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ABSTRACT

The Geochemical Classification, Provenance, Weathering, Climate, Maturity and Tectonic Setting of Neogene shales of the Surma Group were delineated from the
geochemical analysis of 10 samples collected from Zakiganj Exploration Well-1 at Sylhet Trough. The shales have nearly similar concentration to the average
concentration of the upper continental crust, the post-Archean Australian shale. The positive correlations of Al203 with other elements as well as the abundance of
Ba, Ce, Th, Rb, Zn and Zr suggest that these elements are mainly controlled by the dominant clay minerals. The variations in the geochemistry of their major and
trace elements reflect the unstable source conditions and tectonic setting. Tectonic distinction diagrams showed that the shales were largely derived from quartz-
rich sediments (quartoze sedimentary provenance), suggesting that they originated from a cratonic interior or recycled orogeny. The binary plots of TiO2 vs. Ni,
TiO2 vs. Zr and La/Th vs. Hf, as well as the ternary plots of V-Ni-Th*10 show that the shales and sandstones are derived from felsic igneous rocks. The A-CN-K
(AI203 -Ca0-K20) ternary diagram and weathering indices (CIA, CIW and P1A) indicate that the granitic source rocks have undergone moderate to high levels of
chemical weathering. The lower ratios of V/(V+Ni) and Ni/Co indicate the moderate abundance in the redox state of the oxic depositional environment. The ICV
values indicate a medium to high level of maturity. The CIA and ICV presentation show that most shales are geochemically mature and come from both weakly
and intensely weathered source rocks. The tectonic position distinction diagrams support both active and passive positions on the continental margin of origin.
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1. Introduction

The geochemistry is important for understanding the evolution of provenance and source weathering and the source nature of clastic sedimentary rocks
is well established [1], [2], [3], [4], [5], [6]. The chemical and mineralogical composition can be influenced to some extent by factors such as source rock
properties, weathering, sorting processes during transport, sedimentation and diagenetic processes [7]. Trace elements such as La, Y, Sc, Cr, Th, Zr, Hf,
Nb and rare earth elements (REE) are considered useful indicators of origin, geological processes and tectonic processes due to their relatively low
mobility and insolubility during sedimentation [8]. Therefore, the geochemistry of clastic sediments (i.e., shale) reflects a combination of provenance,
chemical weathering, hydraulic sorting, and abrasion [5], [6], [9], [10].

The fine-grained sedimentary rocks such as shales are considered as the most useful rock in geochemical provenance studies due to their homogeneity
before deposition, their impermeability after deposition, and their higher abundance of trace elements [7], [11], [12], [13]. Some relatively immobile
elements such as Sc, Th, Zr, Hf and rare earth elements (REE) have very low concentrations in natural waters and are almost quantitatively transported
from the parent rock to the clastic sediments during the sedimentation process [9], [14]. The relative distribution or enrichment of these immobile elements
in felsic and basic rocks has been used to infer the relative contribution of felsic and basic sources in shales from different tectonic environments [15].

Several authors studied on Neogene shales of Surma Group, among them Rahman and Faupl [16] analysed Neogene shale from Atgram-1, Beanibazar-
1, Fenchuganj-2, Patharia-5 and Rashidpur-3 wells. Thereafter, Rahman and Faupl [16] and Rahman and Suzuki [17] analyzed Neogene shale from
Shahbazpur-1, Shaldanadi-1 and Titas-11 exploratory wells. However, there is no any previous geochemical study of Neogene shale from Zakiganj-1
exploratory well. As the Zakiganj-1 exploratory well shows petroleum reserve, further research may be needed for petroleum production. The detail study
on geochemical characteristics of Neogene shale Zakiganj-1 exploratory well will provide the important information for further research. So, it is
necessary to explore the geochemical classification, provenance, weathering, climate, maturity and tectonic setting of Neogene shale of the Zakiganj-1
well. It could be a ready attribution for any further Exploratory/ Production wells in Zakiganj field.
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2. Geological Setting

The Bengal Basin is bounded on the north by the Shillong Massif, east and south-east by the Chittagong- Tripura fold belt of the Indo-Burman ranges
and west by the Indian Shield Platform. The fold belt is characterized by series of meridional to sub-meridional folds and extends into the Indian territory
of Tripura and Mizoram to the east. Also known as frontal fold belt, this province represents the western and outermost part of the Indo-Burman origin.
The fold belt shows sign of diminishing intensity of structures towards the west in which direction it gradually fades away and merge with the central
foredeep province [18]. Zakiganj is the extreme northern edge of the Patharia Hill structure which belongs to the Sylhet Trough (figure 1).

The Sylhet Trough is a sub-basin of the Bengal Basin in the northeastern part of Bangladesh. It was structurally developed by the simultaneous interaction
of two major tectonic movements: (1) the northward uplift of the Shillong Massif and (2) the westward spreading of the mobile Indo-Burman fold belt
[19]. Johnson and Alam [20] proposed that the Sylhet Trough developed from a passive pre-Oligocene continental margin to a foreland basin associated
with the Indo-Burman Ranges during the Oligocene and Miocene. Since the Pleistocene, this basin has been associated with the south-facing thrust of
the Shillong Plateau. The Sylhet Trough formed part of the foreland basin of the Himalayan orogeny and the Indo-Burman Mountains (active continental
margin). Subsidence began at least from the Oligocene onwards [21]. The depression is bounded to the east and southeast by the Chittagong-Tripura fold
belt (CTFB) of the Indo-Burman Ranges and to the west by the Indian Shield platform. To the north, the Shillong shield plateau borders the hollow. The
Dauki fault system with large vertical displacements represents the contact between the Sylhet Trough and the Shillong Plateau [19], [20]. The trough is
open to the south and southeast towards the main part of the Bengal Basin.

