 36 [ 54 | 4 | 36 |36 | 79 | 69 [111] 76 | 81 | 72 | 63 | 117 103 | 84 | 78 | 72 | 649 | &t | 796
Pr LF200 | 0.02 | 048 | 045 | 036 | 055 | 0.66 | 051 | 045 | 0.46 | 099 | 096 | 134 | 104 | 1.02 | 096 | 0.78 | 148 | 135 | 1.15 | 106 | 103 | 085 | 71 | 883
a Nd LF200 | 03 | 21 | 18 [ 15 | 22 [ 20 | 24 | 21 | 19 | 38 | 38 | 54 | 43 | 39 | 36 | 34 | 58 | 54 | 44 | 45 | 4 | 346 | 26 | 339
£ Sm LF200 | 0.05| 051 | 046 | 031 | 055 | 064 | 05 | 047 [ 045 | 093 | 086 | 1.04 | 082 | 087 | 084 | 065 | 1.17 | 1.11 [ 094 | 092 | 09 | 075 | 45 | 555
& Eu LF200 | 0.02 | 0.17 | 0.16 | 0.13 | 0.18 | 024 | 0.19 | 0.17 | 0.18 | 052 | 031 | 031 | 028 | 029 | 029 | 026 | 036 | 035 | 03 | 029 | 024 | 025 | 088 | 108
g Gd LF200 | 0.05| 06 | 054 | 051 | 066 | 089 | 0.67 | 058 | 063 | 111 | 104 | 118 | 1 | 103 | 101 | 084 | 122 | 124 | 104 | 094 | 096 | 088 | 38 | 466
a8 ™ LF200 | 0.01| 0.1 | 009 [0.09 | 011 [ 014 [ 011 | 01 | 011|017 [ 017 | 018 | 0.17 | 016 | 0.7 [ 013 | 0.19 | 019 | 0.16 | 0.15 | 015 | 014 | 064 | 077
£ Dy LF200 | 0.05| 069 | 065 | 062 | 072 | 101 | 071 | 064 | 071 | 1.1 | 104 | 1.17 | 109 | 106 | 1 | 082 | 1.11 | 112 | 097 | 089 | 102 | 091 | 35 | 468
& Ho LF200 | 0.02| 015 [ 013 [ 013 | 0.17 [ 019 | 0.16 | 0.14 | 0.16 | 022 [ 021 | 021 | 023 | 02 | 023 [ 018 [ 023 [024| 02 019 02 | 019 | 08 | 099
é Er LF200 | 0.03 | 041 | 035 | 042 | 046 | 0.54 | 0.46 | 045 | 044 | 064 | 0.64 | 0.66 | 063 | 0.56 | 0.65 | 049 | 0.61 | 064 | 052 | 052 | 050 | 053 | 23 | 285
Tm LF200 | 0.01 | 0.06 | 0.06 | 0.06 | 007 | 0.03 | 0.07 | 0.06 | 0.07 | 009 | 009 | 0.1 | 0.05 | 0.0 | 0.09 | 0.06 | 0.09 | 003 | 0.07 | 007 | 003 | 008 | 033 | 041
b LF200 | 0.05| 035 | 036 | 042 | 043 [ 051 | 037 | 04 | 041 | 055 | 057 | 0.62 | 055 | 055 | 053 | 042 | 055 | 055 | 049 | 048 [ 043 | 048 | 22 | 282
Lu LF200 | 0.01| 0.06 | 005 | 0.06 | 0.07 | 0.08 | 0.06 | 0.06 | 0.06 | 0.1 | 0.03 | 0.09 | 0.09 | 0.05 | 0.09 | 0.07 | 0.08 | 0.08 | 0.07 | 007 | 007 | 007 | 032 | 043
TotalREE | ___ | __ 10781018 | 871 [11.77] 1608 | 12311092 [ 1128 22.02 2067 297 [22.78| 223 |2056] 17.7 | 3099|2856 2381|2278 |2152| 1877
= LREE — ... 896 | 851 | 691 | 974 | 1353|1037 | 9.07 | 932 |19.15| 17.87 26,67 | 1994 19.61| 17.8 | 1553 | 25.13 | 25.65 | 21.33 | 2041 | 1895 | 1637
3 HREE . | .. [182[ 167 18 [205 [ 255 104 | 185 | 196 | 287 | 28 | 303 | 284 | 269 | 2.76 | 2.17 | 2.86 | 291 | 248 | 237 | 2.59 | 23995
LREE/HREE | | ... 492 [5.095[3.838[ 4798 5305 [ 5345 [ 4902 [4.755 | 6.672 | 6382 8.801 [ 7.021 | 7.021 | 7289 [ 6449 | 7.156 ] 9.835 | 3.814] 86 |8611| 7308

