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Abstract: This study systematically analyzes the dark shale samples of the Silurian Qusaiba Forma-
tion from the Tayma Quadrangle outcrop section in the northwest of Saudi Arabia, and assesses the
source and nature of its organic matter and the main sedimentary environmental conditions during
accumulation of organic matter. The Qusaiba shale samples are characterized by total organic carbon
(TOC) and sulfur contents with total values in the range of 0.87-1.76 wt. % and 0.59-4.64 wt. %, re-
spectively, indicating a marine setting ranging from dysoxic to anoxic environmental conditions. The
biomarkers are characterized by a relatively low Pr/Ph ratio between 0.50 and 1.24. The abundance
of tricyclic terpanes and high Cy7 and Cyg regular steranes equated to Cpg regular sterane, providing
evidence that the organic matter derived primarily from marine organisms, including algal and other
aquatic organic matter and some terrigenous land plants, and was deposited under dysoxic to anoxic
environmental conditions. The significant low oxygen environmental conditions may contribute to
preservation of organic matter during deposition. The inorganic geochemical indications suggest that
the Qusaiba shales were accumulated in a warm-humid climate and with low salinity stratification
conditions of the water columns.

Keywords: Qusaiba Formation; hot shale; anoxic condition; organic carbon accumulation; Tayma
area; northwestern Saudi Arabia

1. Introduction

The study area constitutes a part of the Tabuk Basin, which is located in the north-
west of Saudi Arabia, between the latitudes of 27°45 and 28°00 N and longitudes of
38°15 and 38°45 E (Figure 1). The Tayma area includes different exposed Paleozoic units
including Ordovician Sarah, Silurian Qusaiba, Devonian Jauf, and Permian Unayzah forma-
tions. These Paleozoic main units have been targeted for conventional and unconventional
natural gas [1,2].

The key focus of the present study is the Qusaiba Formation, which is considered to
be the main oil- and gas-prone source rock in the Arabian Peninsula [3-7].
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Both surface and subsurface sections of the Qusaiba Formation have received unprece-
dented attention from numerous researchers [3,5,8-15]. These previous studies focused
on the mineralogical, petrophysical, and geochemical characteristics of the Qusaiba shale
facies, and predicted favorable zones of oil and gas. Accordingly, the lowermost mudstone
unit in the lower Qusaiba Formation comprises organic-rich shales with a thickness of 3 to
75 m, generally referred to as “basal Qusaiba hot shale”. It is the major source rock of the
Central Arabia Qusaiba-Paleozoic petroleum system [5,9,11,13-15]. The Qusaiba hot shales
have a total organic carbon (TOC) content of up to 5 wt. % [4,10], indicating an anoxic
depositional environment that contributed to the preservation of a rich amount of organic
matter [10,13,16]. These hot shales, enriched with marine organic matter, are deposited
under reducing environmental conditions, suggesting mainly hydrogen-rich Type II as
the original organic matter input during deposition [3,5,17,18]. Such high HI values, with
mainly Type II kerogen, indicate that the Qusaiba hot shales are likely to be promising
source rocks for mainly oil generation potential [4,10].

Although many previous studies have focused on the organic geochemical charac-
teristics of the hot shale facies within the Qusaiba Formation and their implication for
conventional and unconventional oil and gas resources [3-7], little is known about the
source of the organic matter, depositional environments, and the mechanism of the organic
carbon accumulation in the dark shale rocks within the Qusaiba Formation, which is the
primary objective of this study. In this regard, the objectives of the current study were to
enhance the understanding of the source of organic matter and depositional environment
factors (reducing and warm climatic conditions) that influenced high bioproductivity and
organic carbon accumulation in the dark shale facies within the Qusaiba Formation from the
Tayma Quadrangle outcrop section in the northwest of Saudi Arabia (Figure 1). Multiple
techniques, including bulk geochemical methods of the total organic carbon (TOC) and
sulfur contents, biomarker measurements of the saturated and aromatic fractions, as well
as X-ray fluorescence (XRF) analysis for determining the trace elements, were used.