The Sylhet Trough contains a 12 to 16 km thick fill of late Mesozoic and Cenozoic strata [20]. Lithologically, the Surma Group consists of a succession
of alternating shales, silts, sandstones (figure 2) and sandstones with occasional conglomerate layers [21]. Johnson and Alam [20] suggested that the
Miocene strata of the Surma Group were predominantly deposited in a large, mud-rich delta system that drained a large portion of the eastern Himalayas.
The Suma Group is overlain by Tipam Group and underlain by Barail Group [22], [23]. The Tipam group comprises the Tipam Sandstone Formation and
Girujan Clay Formation. The Barail Group comprises the Laisong Formation, Jenam Formation and Renji Formation. The stratigraphic succession of the
Sylhet Trough [22] (Pliocene* magnetostratigraphic age after Worm [23]) is shown in Table 1.
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Fig. 1 - Location Map of the Zakiganj - 1 Well (modified after Rahman et.al., 2003).
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Table 1 - The stratigraphic succession of the Zakignaj- 1 well [22] (modified after Zakiganj — 1 well completion report of BAPEX, 2021).
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Fig. 2 - Lithologic log of Zakiganj-1 well (modified after Zakiganj - 1 completion report of BAPEX, 2021).
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3. Materials and Methods

Zakiganj Well-1 was drilled in 2020-2021 by Bangladesh Petroleum Exploration and Production Company Limited (BAPEX). Geographically, it is
located at Madhu Datta Mouza of Zakiganj Pourashava under Zakiganj Upazila in Sylhet district. The target depth was 3100 m (+100 m), but was drilled
upto a depth of 1,981 m. Ten samples with various depth of Neogene shale representing Zakiganj Well-1 were collected from Longitude: 92°2'45.00"E
and Latitude: 24°59'0.924"N. All the analyses and discussions were accomplished based on these 10 samples.

3.1 X-ray Fluorescence (XRF)

The samples were analyzed for concentrations of major and trace elements (including rare earth elements). X-ray fluorescence (XRF) analysis was
performed at Activation Laboratories Ltd., 41 Bittern Street, Ancaster, Ontario, L9G 4V5 Canada (Report Number: A23-07505, Report Date: 12/6/2023).
The major elements were analyzed using Fusion Inductively Coupled Plasma (FUS-ICP), in which an oxidized sample were dissolved in a borate flux
and then diluted in aqueous nitric acid. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) was used to quantify various elements in
the resulting solution. The concentrations of trace elements and rare earth elements were determined by FUS-MS (Fusion-inductively Coupled Plasma
Mass Spectrometry), in which an oxidized sample was dissolved in a borate flux and then diluted in aqueous nitric acid. ICP-MS (Inductively Coupled
Plasma Mass Spectrometry) was used to quantify various elements in the resulting solution.

3.2 Analytical Tools
The MS Excel and SPSS (Statistical Package for the Social Sciences) were used for statistical calculations. The Geo-chemical Data ToolKIT (GCDKit)

was used for standard geochemical calculations with major and trace elements and for plotting binary, ternary and spider diagrams. The graphic software
as adobe illustrator and adobe Photoshop were used for further modification of various figures.

4. Results

The geochemical composition of the representative studied samples presents in Table 2, 3 and 4.

Table-2: The major elements abundances in the investigated Neogene Shale of Zakiganj- 1well.

Analyte 51 52 53 sS4 S5 S6 57 s8 59 S10  Avg  Min  Max
Symbol

Sio, 6325 586 5541 555 5832 5307 5298 5156 5409 5085 5536 508  63.25
ALO, 135 159 1599 1476 1513 1427 1454 1402 1607 1531 1495 135 16.07
Fe,04(T) 6.1 644 616 606 601 593 562 575 652 594 605 562 652

MnO 0103 0101 0102 0111 0096 0095 0099 0086 0099 0091 010 009 011

MgO 229 248 228 277 275 265 216 193 219 195 235 193 277

Ca0 189 166 123 226 234 21 099 089 074 053 146 053 234

Na,O 131 122 121 124 133 13 143 136 121 128 129 121 143

K,0 328 387 524 451 425 56 486 502 476 51 465 328 560

Tio, 0772 0807 0788 0714 0735 0697 0648 062 0719 0623 071 062 081

P,0s 012 015 015 014 015 015 012 012 012 013 014 012 015

Lol 6.5 8 950 873 804 1087 1047 1173 812 953 916 650 1173
Total 9912 9924 9814 968 9914 9673 9392 931 9463 9135 9622 9135 99.24
Na,O/K,0 0399 0315 0231 0275 0313 0232 0294 0271 0254 0251 028 023 040

Fe,0,+MgO 839 892 844 883 876 858 778 768 871 789 840 768 892

ALOJTIO, 17487 10703 20292 20672 20585 20473 22438 22613 22350 24575 20112 1749 2457
'(i?az oo O 00 064 05 05 063 053 057 059 0G0 05 06 040
'(Z? osaoy 067 05T 054 0% 05 057 05 05 055 082 057 052 067

SiOJALO, 469 369 347 376 385 372 364 368 337 332 372 332 469

K,O/Na;O 250 317 433 364 320 431 340 369 393 398 362 250 433

CIA 68 70 68 65 66 61 67 66 71 69 6690 6132 70.54
cIw 81 85 87 81 80 81 86 86 89 89 8448 8048 89.43
PIA 76 81 82 75 75 72 80 80 85 85 7897 7183 8529
IcV 099 088 091 100 097 110 093 097 087 088 095 087 110