5. Results and Discussion

5.1 Major Element Geochemistry

Tablel illustrates the results of geochemical analysis of the studied Gercus sandstones and
computed parameters for provenance-indicative elements. The results show enrichment in
Fe,03, CaO and MgO in most samples and depletion of SiO,, Al,O3, MnO, Na,0, K0, TiO;
and P,Os compared to Upper continental crust [6]. Relative to the average of Post-Archean
Australian Shale (PAAS) [6], the sandstone samples are enriched in CaO, MgO and LOI and
depleted in SiO,, Al,03, Fe;,03, MnO, Na,0, K;0, TiO, and P,Os (Table 1 and Figure 2). The
weathering condition in the source area contributes to the simultaneous reduction in elemental
concentrations.

Sandstone geochemistry reflects the mineral composition of sandstones and the diagenesis
process that influences sediments during the lithification process [31]. In this study, the high
CaO value may be attributed to rich carbonate (i.e. calcite) content as cement material; this
was confirmed by the significant positive correlation between CaO and LOI (r = 0.86; n=20);
and Sr (r = 0.62; n=20).

The high concentrations of MgO and significant positive correlation between MgO and Fe,O3
(r = 0.73; n=20); and slight enrichment in Fe,O3 (wt %) content may be ascribed to the mafic
source rock. The studied samples are predominantly ferromagnesian potassic sandstones with
lower amounts of SiO,, Al,03, MnO, Na,0O, K;O, TiO, and P,0s concentrations than the UCC
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and PAAS, which might be connected to the chemical weathering under oxidizing conditions
and / or to the chemical composition of the parent rocks.

Alkalis and alkaline earth elements were decreased during weathering processes due to the
chemical degradation of rocks [31]. K,O/Na,O is also affected by the low and irregular
amounts of Na,O (0.98 — 25,00). Sandstone samples from the Gercus Formation often exhibit
K20/Na,O ratios > 1 (Please refer to Table 1 for oxide averages).
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Figure 2-Major element concentrations of sandstones normalized against UCC and PAAS

[6].

Various geochemical classification diagrams were utilized [30-34]. The studied sandstones
samples are primarily Fe and lithic arenite with minor arkose sandstones as seen in the
geochemical classification diagrams suggested by [30, 32, 34] (Figure 3a-c).

Using the chemical classification given by Pettijohn et al. [32], the examined materials were
categorised as being litharenites with minor arkose (Figure 3-b). As a result, the SiO,/Al,03
ratio indicates the relative quantity of quartz and clays generated from feldspar. Major oxide
discrimination [35-37] reveals that the Gercus Formation sandstone was primarily derived
from quartzite, with little igneous sources (Figure 3 d). It is also clear from the ternary

diagram proposed by Blatt et al. [33] that the studied samples are primarily ferromagnesian
potassic sandstones (Figure 4).