The organic carbon (TOC) and sulfur (TS) contents were used to assess the reducing
environmental conditions for organic matter preservation and their influence on organic car-
bon accumulation. Moreover, X-ray fluorescence (XRF) analysis combined with biomarker
measurements was used to evaluate the source and origin of organic matter (OM), as well
as the main sedimentary factors influencing the OM accumulation.

o

Samples location
@ section1
@ section2
() section3
) @ sections
o T v 1
275 N = - z 5
38°15E (5?’30 E 3§°45 E

$08  sarah Formation [88 sliurian Ugla Fomation [§ Sliurian Qusaiba Fomation Ogr Ra'an Member

Ogq Quwarah Member ‘Qk’ Kahfah Memebr Taf Alluvial sheets of ravels, cobbels and pebbles

Figure 1. Location map of study area at Tayma quadrangle, northwestern Saudi Arabia. It shows
different exposed geological rock units ranging in age from Paleozoic to Recent (Modified after [19]).
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2. Geological Setting

The Tayma area received clastic and carbonate sediments ranging from the Precam-
brian to Mesozoic time, with the Paleozoic sedimentary succession having the greatest
thickness (Figure 2). The Paleozoic sequence comprises Cambrian to Permian formations,
including the Qusaiba Formation. The Qusaiba Formation is composed mostly of shale
(mudstone) and thin interbeds of siltstone and sandstone and is divided informally into
upper and lower parts.
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Figure 2. The stratigraphic column of the Paleozoic rocks at Tabuk and Widyan basins, northwestern
Saudi Arabia (modified after [6]).

The Qusaiba Formation was deposited in a marine environment and has a widespread
subsurface extension from the edge of the Arabian Shield to the Zagros in the east, and from
the Rub’” al Khali basin in the south to the extreme northwest of the Arabian Peninsula [20,21].
However, the Qusaiba Shale Formation has attained different thicknesses from the surface
to the subsurface locations; ranging from 482 m at the outcrop section of the Tabuk basin [6]
to over 1000 m in the subsurface of the basin [22]. Thickness reduction of the Qusaiba
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Formation in outcrops and on paleo-highs is attributed to erosion by subsequent tectonic
activities such as the Early Acadian, Acadian, and Hercynian movements [6].

On a regional basis, the lower Qusaiba is characteristically an upward-coarsening
sequence, whereas the upper part of the Qusaiba is a fining-upward sequence [10]. It
consists of five units, of which the most important are units 1 and 3, commonly referred
as “hot shale” and “warm shale”, respectively. The hot shale belongs to the lowermost
mudstone unit in the Qusaiba Formation and comprises organic-rich shales with a thickness
between 3 and 75 m, while the warm shale is located at unit 3 and has good organic content,
although less than that of the hot shale. The Qusaiba “hot shale” is more bioturbated
than the overlying shale sequences [3,4,10,23]. The richest organic beds are composed of
micro-laminated shale and occur immediately above the basal sandstone of the underlying
formation. Sandstones are rare within the most organic-rich source beds [10] and the inter
bedding sandstones are 1.5 to 3 m thick, described as ripple laminated, moderate to well
sorted, fine- to very fine-grained beds with erosional bases and gradational tops [24].

The Qusaiba Formation has been subdivided into five lithofacies listed from bot-
tom to top as laminated organic-rich shale, graptolitic concretion lithofacies, massive
organic-rich shale, organic-lean shale, interbedded siltstone-shale and cross-stratified
siltstone—sandstone (Figure 3), as demonstrated by an integrated study of the sedimentol-
ogy, petrography and mineralogical composition of Qusaiba shale at the Tayma Quadrangle
outcrop section [13,15]. The entire dark shales were obtained from the parting present
within the shale deposits of the Qusaiba succession (Figure 3).
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Figure 3. The lithostratigraphic classification of the Qusaiba Formation at Tayma area.
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Figure 4 shows an example of outcrop and core samples of the dark shale obtained
from the study area. These dark shales were studied to expand our knowledge on the
characteristics of organic matter, the origin and source of organic matter, as well as paleo-
environmental conditions for organic matter accumulation during deposition time.

Figure 4. Examples of (A) outcrop sample and (B) core sample for the Qusaiba dark shale obtained
from Tayma area.

3. Material and Experimental Methods

In the current study, 11 dark shale samples were collected from the warm and hot
shale units of the Qusaiba Formation in the Tayma Quadrangle outcrop sections of the
Tabuk Basin in the northwest of Saudi Arabia as shown in Figure 1. These samples were
subjected to multiple organic and inorganic geochemical methods as highlighted in the next
subsections. All the geochemical analyses were done through the facilities of StratoChem
services company, Cairo, Egypt.