1A 40 41 40 39 40 38 40 40 41 41 40.07 38.01 41.36
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Table 3 - The trace elements concentrations in the investigated Neogene Shale of Zakiganj- 1well.
Analyt
natyte 51 52 53 sS4 S5 s6 57 s8 S9  S10 Avg  Min  Max
Symbol
Be 3 3 3 3 3 3 2 3 3 3 2.90 2.00 3.00
\ 101 117 114 104 105 105 101 100 116 106 106.90 100.00 117.00
Cr 100 130 120 110 110 110 110 110 120 110 113.00 100.00  130.00
Co 17 19 19 18 17 17 17 17 18 17 17.60 17.00 19.00
Ni 50 60 60 50 50 50 60 60 60 60 56.00  50.00 60.00
Cu 20 30 20 20 30 20 40 30 30 30 27.00  20.00 40.00
Zn 70 90 90 80 80 80 80 80 80 90 82.00  70.00 90.00
Ga 21 24 24 22 23 22 22 22 25 23 22.80  21.00 25.00
Ge 15 15 15 15 15 14 17 14 17 1.6 1.53 1.40 1.70
As 7 8 8 6 6 7 10 8 7 7 7.40 6.00 10.00
Rb 130 150 144 148 151 146 141 137 155 149 14510 130.00 155.00
Sr 131 126 124 114 115 144 190 197 160 193 149.40 11400 197.00
Zr 237 188 176 172 194 166 147 159 170 146 17550 146.00 237.00
Nb 12.4 14.6 14.2 12.7 13.4 13 12 11.6 12.8 11.8 12.85 11.60 14.60
Mo <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 - 0.00 0.00
Ag <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 - 0.00 0.00
In 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.10 0.10 0.10
Sn 3 4 3 3 4 3 4 3 4 4 3.50 3.00 4.00
Sh 0.4 04 0.3 0.3 0.3 0.3 0.7 04 04 0.5 0.40 0.30 0.70
Cs 8.6 10 9.6 8.6 8.8 8.7 9.4 8 9.4 8.9 9.00 8.00 10.00
Ba 4410 8544 15060 11610 8592 34000 55360 68350 36130 71150 31320 3410'0 71150
Hf 6.2 5.3 4.8 4.6 5.3 4.6 4.2 4.6 4.5 4 4.81 4.00 6.20
Ta 1.09 1.08 0.98 0.98 1.05 0.94 0.87 0.88 1.03 0.84 0.97 0.84 1.09
W 11.3 6 3.6 5.5 15.2 8.6 14 4.6 4.7 4.3 7.78 3.60 15.20
Tl 0.5 0.53 0.38 041 0.44 0.28 0.37 0.31 0.48 0.35 041 0.28 0.53
Pb 18 21 20 19 20 18 34 24 26 28 22.80 18.00 34.00
Bi <0.1 0.1 <0.1 <0.1 <0.1 0.1 0.2 <0.1 <0.1 0.2 0.15 0.10 0.20
Th 16.5 15.5 15.2 15 15.6 14.7 13.8 13.1 16 12.9 14.83 12.90 16.50
U 2.85 2.65 2.46 2.54 2.81 2.58 2.52 2.59 2.92 25 2.64 2.46 2.92
Table 4 - The rare earth elements concentrations in the investigated Neogene Shale of Zakiganj- 1well.
Analyte .
- S-2 S-3 S-4 S-5 S-6 S-7 S-8 S-9 S-10 Avg Min Max
Symbol
Sc 14 15 15 14 14 14 14 14 16 15 14.50 14.00 16.00
Y 30 312 29.1 285 29.9 28.1 26.9 274 29.3 25.7 28.61 25.70 31.20
La 38.2 39.2 384 36.4 377 36 34.6 34.7 37 324 36.46 32.40 39.20
Ce 73.7 75.7 75 70.5 72.3 71 66.4 65.6 713 61.6 70.31 61.60 75.70
Pr 9.19 9.48 9.3 8.74 9.01 8.84 8.27 8.2 9 7.85 8.79 7.85 9.48
Nd 33.8 34.3 33.2 317 32.3 31.6 29.9 30.5 32.7 27.9 31.79 27.90 34.30
Sm 6.72 6.82 6.8 6.35 6.43 6.37 6.01 6.08 6.65 5.77 6.40 5.77 6.82
Eu 1.22 1.19 1.01 1.01 1.08 0579  0.192 0.005 0.404 0.005 0.84 0.19 1.22
Gd 5.96 5.83 5.65 5.23 5.56 5.38 5.13 5.19 5.6 4.82 5.44 4.82 5.96
Th 0.9 0.86 0.82 0.81 0.86 0.81 0.81 0.74 0.86 0.73 0.82 0.73 0.90
Dy 5.32 5.21 5.12 4.95 5.01 5.07 491 5.06 5.49 459 5.07 4.59 5.49
Ho 1.06 1.04 1.05 0.93 1 0.94 0.92 0.97 1.04 0.92 0.99 0.92 1.06
Er 3.09 2.95 2.94 2.7 2.86 2.85 2.73 2.79 3.07 2.78 2.88 2.70 3.09
m 0456 0421 0416 0389 0419 0413 0404 04 0.456 0405 042 0.39 0.46
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Yb 2.75 2.62 2.59 2.46 261 2.57 25 25 2.83 2.53 2.60 2.46 2.83