3.0 2
@) (b)
Fe - Shale

1
Fe - Sand =
> 4 S
e .-
o 2 .
=1
/ - - Quartz arenite
ith - ith -

o oS 1 1.5 2
Log (SiO2 / ARO3)%

°
w

Sublith-
arenite } Quartz-
arenite

Sub -
arkose

Log (Fe203/K20) %
[~}
oo

Log (Na20/ K20

Log (SiO2 / ARO3)%

10

Intermediate
Igneouse
provenance

() Felsic Igneouse
i Provenance
o
=

Mafic Igneouse

=z Provenance

-15 o *

-
20 P o

Disciriminant Fuction - 2
+

23 -

-30

-30 -26 -22 -18 -13 -10 -6 -2 2 3 10 14

Disciriminant Fuction - 1

Figure 3-Geochemical classification of terrigenous sandstones using (a) log (Fe>03/K;0)
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Discriminant function diagram using major elements for the provenance signatures of the
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sandstones [37]. Please notice that four samples are showing uncertainty within the
intermediate igneous field. The discriminant functions are: Discriminant Function-1 = (—1.773
TiO,) + (0.607 Al,O3) + (0.760 Fe,O3) + (—1.500 MgO) + (0.616 CaO) + (0.509 Nay0) +
(—1.224 K,0) + (-9.090); Discriminant Function -2 = (0.445 TiO,) + (0.070 Al,O3) + (—0.25
Fe,03) + (—1.142 MgO) + (0.438 Ca0) + (1.475 Na,0) + (1.426 K,0) + (-6.861).

5.2 Trace Element Geochemistry

Numerous variables impacted the behaviour of trace elements during sedimentary processes,
including physical sorting, weathering, adsorption, diagenesis, provenance, and
metamorphism [6, 36]. The Gercus sandstones (Table 1) have lower trace element
concentrations than the average upper continental crust (UCC) and Post Archean Australian
Shale (PAAS) concentrations except for Ni, Cr and Co and Ni, Cr, Co and Nb, respectively
(Figure 5).

It has been shown that large ion lithophile elements (LILE) such as Ba, Sr, Rb, Th and U are
significantly reduced in the investigated sandstone samples compared to UCC and PAAS in
general. Due to their great solubility in water, these elements are highly mobile during
weathering processes [31]. Since they are non-conservative elements, they can adsorb on the
surface of clay minerals. Rb, Th and U contents are positively correlated with both TiO, (r =
0.79, 0.78 and 0.64, respectively; n=20) and P,Os (r = 0.75, 0.83 and 0.63, respectively; n=
20), whereas the Ba is positively associated with SiO,, Al,O3, Na,O and K,O (r = 0.40, 0.67,
0.31 and 0.51, respectively; n =20) (Table 1).

The High field strength elements (HFSE) like Hf, Zr, Nb, Ta and Y are dropped significantly
in the investigated samples compared to UCC and PAAS, whereas Niobium (Nb) is somewhat
enriched compared to PAAS. There is also favourable correlation between the HFSEs (Hf, Zr,
Nb, Ta and Y) with P,Os (r = 0.77, 0.84, 0.86, 0.88 and 0.56, respectively; n=20) and TiO, (r
= 0.82, 0.85, 0.86, 0.86 and 0.57, respectively; n=20) of the investigated sandstone samples
(Table 1).

The transition trace elements (TTE) in the Gercus sandstone samples are markedly enriched in
Ni, Cr and Co, whereas Sc and V elements are marginally enriched. In the course of igneous
fractionation, Co, Cr and Ni are compatible elements and are typically enriched in mafic to
ultra-mafic rocks, whereas depleted in felsic rocks [31].

The TTEs, Co, Ni and Sc in the sandstone samples are positively correlated with SiO, (r =
0.92, 0.83 and 0.65, respectively; n = 20), Al,O3 (r = 0.75, 0.68 and 0.80, respectively; n=20),
Fe,O; (r = 0.71, 0.91 and 0.85, respectively; n = 20), MgO (r = 0.86, 0.87 and 0.70,
respectively; n = 20) and Na,O (r = 0.77, 0.62 and 0.31, respectively; n= 20). On the other
hand, Cr is positively correlated with Fe,O3 and MgO (r = 0.60, 0.50, respectively; n = 20).
The Cr/Th and Th/Co ratios in the sandstone samples examined range from 429 to 27000 and
0.001 to 0.026, respectively (Tablel).
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Figure 4-Ternary diagram of Na,O-K,0-(Fe,O3+MgO) of the Gercus sandstone [33].
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Figure 5-Trace element concentrations of sandstones normalized against UCC and PAAS [6].

5.3 Rare Earth Elements Geochemistry

Table 1 shows the relative abundances and ratios of rare earth elements (REE) in the
sandstone samples examined. In comparison to UCC and PAAS, the average concentrations
of incompatible light rare earth elements (LREE) and heavy rare earth elements (HREE) in
sandstone samples from the Gercus Formation are decreased in La, Ce, Pr, Nd, Sm, Eu, and
Gd and Th, Dy, Ho, Er, Th, Yb, and Lu, respectively (Figure 6).