3.1. Total Organic Carbon (TOC) and Sulfur (TS) Analysis

The total 11 shale samples were finely milled (60 pm) for measurement of TOC and S
contents. To evaluate the TOC and TS contents, the initial crushed samples were treated
with 10% diluted hydrochloric acid to remove carbonate minerals, and 100 mg of treated
samples were then examined using a LECO C-230 carbon analyzer instrument (LECO
Empowering Results, St. Joseph, MI, USA). The TOC and TS were measured as weight
percentage (wt. %) and used to represent the richness of OM and total sulfur contents.

3.2. Bitumen Extraction and Gas Chromatography (GC)

The ten crushed shale samples were subsequently subjected to bitumen extraction.
The soluble bitumen (expressed in ppm of the total rock sample) in these shales was
extracted through the blended solvents of dichloromethane (DCM) for at least 24 h. Once
the extraction was complete, the solvent was evaporated and the flask was reweighed to
get the extract weight. The extracted soluble bitumen was separated into NSO compounds
and saturated and aromatic hydrocarbons using Medium Pressure Liquid Chromatography
(MPLC) with a Smart Line system. The analysis was based on the analytical column
chromatographic technique using a pre-column containing thermally deactivated silica, and
a main column of activated silica as the stationary phase with n-hexane as the mobile phase.
The saturate, aromatic, and NSO fractions were eluted using n-hexane, dichloromethane,
and methanol solvents, respectively.
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The saturated HC fraction was then reserved for further gas chromatography (GC)
analysis. Gas chromatography (GC) analysis was carried out on the aliphatic fractions of
the ten samples using a Hewlett Packard 6890N (American Laboratory Trading, East Lyme,
CT, USA) column with a capillary column of 60 m length, 0.25 um inner diameter, and
0.25 um film thickness. The temperature of the FID was gradually increased from 30 °C for
5 min, and then was held for 23.3 min at 320 °C. The compounds were identified through
analyses of a known standard, the Norwegian Oil Standard NGR NSO-1.

3.3. Gas Chromatography—Mass Spectroscopy (GC-MS)

As outlined by several works, GC-MS was utilized to decipher the saturated HC
fraction in the studied samples using Agilent Technologies 7890B (Agilent Technologies,
Inc. Headquarters, Santa Clara, CA, USA) with a flame ionization detector. Within the
GC-MS furnace, the capillary column has a 60 m length, 0.25 pm inner diameter, and
0.10 pm film thickness. The samples were warmed from 100 to 170 °C (at 1.5 °C/min rate),
and passed through the GC line operating at 320 °C for 20 min. The mass spectrometer
(ion source T = 230 °C, electron ionizations at 70 eV, quadrupole analysis: T = 150 °C) was
operated in the Selected Ion Monitoring (SIM) mode. Data were processed with an Agilent
Chemstation data system. Identification of individual compounds was based on retention
time in total ion current (TIC) chromatograms and comparison of mass spectra of a known
standard, the Norwegian Oil Standard NGR NSO-1. As a result, the lipid compounds in
the saturated HC fraction such as normal alkanes, isoprenoids, hopanoids, terpanes, and
steranes were produced and examined based on the peak heights in the m/z 85, 191 and
217 mass fragmentograms, respectively.

3.4. X-ray Fluorescence (XRF) Analysis

The 11 bulk shale samples were crushed to less than 200 meshes and examined with
an X-ray fluorescence (XRF) spectrometer. In order to facilitate accurate major and trace
element measurement, XRF analysis was performed on the powdered sample using a Niton
XL3t GOLDD XREF. This analysis was used to determine the Si, Al, Ca, K, Fe, Mg, and Ti
major elements and several trace elements such as V, Ni, Cu, Zn, Ba, and Sr.

4. Results and Interpretation
4.1. Organic Carbon and Sulfur Contents

The organic carbon content is termed TOC and reported as a function of weight%.
These values most commonly infer the presence of OM richness and ability of petroleum
generation during maturation [25-27]. The measured TOC of all Qusaiba shale samples is
summarized in Table 1 and is in the range of 0.87-1.46 wt%. The majority of the measure-
ments indicate TOC > 1 wt% (1.09-1.46 wt. %), while other samples have relatively low
TOC value between 0.87 wt. % and 0.92 wt. % (Table 1). In terms of TOC content, the dark
shales of the Qusaiba Formation host a high amount of organic matter.