Lu 0.452 044 0.42 0.42 0.43 0.39 0.41 0.42 0.45 0.4 0.42 0.39 0.45

4.2 Major Elements

The major elemental compositions of Zakiganj-1 well have a wide range of variation, namely, SiO, (%) from 50.85 to 63.25 with an average of 55.36,
Al,O3 (%) from 13.50 to 16.07 with an average of 14.95, Fe,O5(T) (%) from 5.62 to 6.52 with an average of 6.05, K,O (%) from 3.28 to 5.60 with an
average of 4.65 and so on (Table 2). Stratigraphically, the highly concentrated SiO, variations show continuously decreasing trends with increasing depth.
The burial depth of the samples is shown in Figure 3. The average major element composition of the samples examined is quite similar to that of the
average shale according to Turekan and Wedepohl [24], with the exception of the CaO content. The CaO depletion of the studied samples is concerned
to the scarcity of calcareous minerals [25]. The SiO, concentration in the studied shale is lower than the average of the upper continental crust (UCC),
the post-Archean Australian shale (PASS), and the North American shale composite (NASC) [11], [26], [27], [28] (Table 5). The behavior of most of the
major oxides, trace and rare earth elements as TiO,, MgO, MnO, CaO, P,Os and Fe;03, Be, V, Co, Zr, Nb, Cs, La, Ce, Pr, Nd, Sm show the positive trend
with SiO, while Al,O3, K0, Na,O, Cr, Ni, Cu, Ga, Ge, As, Rb, Sr, Sc, Sn, Sb show negative trend (Table 6). Moderately concentrated Al,O5 is more or
less similar to average Shale after Pettijohn [29], average Shale after Turekan and Wedepohl [24], UCC, PASS and NASC. Among the major oxides
TiO,, MgO, K;0, P,0s and trace and rare earth elements as Cr, Ce, Rb, Y, La show the positive correlation trend with Al,O; while CaO and Na,O of
major oxides and Sr, Zr, Ba of trace and rare earth elements show negative concentration trend. The positive correlation trends of these major oxides with
Al,O3 infers that they are associated with micaceous/clay minerals [30]. The TiO, concentrations increase with Al,Os, indicating that TiO, is likely
associated with phyllosilicates, particularly illite [25]. The positive correlations of K,0O, Fe,03, MgO and TiO, with Al,O; (table 6), indicates a large
influence of hydraulic fractionation [31].

Table 5 - Comparison of the average major oxides of the Neogene Shale of Zakiganj Well- 1 with published average shales.

Oxides f:::antration in l:f\:::agePett?jr;?lls ?:i::igismle aftf?: uce . after  PASS after Taylor, & = NASC  after
this study [32] Wedepohl [24] Rudnick [27] McLennan[11] Gromet[28]

SiO; (%) 55.36 59.10 58.50 66.60 62.40 64.82

TiO, (%) 0.71 0.60 0.77 0.64 0.99 0.80

Al,O; (%) 14.95 15.40 15.00 15.40 18.78 17.05

Fe,O3(T) (%) 6.05 6.90 4.72 5.04 7.18 5.70

MnO (%) 0.10 Trace - 0.10 0.11 -

MgO (%) 2.35 2.40 2.50 2.48 2.19 2.83

Ca0 (%) 1.46 3.10 3.10 3.59 1.29 351

Na,O (%) 1.29 1.30 1.30 3.27 1.19 1.13

K20 (%) 4.65 3.20 3.10 2.80 3.68 3.97

P,0s (%) 0.14 0.20 0.16 0.12 0.16 0.15

The samples were normalized to UCC [27] and PASS [11] as shown in Figure 4. Relative to UCC, the average normalized values relative to UCC of
SiO,, Al,Os, Fe;03, MNO, MgO, TiO, and P,Os in the Neogene Shale of Zakiganj-1 well are 0.83, 0.97, 1.20, 0.98, 0.95, 1.11 and 1.13 respectively which
are easily comparable with the UCC. Al and Ti are readily absorbed by clay and concentrate in the finer, more weathered materials [33]. The average
normalized values of K20 relative to UCC is 1.66 which is high as compared to UCC and the average normalized values relative to UCC of CaO and
Na,O are 0.41 and 0.39 which are low as compared to UCC. The depletion of Na,O (<1%) in the Neogene Shale of Zakiganj-1 Well can be attributed to
a relatively smaller amount of Na-rich plagioclase in them. K;O and Na,O contents and their ratios (K,O/NaO>1) showed that K-feldspar dominates over
plagioclase-feldspar (albite). The K,O enrichment is related to the presence of illite as a common clay mineral in shales. In addition, the enrichment of
CaO (avg. 0.41 relative to UCC) can be ascribed to the existence of diagenetic calcite cement.

The average normalized values relative to PASS of SiO,, TiO,, Al,O3, Fe203(T), MnO, MgO, CaO, Na,0, K,0 and P,0s are 0.89, 0.72, 0.80, 0.84, 0.89,
1.07,1.13, 1.08, 1.26 and 0.84 respectively which are easily comparable with the PASS.



International Journal of Research Publication and Reviews, Vol 5, no 2, pp 1892-1911 February 2024 1898

S ’:EE-::T Sl P an i Sl i il T Rt o et PO N IR

S-1(1270) ? . . T ’ » ' v .
= |
2 S-2(1590) ’ ' » 4 ’ [ ' . ' ,
g S3(1780) ¢ ) { ¢ { { { ) ! |
3 “ 1
T IS4 2150 . ‘ ' » » ' \ $ '. )
{ gy | |/ - ' NN & | .
" ls7060| ! { ! / ¢ , { / /

j e | S5 . - & .'; P | ¢ i- .

Fig. 3 - Major chemical composition of Neogene Shale of Zakiganj- 1 well in relation to depth of burial.
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Table 6- Pearson Coefficients of major elements, Trace elements and rare earth elements.
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4.2 Trace Elements

Various types of trace elements were found in the sediment studied samples of Zakiganj-1 well, for example Large lon Lithophile Elements (LILE), High
Field Strength Elements (HFSE) and Transition Trace Elements (TTE). The Large lon Lithophile Elements (LILE) are comparatively mobile and
incompatible elements. The average concentrations of LILE such as Rb is 145 ppm with minimum 130 ppm and maximum 155 ppm, Sr is 149 ppm
minimum 114 ppm and maximum 197 ppm and Cs is 9 ppm with minimum 8 ppm and maximum 10 ppm. The Trace and rear earth elements were
normalized against UCC average upper crust composition (UCC) [11] as shown in Figure 4c. The average concentrations of Cs and Rb are higher than
the average upper crust composition (UCC) while Sr lower than the average UCC. Cs and Rb show a relatively strong linear positive correlation with
Al,O; (table 6) indicating an understandable hydraulic fractionation [31], [35]. Ba and Sr show a moderate positive correlation trend with Al,Os. Strong
positive correlations of mobile components indicate their relationship to finer particles, indicating the hydraulic distribution of quartz and clay. HFSEs
are incompatible but immovable elements which are enriched in felsic rather than mafic rocks [36]. Because of their immobility, The HFSEs are
considered as the provenance indicators [11]. The average concentration of Zr is 175.5 ppm with minimum concentration 146 ppm and maximum 237
ppm. The concentration of Y ranges from minimum of 26 ppm to maximum of 31 ppm with an average of 28.61 ppm. The concentration of Nb ranges
from minimum of 12 ppm to maximum of 15 ppm with an average of 12.85 ppm. The concentration of Nb is slightly lower than UCC while the
concentration of Y and Zr are nearly similar. The transition trace elements (TTE) such as Sc, V, Cr, Ni and Zn range from 14 to 16 ppm with an average
14.50 ppm, 100 to 117 ppm with an average 106.90 ppm, 100 to 130 ppm with an average 113 ppm, 50 to 60 ppm with an average 56 ppm and 70 to 90
ppm with an average 80 ppm, respectively. The Rare earth elements (REE) such as Yb, La, Ce, Sm are similar to UCC. The Hf and Th are slightly
depleted to UCC but U is similar.