The contents of Y REE on average in the studied sandstone is 18.771 ppm, and their
enrichment factor (3 LREE / Y HREE) ratios are 6.60 against 146.37 ppm and 184.77 ppm
13.51 and 13.27 of UCC and PASS respectively.

These findings indicate that the total REE concentration of the investigated Gercus sandstone
is significantly lower than that of UCC and PAAS. The REEs have demonstrated a strong
favourable relationship with CaO, TiO,, P,Os and LOI (vary from r = 0.42 to 0.89; n=20).
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Figure 6-Rare earth concentrations of sandstones normalized against UCC and PAAS [6].

6. Provenance and Tectonic Setting

The valuable information about the clastic sediment’s provenance can be obtained from their
geochemical composition [39]. The chemical composition of the siliciclastic sedimentary
rocks is influenced mainly by their provenance and plate tectonic setting. This is documented
by several authors [4, 33, 35, 38], and several classifications have been proposed to
differentiate the various source and tectonic settings of terrigenous sedimentary rocks.
Unstandardized discriminant function 3 and 4 scores of sandstone samples for the Al,O3 were
displayed following the boundaries of provenance fields, namely, quartzose sedimentary,
mafic igneous, intermediate igneous, and felsic igneous [41] (Figure 7). The studied
sandstones of the Gercus Formation represent a quartzose recycled mature polycyclic detritus
sediment. This could present mature continental provenance derived from a highly weathered
granite gneiss or sedimentary terrane, where Kettanah et al [7] indicated that the sedimentary
provenance for most sandstones and mudstones in the Middle Eocene the Gercus Formation
are quartz and less intermediate igneous provenance.

120

*
*
20 +
4

Quartzose Sedimentary Provenance

40 -

Discriminant Function- 4

0 Mafic Igneous
provenance

Intermediate,
Igneouse
Provenance

Felsic Igneous Provenance

-40

T T T T
-10 -5 1] 5 10 15
Discriminant Function - 3

Figure 7 -Discriminant function diagram using major elements for the provenance signatures
of the sandstones after [37-41]. The discriminant functions are: Discriminant Function-3 =
(30.638 TiO,/Al;03) - (12.541 Fe203/ Al,O3) + (7.329 MgO/ Al,03) + (12.030Na20/ Al,O3)
+ (35.400 K20/ Al,O3) - (6.382); Discriminant Function -4 = (56.500 TiO/ Al,03) - (10.879
Fe203/ Al,03) + (30.875MgO/ Al,03) - (5.404 Na20/ Al,03) + (11.110 K20/ Al,03) -
(3.890).

The ternary plot employed by Englund and Jgrgensen [42], which is based on major oxides

(i.e. Al,03, K,O+Na,0O+CaO and Fe,03+MgO), was used to illustrate the depositional affinity
of the studied Gercus Formation as shown in Figure 8.
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Certain trace elements such as HFSEs, LILEs and some TTEs are used to determine the
provenance due to their low mobility nature [40]. Moreover, high-field-strength elements
(HFSE) such as Zr, Nb, Hf, Y, and Th are concentrated in felsic magma's crystallisation
process [6]. Because of their low mobility throughout sedimentation and short residence
periods in seawater, REE and Sc can provide information about source compositions [4].

In the opinion of Dokuz and Tanyolu [43], the trace elements (Th and Sc) are used to confirm
the provenance of studied rock samples (Figure 9-a). The Sc is a compatible element enriched
in mafic rocks, while Th is an incompatible element enriched in felsic rocks. The Th/Sc ratio
= 1.0 reflect a typical continental crust source rich with incompatible elements as a result of
chemical differentiation that depends on sediment recycling [1], whilst the Th/Sc ratio equal
to 0.60, is usually a mafic source enriched in Sc element [44], as in the studied the Gercus
Formation.