The sulfur (S) content in the studied Qusaiba organic-rich shale samples was also
measured and found to be between 0.59 wt. % and 4.67 wt. % (Table 1). The total
S content is usually employed to investigate the depositional environments of marine
versus non-marine [28,29]. A high S content of more than 1 wt. % implies a marine
environment [29], while a low S content of less than 0.5 wt. % suggests a non-marine
environment (freshwater) [28]. Accordingly, the Qusaiba organic-rich shales were generally
deposited under marine environmental setting conditions, with an S content of more
than 0.5 wt. % (Table 1). The interpretation of the marine environmental setting for
the Qusaiba dark shales is clearly highlighted from the biomarker measurements in the
following subsections.
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Table 1. Geochemical results of the analyzed dark shales from the Silurian Qusaiba Formation in the
Tayma area, Northwestern Saudi Arabia, including TOC and TS contents, soluble bitumen and its
bulk compositions as well as distributions of normal alkane and isoprenoid.

Soluble Bitumen Extraction Data

a 2 Normal Alkanes and Isoprenoids
2 E § f Solid Bulk Compositions
5 % 8 i Bitumen Stature  Aromatic NSO Pr/Ph  Pr/C;; Ph/Cyg WI CPI
& E = (ppm) %) (%) (%)
1 0.89 2.51 500 10.00 10.00 80.00 1.07 0.66 0.47 0.95 0.95
4 0.87 2.33 1550 2.27 2.27 95.46 1.24 0.68 0.69 0.79 1.14
:‘é 5 1.40 2.65 1170 4.35 217 93.48 1.09 0.37 0.38 1.09 1.15
Z‘é 6 1.46 3.59 516 11.76 3.68 84.56 0.63 0.40 0.51 0.92 0.97
42 7 1.23 4.67 1290 12.12 18.18 69.70 0.97 0.44 0.42 1.05 1.08
= 8 1.46 2.58 1080 1.27 0.64 98.09 0.91 0.58 0.32 0.58 0.89
9 1.09 2.79 560 3.33 3.33 93.34 1.02 0.40 0.39 0.87 1.13
= 26 1.24 0.69 1203 5.20 1.73 93.07 1.19 0.68 0.30 0.63 0.99
,12 27 1.23 1.04 1670 1.70 5.08 93.22 0.50 0.29 0.69 0.78 1.49
'é 28 1.29 0.97 1064 2.37 1.57 96.06 1.12 0.50 0.21 0.49 0.94
é 29 0.92 0.59

TOC—total organic carbon, TS—total sulfur content, CPI—Carbon preference index = {2(C23 + C25 + C27 + C29)/
(C22 +2[C24 + C26 + C28] + C30)}, Waxiness degree (WI) = X (n-C21-1n-C31) /% (n-C15-n-C20).

4.2. Soluble Bitumen and Its Composition

In this study, the soluble bitumen content in the analyzed shale samples was deter-
mined (Table 1). The concentration of extracted soluble bitumen was elevated in these
samples, ranging between 500 and 1670 ppm (Table 1). Most of the Qusaiba shale samples
had relatively high soluble bitumen values of more than 1000 ppm, while three samples
had relatively the lowest values of the soluble bitumen in the range of 500 and 560 ppm
(Table 1). However, the extracted soluble bitumen was well correlated with TOCs which
further indicates the richness of the organic matter in the Qusaiba shale samples (Figure 5).
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Figure 5. Relationship between TOC content and soluble bitumen extraction of the analyzed shales
of the Qusaiba units, suggesting a fair to good organic matter accumulation.

The relative contents of saturated, aromatic, and polar (NSO) fractions of the soluble
bitumen in the analyzed samples were separated, and their comparative fragments were
calculated and are presented in Table 1. According to the bulk composition distributions,
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the polar component (NSO) (69.70 percent—98.09 percent) prevails over the saturated and
aromatic HC fractions, which range in amount from 1.27 to 12.12 percent and 0.64 to
18.18 percent, respectively (Table 1). In petroleum source rocks, the prevalence of polar
component (NSO) is influenced by the rock’s thermal maturity and indicates immature
source rock.