The rare earth elements (REES) are a very useful geochemical tool that could provide valuable information about rock formation. The REEs comprise the
group of lanthanides, which includes 14 elements from lanthanum (La) to lutetium (Lu). Taylor and Mclennan (1985) assumed that REEs are richer in
the upper crust than in the lower crust. The lanthanides are known for their very similar chemical and physical properties. They (as well as U and Th)
behave incompatible in magmatic processes. However, crystallization of small amounts of accessory minerals (from larger cation sites) such as zircon,
garnet, monazite, allanite, xenotime, apatite, and sphene would control the REEs content during magma crystallization and could lead to depletion of
REEs in the residual fluids [37]. Chondrite-normalized REE diagrams [34] of the studied shales show a negative correlation with Eu (Figure 4d). Negative
Eu resulted from plagioclase-feldspar fractionation along with low Sr content (ranging from 114 to 197 ppm with an average of 149.4 ppm). The main
carriers of REEs in most shales are the accessory minerals such as monazite, zircon, apatite, xenotime and titanite, and plagioclase in the case of Eu [28]
would therefore be a fractionation of accessory minerals can lead to a reduction in REEs content.

5. Discussion

5.1 Geochemical Classifications

The clastic sedimentary rocks or sediments can be classified on their geochemical composition. Various authors have proposed a very few of such
classification schemes [38], [39], [40], [41]. The concentration ratio of SiO, and SiO,/Al,O3 are the most commonly used geochemical criteria to describe
sediment maturity [42] which also reflect the abundance of quartz, feldspar and clay contents in the sediments. The alkali content (Na,O+K;0) is also
suitable as an index of chemical maturity and also serves as a measure of the feldspar content. Pettijohn [38] has proposed a geochemical classification
for terrigenous sedimentary rocks based on a plot of log (Na,0/K,0) vs. log (SiO,/Al,O3) by using an index of chemical maturity and the Na,O/K,0O
ratio. Based on this scheme, the studied sediments are predominantly sub-arkose with few sub-litharenites (Figure 5a). It is very noteworthy that the
ternary diagram (Fe,O3(T)+Mg0O)-Na,O- K,O [40] also shows arkose distributions of the studied shale (Fig. 5b). Based on the Co-Th diagram of Hastie
[43], all samples examined occupied by calc-alkaline and shoshonite series which obviously exhibit strong calc-alkaline affinity with high potassium
content and shoshonitic persodicity (Figure 5c). According to fieldwork and geochemical evidence, it is likely related to an earlier metasomatized mafic
thick source in the lower crust that enriched in alkalis under CO,-containing partial melting due to asthenosphere rising beneath an incomplete rift [44]
for studied Shale. Th/Yb vs. Zr/Y diagram (figure 5d) was developed from Ross and Bedard [45] for assessing the discrimination of magmatic affinities
of the studied samples. The diagram shows that all the studied samples fall in the calc-alkaline field.

5.2 Provenance

Major elements provide information on both rock composition of the original provenance and the effects of sedimentary processes, such as weathering
and sorting [5]. Geochemical data and their various approaches are of great importance for the relevant origin delineation [11], [46], [47], [48], [49].
These aid to explain the properties of the source rocks and ultimately provide distinct styles of sedimentary history [50], [51]. It is to be noted that the
ratios of SiO,/Al,05 (3.32 to 4.69 with an average of 3.72) of the studied shale are almost similar to those of UCC and K,0/Na,O (2.50 to 4.33 with an
Average of 3.62) of the studied shale are higher ratios of UCC [11], [12], [27]. The scheme reflects that the studied shales originated primarily from
crustal granite sources. The Al,O3/TiO, ratio of the studied shales ranges from 17.49 to 24.57 with an average of 21.12. Such higher Al,O3/TiO, values
are thought to be originated mainly from felsic to intermediate rock sources [46], [52]. The Na,O-K;O bivariate diagram [41] (figure 6a) provides a
quartz-rich character of the source sediments.
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The triangular diagram of (CaO+MgO)-SiO,/10-(Na,0+K;0) (Figure 6b) represents the most remarkable and precise image of the provenance, showing
clear distance from the fields of ultramafic and mafic rocks but close to granite field, indicating a dominant felsic contribution (after Taylor and McLennan,
1985).
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Fig. 5 - a) Geochemical classification diagrams; log (Na,O/K;0) vs. log (SiO,/Al,0s) [38]. b) (Fe,03+MgO)-Na,0-K,0 classification diagrams c)
the Co-Th diagram [43]and d) Th/Yb vs. Zr/Y diagram for studied Shale for discrimination of magmatic affinities.