The ratios of compatible and incompatible elements, such as Zr/Sc and Th/Sc, clearly identify
the difference between mafic and felsic sources, sorting processes, sediment recycling [1],
heavy mineral assemblage, and compositional maturity [45]. The relationship between the
source rock composition and sedimentary processes on the composition of clastic sedimentary
rocks is identified by Zr/Sc versus Th/Sc plot [1] (Figure 9-b).
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Figure 9-(a) Provenance discrimination diagram for the sandstones of the Gercus Formation
(after [43]). (b) Zr/Sc versus Th/Sc diagram for the Gercus Formation sandstones (after [1]).

This plot reveals that the Gercus sandstone samples concentrated near the basalt and andesite
are located under the upper continental crust field, which indicates the provenance of the
Gercus Formation sandstone is originated from basalt and mixed with andesite as a minor.
The La/Th versus Hf discrimination diagram of Floyd and Leveridge [46] indicates that the
studied siliciclastic rocks are of andesitic arc source rocks origin with lower continental crust
(LLC) influence [1]; (Figure 10-a). Furthermore, the significant positive correlation between
TiO, and Zr (r = 0.85; n=20) in this study highlights the concentration of certain accessory
minerals such as rutile, zircon, and ilmenite [1]. Moreover, the plot of Zr versus TiO, (Figure
10-b) resembles mafic, intermediate, and felsic igneous rocks provenance [47] and thus reflect
mafic igneous rocks influence.
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Figure 10-(a) La /Th versus Hf source and a compositional diagram for the Gercus Formation
sandstones (after [46]), (b) TiO, versus Zr diagram for the Gercus Formation sandstones (after

[47]).

The chemical composition of sandstone is implemented by several workers (e.g. [4, 33, 35,
38, 46]) to understand the tectonic setting of the source area. On the discrimination diagram
suggested by Roser and Korsch [35] plotting SiO, versus log (K;O/Na,O) of clastic
sediments, the Gercus sandstone samples demonstrate oceanic island arc margin origin
(Figure 11).
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Figure 11-Tectonic discrimination diagram for the clast sediments of the Gercus Formation
(adopted by [35]).
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Based on Bhatia [40], the relationship between major oxides Fe,O3+MgO with TiO, (Figure
12-a) and Al,O4/ SiO; ratio (Figure 12-b) were used to distinguish the tectonic setting of a
source area. These trends of mafic elements between Fe,O3+MgO along with TiO, and with
the Al,O3/ SiO, ratio provide oceanic island arc and minimal influence of active continental
margin with mafic enrichments of the Gercus Formation source rocks (Figure 12- a, b) .
Furthermore, the comparison of Fe,O3+MgO contrastwith the Al,03/SiO, ratio demonstrates
the relatively homogeneous mafic content of the Gercus Formation source rock composition.
While the depletion in Al,O3/ SiO; ratio could be linked to high SiO, and low Al,O3 content,
which is impacted by the intensive weathering and sediments maturation in semi oceanic
island arc setting with active continental margin influence. The high ferromagnesium
components Fe;O3+MgO indicated a high percent in source rocks.
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Figure 12-(a) Tectonic discrimination diagram of: a, (Fe,O3+MgO) % versus TiO, %; (b)
(Fe,O3+MgO) % versus (Al,03/Si0,) ratio for the clast sediments of the Gercus Formation.
Were A, oceanic island arc; B, continental arc; C, active continental margin; D, passive

continental margin (fields after [4]).

The variations in Sc and Co (indicative of mafic) and Th and La (indicative of felsic) contents
have been used to differentiate between mafic and felsic provenance by various authors [6,
47]. The La-Th-Sc triangular diagram after Bhatia and Crook [4] is also used to understand
the tectonic environment (Figure 13). It is divided into four fields: oceanic island arc,
continental arc, active continental margin and passive continental margin.

This diagram was divided by Sinha et al. [48,49] into three fields: felsic, intermediate, and
mafic rock to discriminate the type of source rocks. The plot of sandstone samples of the
Gercus Formation cluster in the A field derives the clastics from an oceanic island arc margin.
Furthermore, most of the studied sandstone samples are plotted near the field 3 which
meaning that clast is sourced from mafic rocks (Figure 13).
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Figure 13-Th, La, Sc tectonic discrimination diagram for the sandstone of the Gercus
Formation. A, oceanic island arc; B, continental arc; C, active continental margin; D, passive
continental margin (fields after [4]). Field 1 is felsic, field 2 is intermediate, and field 3 is
mafic rocks [49].