The shales examined contain comparatively high K,O and Rb concentrations. The ratio of K/RDb ratios of the studied shale ranges from 252.31 to 383.56
with an average of 320 close to the main trend with a ratio of 230 of a typical differentiated magmatic sequence (figure 6c), proposed by Shaw [53].
These results highlight the chemically coherent nature of the sediments and their origin mainly from acidic to intermediate rocks. On the other hand,
zircon concentration is used to characterize the type and composition of the source rock [52], [54]. The low TiO,/Zr ratios (33 to 45 with an average 41)
of the sediments indicate felsic source rocks [46]. Hayashi [52] stated that TiO,/Zr ratios allow the distinction between three different source rock types,
such as felsic, intermediate and mafic rocks. The TiO; - Zr diagram (figure 6d) characterize the studied sediments from felsic source rocks[52].

The application of discriminant function analysis based on the composition of major elements or oxides in shales has been used to determine sediment
provenance [55]. This discriminant function analysis distinguishes between four main fields of origin, namely mafic igneous rocks, intermediate igneous
rocks, felsic igneous rocks and quartzose sedimentary rocks or recycled rocks. The discriminant functions are represented here as discriminant function
1 and discriminant function 2. The discriminant function 1 is the sum of (1.773 TiO,), (0.607 Al,Os), (0.760 Fe,05), (1.500 MgO), (0.616 Ca0), (0.509
Na,0), (1.224 K,0) and (9.090), where Discriminant function 2 is the sum of (0.445 TiO,), (0.070 Al,03), (0.250 Fe,03), (1.142 MgO), (0.438 Ca0),
(1.475 Nay0), (1.426 K,0) and (-6.861). The discriminant function 1 of the studied shale ranges from -6.03 to -2.79 with an average of -4.33, while the
discriminant function 2 ranges from -15.21 to -11.63 with an average of -13.78. According to the discriminant function diagram (figure 7), the shale
samples are scattered in the quartzose sediment source field.

The bivariate plot of La/Th vs. Hf (Figure 8a) and the ternary plot of VV-Ni-Th*10 (Figure 8.b) show that the studied shales have been derived from felsic
source rocks.
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Hiscott diagram (Figure 9a) allows distinction between ultramafic (UM), felsic metamorphic (ME) and granitic (GR) source composition [56]. The value
of Y/Ni ratios (0.43-0.60 with an average 0.52) and the value of Cr/V ratios (0.99-1.11 with an average 1.06) are identical to the value of the sediments
from the felsic source. This statement is also supported from the Th/Sc and Zr/Sc ratios diagram (Figure 9b).
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source composition [56]. b) Th/Sc and Zr/Sc ratios diagram showing the felsic source.

5.3 Paleo Weathering of Source Area

Chemical weathering of rock materials led to the formation of clay minerals. Chemical weathering largely removes Ca, Na and K from the source rocks,
and the amount of these elements surviving in the sediments derived from the rocks has served as an indicator of the intensity of chemical weathering
[57]. The intensity of chemical weathering of source rocks is mainly controlled by the composition of the source rock, the duration of weathering, the
climatic conditions and the rate of tectonic uplift of the source region [58]. About 75% of the labile materials in the upper crust consist of feldspars and
volcanic glass [9], [59], [60], [61]. If siliciclastic sedimentary rocks are free of alkali related modifications after deposition, their alkali content
(K20+Na,0) and K,0/Na,0 ratio should be considered as reliable indicators of the intensity of weathering of the parent material [62]. For determining
the degree of weathering of the parent rock, some weathering indices based on the molecular proportions of mobile and immobile elements (Na,O, CaO,
K,0 and Al,O3) have been proposed. Therefore, the chemical composition of weathering products in a sedimentary environment is anticipated to provide
information regarding the mobility of different elements during weathering phase [63]. The Chemical Index of Alteration (CIA), the Plagioclase Index
of Alteration (PIA) and the Chemical Index of Weathering (CIW) are included in the weathering/alteration indices. The CIA proposed by Nesbitt and
Young [64] is the most commonly used chemical index to determine the degree of weathering of the source area. They defined the CIA formula for
evaluating the degree of chemical weathering as follows:

3 Al20s
(Al203+Ca0 *+Na20 + K20

CIA X100

(1)
Where the CaO* is the CaO content contained in the silicate fraction.

CIA values range from almost 50 for fresh rock to 100 for completely weathered rock which provides a measure of the ratio of original/primary minerals
and secondary products such as clay minerals. Therefore, CIA values increase with increasing weathering intensity and reach 100 when all Ca, Na and K
have been leached from the weathering residues. The CIA values in the studied shale samples range between 61.32 and 70.54 with an average 66.90. The
CIA indicated relatively moderate to high levels of chemical weathering in the source area. In addition to the CIA, the Chemical Index of Weathering
(CIW) also provides information about the intensity of chemical weathering to which the sediments were exposed. Compared to other weathering indices,
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the CIW is a superior method that includes a limited number of known components with consistent geochemical behavior during weathering. The CIW
formula, expressed by Harnois [65] is as follows:

Al20s

CIA=
(Al203+Ca0 *+Na:20

X100

7
Where the CaO* is the CaO content contained in the silicate fraction.

The CIW values of the studied Neogene Shale samples range from 80.48 to 89.43 with an average 84.48. These CIW values indicate moderate to high
intensity chemical weathering. PIA monitors and quantifies the progressive weathering of feldspars into clay minerals.

The paleo weathering of source area and elemental redistribution during diagenesis can also be evaluated using the PIA [61]. The maximum PIA value
is 100 for fully altered materials (i.e., kaolinite and gibbsite), and weathered plagioclase has a PIA value of 50. Fedo [61] defined the PIA formula for
evaluating the extent of chemical weathering as follows:

3 (Al203-K:20)
(Al203+Ca0 *+Na20 — K20

CIA X100

©)]

The P1A values of the studied shale samples range from 71.83 to 85.29 with an average 78.97. Also, the P1A values indicate moderate to severe destruction
of the feldspars during source weathering, transport, sedimentation and diagenesis. In the initial phase of weathering, Ca is washed out more quickly than
Na and K. As weathering increases, the total alkali content (K,O+Na,O) decreases as the K-Na ratio (K,O/Na,0) increases. This is owing to the destruction
of feldspars, from which plagioclase is removed better than potassium feldspars [59]. Feldspar materials in the shales were exposed to varying degrees
of weathering during the different stages of development. The individual bivariate diagram of K,0/Na,0O, K;O+Na,0, Na,0, K;0, and CaO vs. PIA can
be used to elucidate the mobility of elements during the final stage of chemical weathering of previously altered feldspars. In the bivariate diagram of
K20/Na,0 vs. P1A and K,0+Na,O vs. PIA (figures 10a, b), the values of K,0/Na,O and the total alkali content in most samples decreases with increasing
P1A value. Figures 11a, 11b and 11c show the decreasing trend of Na, Ca and K with increasing of PIA which reflect the behavior of Na, Ca and K during
the progressive weathering of feldspars in the shales.

The ternary diagram of A-CN-K proposed by [59] is another method that can be used to the composition of the original source rock as well as the mobility
of elements during the process of chemical weathering of the source material and after deposition chemical modifications. The ternary diagram of Al,O3-
(CaO+Na,0)-K,0 (represented as A-CN-K) is useful for identifying compositional changes of shales associated with chemical weathering, diagenesis
and source rock composition. Geochemical data of the Neogene shales from Zakiganj-1 well site was presented in an A-CN-K diagram (figure 12).
Arrows 1 to 5 represent the weathering trends of gabbro, tonalite, granodiorite, adamellite and granite, respectively [66]. In the A-CN-K diagram (figure
12), the shales are plotted above the line connecting plagioclase and potassium feldspar. The diagrams define a narrow linear trend that runs slightly
obliquely parallel to the A-CN edge. This may be due to the fact that the removal rate of Na and Ca from plagioclase is generally greater than the removal
rate of K from microcline [59]. The plot trends toward illite on the A-K edge and shows no bias toward the K tip, suggesting that the shales are free of
potassium metasomatization during diagenesis. If the trend line is extended backwards, it intersects the plagioclase-potassium feldspar connection near
arrow 5, which is the granite field (potential final source). The linear weathering trend indicates a stable state of weathering conditions where material
removal coincides with the production of weathering material [57].

a b

Fig. 10 - Bivariate plots depicting the mobility of elements during weathering of feldspars in the shale samples of (a) (K,O/Na,O) wt. % versus
PIA. (b) (K,O + Na,O) wt% versus PIA.
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Fig. 11 - Bivariate plots depicting the mobility of elements during weathering of feldspars in the shale samples of (a) Na,O wt. % versus PI1A. (b)
CaO wt. % versus PIA. (c) KO wt. % versus PIA.

N [

Fig. 12 - A-CN-K ternary diagram of the molecular fractions of Al,O3 -(CaO+Na,0)-K,0 for shale samples from Zakiganj-1 well, the dashed
arrow shows the original weathering trend for the shale samples (the CIA scale is also shown at the left side is for comparison).

5.4 Climatic Condition, Sediment Maturity and Redox Condition

The index compositional variation (ICV) proposed by [67] is used to the original nature and maturity of sediments as well as the prevailing climatic
conditions. The ICV seems to be highest for minerals with high weathering intensity and decreases for more stable minerals (less weathered minerals).
The ICV further decreases for the clay minerals of the montmorillonite (smectite) group and is lowest for the minerals of the kaolinite group [67].
Additionally, more mature shale tends to have low ICV values (<1.0). The ICV is calculated as

(Fe203+ K20 + Na20 + CaO + MgO + MnO)
AI 203 (4)

ICV =

Shales with an ICV>1 are compositionally immature because the first sedimentary cycle was deposited in tectonically active environments [67]. On the
contrary, sediments with ICV<1 are compositionally mature. For this case the sediments were deposited in the tectonically quiescent or cratonic
environment where sediment recycling was active. For the studied shales, the ICV values range from 0.87 to 1.10 with an average 0.95 [only one sample
(S6) show ICV >1 (1.10)]. Based on the average ICV values, it can be concluded that the shale composition is mature and deposited in the tectonically
quiescent or cratonic environment. The K;O/Na,O ratios vary from 2.5 to 4.33 with an average 3.62 for the studied shale samples. These ratios indicated
moderate to high maturity of the shales, which is consistent with the ICV values [58]. The binary plot of CIA vs. ICV for the studied samples (figure 13a)
shows that all the shales are geochemically mature except sample S-6. All the studied shales have come from weakly weathered source rocks and are
very close to UCC and PASS. Alternatively, the SiO,/Al,O; ratios of siliciclastic rocks are sensitive to sediment recycling and weathering processes and
can serve as an indicator of sediment maturity. As sediment matures, quartz survives preferentially over feldspars, mafic minerals and lithics [3], [68].
The SiO,/Al,O; ratios in unaltered igneous rocks are between 3.0 (basic rocks) and 5.0 (acidic rocks). Values of the SiO,/Al,O; ratio in the studied shales
range from 3.32 to 4.69 with an average 3.72 indicate that the shales are basic to acidic rocks. The K,O/Na,O ratios of the shales vary from 2.50 to 4.33
with an average 3.62. The low values of K,O/Na,O and the Low to moderate values of SiO,/Al,O; indicate moderate to high sediment maturity. The
climatic conditions during the sedimentation of siliciclastic sedimentary rocks can be assessed by the plot of SiO, vs. (Al,0s+K,0+Na,O) proposed by
[69] was used to estimate the maturity of studied shales as a function of climate to classify. Figure 13b shows that most shales occur in the semi-arid
climate region with different degrees of maturity.