The Th—Co-Zr/10 and Th-Sc —Zr/10 tectonic discriminating diagrams [4] (Figure 14-a,b) for
immobile trace elements in clastic sediments show most of the studied samples are found
within and near the Oceanic Island Arc (OlA) margin and pointed out that the sandstone rocks
of the Gercus Formation are related to the (OIA) tectonic environment.

Based on the findings, it was suggested that the Gercus Formation was deposited in an OIA
tectonic setting after the initial collision between Afro-Arabian Plate with the Iranian—
Eurasian Plate during the Early Cretaceous [50].

Th Th

100

10 >
// A __/‘
i) v Y f'
Sc Zri10

100 a0 &0 70 60 50 40 30 20 10 100 a0 B0 70 50 50 40 30 20 10
Co Zrio

Figure 14-(a):- Th, Co, Zr/10 tectonic discrimination plot illustrates the Gercus Formation
clasts as oceanic arc margin. (b):- Th, Sc, Zr/10 tectonic discrimination plot shows the Gercus
Formation clasts as oceanic arc margin. Were A, oceanic island arc; B, continental arc; C,
active continental margin; D, passive continental margin (fields after [4]).

7. Paleo-weathering Source area

The chemical composition of clastic sedimentary rocks is mainly determined by the parent
rock's nature and weathering conditions [49, 50]. However, the geochemical composition of
clastic sedimentary rocks is a valuable tool to assess the weathering processes, the
geochemical composition [2] and the palaeogeography of the source area. The nature of the
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weathering process defines the mineral and geochemical characterisation of the sediments
[51, 52]along with rock composition, tectonic setting and climatic conditions [2, 53].

The Chemical Index of Alteration (CIA) [53, 54, 55, 56], Chemical Index of Weathering
(CIW) [56] and Plagioclase Index of Alteration (PIA) [57] indicates the degree of weathering
and elemental redistribution in the source region, therefore they are widely used to evaluate
the intensities of weathering and alteration of the source rock .

The intensity of source rock weathering is addressed in molar percentage of the oxide
components calculated by the Chemical Index of Alteration (CIA = [Al,O3/(Al,O3 + CaO* +
Na,O + K;0)]* 100) [49, 55, 56], Chemical Index of Weathering ( CIW [Al,O4/ (Al,O3 +
CaO_ + Nay,0O)] * 100) [56] and Plagioclase Index of Alteration (PIA = [(Al,O3 —
KzO)/(A|203 + CaO* + Na,O - KzO)]* 100) [39, 55] .

Where CaO* represents Ca in siliciclastic bearing minerals and the samples with the high
content of CaO is relat-ed to the cement diagenetic and must be corrected according to the
equation {CaO* = CaO - (10.3 x P,0s)} proposed by Fedo et al. [57]. It is assumed that CaO
iIs equal to Na,O if it exceeds Na20. No adjustment is needed if it is less than Na20 [1].

The CIA is an excellent indicator of palaeoweathering conditions since it effectively tracks
the weathering of feldspars to clay minerals [2, 56]. Mineral alteration proceeds in a very
organized manner is extreme (CIA>80) to intermediate (CIA = 60-80) to incipient (CIA =
50-60) chemical weathering. The values of CIA of the Gercus Formation sandstone vary from
70.52 to 98.03 (average = 89.72; Table 1). These values revealed the studied sandstone were
subjected to intense (extreme) chemical weathering (Table 1).

The Gercus Formation clastic sandstone data were plotted in Al,03 — CaO+Na,O — K,0 (A-
CN-K) diagrams to determine the source rock's character in terms of weathering, diagenesis,
and chemical composition. In this plot, the Gercus sandstones suggest that the source has
undergone extensive chemical weathering (Figure 15).

As a result of the extensive chemical weathering, the source area has been subjected to warm,
humid climatic conditions and a reduction in tectonic activity [38]. Smectite clay minerals
dominate the majority of the samples tested. As a result, a plot of CIA against Al,O3 [58]
indicates that the majority of the Gercus sandstone samples examined were subjected to
severe weathering (Figure 16).
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Figure 15-Al,0; — CaO+Na,O — K;0 (A-CN-K) ternary diagram for the studied the Gercus
sandstone, after [54].
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Figure 16-Scatter plot of CIA versus Al,O3 after [58].

In addition to the CIA, the chemical index of weathering (CIW) is employed in this study to
monitor paleo-weathering in the source area and gives information on the degree of chemical
weathering the sediments have undergone [41]. The CIW is the same as the CIA, and only it
does not include KO in the calculation.

The difficulties associated with K remobilization during diagenesis and metamorphism are
avoided using this index. Harnois [56] argued that the CIW excludes K since it might be
leached or accumulated in the residual sediments during weathering. This index is unaffected
by post-depositional potassium enrichment.

By Harnois [56], a CIW value between 0-40 refers to low weathering and 40-65 moderately
weathered and > 70 intense weathered sediments. The siliciclastic sandstones of the Gercus
Formation possess CIW values ranging from 76.07 to 98.52 (averaging 91.95). These high
values imply that the source areas were exposed to intense chemical weathering under humid
paleoclimate conditions.

The Plagioclase Index of Alteration (P1A) can be used to evaluate the degree of source area
weathering and elemental redistribution during diagenesis [39, 55]. The PIA values of studied
sandstones range from 74.03 to 98.51 (averaging 91.61). These high values demonstrate the
extensive degradation of the parent material through weathering, transportation,
sedimentation, and diagenesis and may suggest humid and/or warm climatic conditions [59].
The cumulative influence of numerous cycles of sedimentary recycling, humid climate, higher
temperature, and more extended chemical weathering of the Gercus Formation is shown by
the higher CIA, CIW, and PIA [60].

8. Maturity and Paleoclimate

Because it is susceptible to weathering and sediment recycling, the SiO,/Al,O3 ratios of
siliciclastic rocks are widely employed as an indicator of sedimentary maturation [31]. In
sandstones, the value of this ratio > 5.0 indicated increasing maturity [31]. The Gercus
sandstone's SiO,/Al,O3 ratios range from 5.3 to 9.75, with an average of 7.075. Suttner and
Dutta [61] used the K,O/Al,O3 ratio and bivariate plot SiO2 vs Al203+K20+Na20 to
determine the compositional maturity of the investigated sandstone (Figure 17).

The ratios K,O/Al,03 < 0.4 in ancient fine-grained sediments, as reported by Cox et al. [62],
represents low alkali feldspar abundance relative to other minerals in the original siliciclastic
rocks. As a result, the average ratio of the investigated samples is K,O/Al,0; = 0.091,
indicating a low feldspar concentration. Furthermore, the low K,;O/Al,O3 ratio in the
examined sandstone samples might be due to the source area's predominance of low-grade
metamorphic and sedimentary rocks, which typically have low feldspar abundance [63].
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Figure 17-shows the chemical maturity of sandstone samples from the Gercus Formation
(after [61]).

It is clear from the SiO, against Al,03+K,0+Na,O plot diagram that the examined sandstone
samples are located in humid and semi-humid areas, which indicates that humid climatic
conditions prevailed during deposition of the studied sandstone samples. Chemical
weathering of bedrock is typically linked with humid and warm temperature conditions,
whereas comparatively moderate chemical weathering is associated with more dry climate
conditions [38].

By degrading parent rocks, the climate influences sand composition. The leaching of more
mobile elements is more evident in a hot and humid climate than for more stable elements
[61], as a result, the CIA values in the sediments are higher. Because the examined Gercus
sandstone has high CIA values, the source rocks were subjected to significant chemical
weathering and developed under warm and humid climatic conditions.

9. Conclusion

The conclusions of this study can be summarized by the following:

1- The studied sandstone is classified as litharenites with minor arkose.

2- The studied samples show depletion in major and trace elements contents, except for CaO,
MgO and Ni, Co, Cr respectively, when compared to the average UCC and PAAS. While all
REEs revealed general depletion when compared to UCC and PAAS contents.

3- The clasts in the Gercus Formation are originated from basalt and andesite as a minor
constituent with influence from the lower continental crust.

4- The Gercus Formation rocks show an influence of the OIA tectonic setting and the
limitation of the active continental edge.

5- The studied sandstones indicates that it has undergone extensive chemical weathering and
has formed under warm and humid climatic conditions.
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