The redox state is very important for detecting sediment deposition in marine or non-marine environments. Furthermore, the accumulation of certain trace
metals in sediments is directly or indirectly controlled by redox conditions, either through a change in redox state and/or through speciation [70]. The
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studied shales have a minimum V content of 100 to a maximum V content of 117 ppm with an average of 106.9 ppm and a Ni content of a minimum of
50 ppm to a maximum of 60 ppm with an average of 56 ppm. The solubility of vanadium in natural waters, its extraction from seawater and its absorption
in sediments are mainly influenced by redox conditions [71]. During early diagenetic alteration of sediments, V tends to mobilize from the biogenic
materials in oxic environments, whereas the mobilization of V is very limited under anoxic conditions [72]. Furthermore, Ni is mainly enriched in organic-
rich sediments where these metals are intercalated with organic material [73], [74]. The proportionality of these two elements V/(V+Ni) is very important
to derive information about Eh, pH and sulfide activity in the depositional environment [75]. The Neogene shales from the Zakiganj-1 well have low
V/(V+Ni) ratios range from 0.63 to 0.68 with an average 0.66. The V/(\V+Ni) ratios are below 0.8, indicating the moderate abundance in the redox state
of the depositional environment. The Ni/Co ratio is also a redox indicator [76], [77], [78]. Jones and Manning (1994) suggested that Ni/Co ratios below
5 indicate oxic environments, while ratios above 5 indicate sub-oxic and anoxic environments[79]. The Neogene shales from the Zakiganj-1 well range
from 2.78 to 3.53 with an average 3.18, suggesting that these sediments were deposited in oxic environments.

5.5 Tectonic Settings

Siliciclastic rocks from different tectonic environments possess terrain-specific geochemical signatures. Several researchers have mentioned that the
chemical composition of siliciclastic sedimentary rocks is largely controlled by the plate tectonic conditions of their origin and deposition basins[1], [2],
[55]. Tectonic setting discrimination diagrams give consistent results for siliciclastic rocks that have not been deeply influenced by post-depositional
weathering and metamorphism [5]. Bivariate plots of the major and trace element geochemistry have been used by several researchers to determine the
tectonic nature of shales [1], [2], [55][80], [81], [82]. Among the various discrimination diagrams for tectonic settings, the major elements/oxides based
discrimination diagrams of Taylor and McLennan [11] and Bhatia[1] are often used. Bhatia[1] has divided series of tectonic diagrams to distinguish
among the four main tectonic areas. These are namely the oceanic island arc (OIA), the continental island arc (CIA), the active continental margin (ACM)
as well as the passive continental margin (PM).

Chemical analysis data of the studied shales were presented in four diagrams to notice the tectonic settings. Bivariate diagram of TiO; vs. (Fe,0s+MgO)
reveals that all samples were belongs to the continental island arc (CIA) field. The Al,O3/SiO; vs. Fe,03+MgO reveals that most of the studied samples
were plotted in the oceanic island arc (OIA) fields (figures 14 a and 14b).

All the shale samples represent the active continental margin field (figure 14c) on the K,O/Na,O vs. SiO, tectonic setting discrimination diagram. More
detailed results can also be obtained using the calc-alkaline ternary diagram (CaO-Na,O-K;0). The calc-alkaline ternary diagram (figure 15a) exhibits
that most shales samples are associated with the active continental margin. The rest are associated with the passive continental margin.

The Th-Sc-Zr/10 tectonic discrimination diagram [2] shown that the source area for most shale samples is located predominantly on the passive continental
margin (figure 15b). The immobile elements such as La, Zr and Hf are enriched in the passive edge setting[1], [2], [55]. The La-Th-Sc tectonic distinction
diagram shows the active and passive margin setting of the depositional basin for the studied shales (figure 15c).
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Fig. 13 - The binary plot of (a) CIA versus ICV for the studied samples and (b) SiO; versus (Al,O; + K,O + Na,0) [69] to estimate the maturity
of studied shales as a function of climate to classify.
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Fig. 14 — (a) Bivariate diagram of TiO, versus (Fe,Os; + MgO) (b) The bivariate diagram of Al,O4/SiO, versus Fe,O; + MgO (c) The K,O/Na,O
versus SiO; tectonic-setting discrimination diagram.

N O

Fig. 15 — (a) The calc-alkaline ternary diagram (CaO-Na,O-K;0) (b) The Th-Sc-Zr/10 tectonic discrimination diagram[2] and c) The La-Th-Sc
tectonic distinction diagram.

6. Conclusions

Important information about the composition, tectonic setting and evolution of the continental crust can easily be obtained from clastic sediments. Their
chemical records are influenced by factors such as parent rock properties, climate, chemical weathering, and sorting processes during transport,
sedimentation, and post depositional diagenesis. The Neogene shales from the Zakiganj-1 well mostly exhibit greater variations in the geochemistry of
their major elements, reflecting the unstable conditions of provenance and tectonic setting. The geochemical classification of the Neogene Shales of
Zakiganj-1 well shows akrose group mainly sub-arkose with only one sub-litharenites. All samples show calc-alkaline affinities. Some major and trace
elements show an obvious positive correlation with Al,Os, confirming a clear hydraulic fractionation. The ratio of SiO,/Al,O3 (average 3.72) of the
studied shale are almost similar to those of UCC and reflects that the studied shales originated primarily from crustal granite sources. Most of the
geochemical data indicate primarily the felsic igneous provenance types but discrimination diagrams show the continental signature derivatives, consisting
primarily of quartz-rich sediments and quartzose sedimentary provenance. Therefore, the sediments could originate from both felsic igneous rocks and
quartzose sedimentary sources. The CIA value (average 66.90) and CIW value (average 84.48) indicate moderate to high intensity chemical weathering.
The ICV (<1), K20/Na20 ratios (average 3.62) and PIA values (average 78.97) show moderate to high maturity levels and moderate to severe destruction
of the feldspars during source weathering, transport, sedimentation and diagenesis. The lower ratios of V/(V+Ni) and Ni/Co indicate the moderate
abundance in the redox state of the oxic depositional environment. Based on the distinction between major and trace elements, the tectonic settings were
typically delineated as active and passive margin of provenance setting.
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