4.3. Lipid Biomarker Fingerprints

In the current study, the biomarker distributions of normal alkane, isoprenoid,
hopanoid, terpanes, and sterane of the aliphatic HC fraction in the extracted Qusaiba
shale samples were examined using mass fragmentograms of m/z 85, 191 and 217 ions,
respectively (Figures 6-8).
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Figure 6. GC chromatography shows n-alkane and acyclic isoprenoid (e.g., pristane and phytane)
distributions of the aliphatic hydrocarbon fraction in the analyzed shales of the Qusaiba units.
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Figure 7. m/z 191 mass fragmentograms of the aliphatic hydrocarbon fraction in the analyzed shales
of the Qusaiba units.

The mass fragmentograms of m/z 85 ions of the analyzed samples comprised mainly
a series of n-C12 to n-C31 n-alkanes and were dominated by low-molecular-weight (LMW)
homologues (1n-C12 to n-C18) (Figure 6). Medium-molecular-weight (MMW) n-alkanes
(n-C21 to n-C26) were present in subordinate abundance in the analyzed samples while
high-molecular-weight (HMW) alkanes (>n-C26) were only present in low concentration
(Figure 6). In this normal alkane’s distribution, the values of the carbon preference index
(CPI) and waxiness degree (WI) were calculated and found to be in the range of 0.89 to
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1.49 and 0.58 to 1.09, respectively (Table 1). These CPI and WI parameters can be employed
to offer information on organic matter inputs [30].
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Figure 8. m/z 217 mass fragmentograms of the aliphatic hydrocarbon fraction in the analyzed shales
of the Qusaiba units.
The m/z 85 chromatograms also show the presence of acyclic isoprenoids pristane (Pr)

and Phytane (Ph) in all extracted studied samples (Figure 6). Their relative abundance (Pr/Ph)
is widely used to infer redox conditions during sedimentation and diagenesis [31-33]. For
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most of the studied samples (n = 6 samples), the Pr predominated over the Ph (Figure 6a—c),
resulting in a relatively high Pr/Ph ratio of >1 and ranging from 1.02 to 1.24 (Table 1). Four
other samples had relatively low Pr/Ph ratios between 0.50 and 0.97 (Table 1), based on the
Ph over the Pr isoprenoids (Figure 6d-f). In addition, the isoprenoids were compared to n-
alkane concentrations (C17-C18), showing the relative abundance of #n-C17 and 1n-C18 over
Pr and Ph, with low values of Pr/n-C17 and Ph/n-C18 ratios in the range of 0.29-0.68 and
0.21-0.69, respectively (Table 1).

Other important biomarkers, such as hopanoids and terpanes, were detected in the
saturated HC fraction of all analyzed samples. They are often studied using GC-MS
by examining the m/z 191 ion (Figure 7). In the extracted samples, hopanoids were
abundant and characterized by the abundance of C30 hopanes, C29 norhopanes, and ho-
mohopanes of C31-C35 (Figure 7). The distribution of the homohopane series of extracted
samples was observed on m/z 191 fragmentograms and showed that the C31 hopane
dominates the homohopane distribution with decreasing abundance as carbon number
increases (Figure 7).

C30 hopane is the most abundant hopanoid in most of the samples, followed by
C29 norhopanes and C31 homohopane (Figure 7). Because the abundance of C30 hopanes in
the extracted samples is higher than that of C29 norhopanes, the values of C29/C30 hopane
ratio are <1 (0.46-0.74) and indicate clay-rich facies [34]. C30-hopane is also more prevalent
than gammacerane, and C31 22R-homohopanes (Figure 7), resulting in low G/C30 and
C31R/C30H ratios in the range of 0.13-0.48 and 0.25-0.33, respectively (Table 2). However,
the shale samples of the hot shale unit had higher G/C30 and C31R/C30H ratios than the
warm shale unit (Table 2). Furthermore, the m/z 191 mass fragmentograms showed substan-
tial amounts of tricyclic terpanes, ranging from C19 to C26 (Figure 7). The distribution of
tricyclic terpanes has been used to calculate several ratios such as C23 tricyclic/C24 tricyclic
(C24T/C23T), C24 tetracyclic/ C26 tricyclic (C24Te/C26T), and C26 tricyclic/C25 tricyclic
(C26T/C25T). The tricyclic terpane ratios are presented in Table 2.

Table 2. Lipid biomarker ratios of the saturated HC fraction in the analyzed dark shales from the
Silurian Qusaiba Formation in the Tayma Basin, Northwestern Saudi Arabia, illustrating source
organic matter and depositional environment conditions.

Lipid Biomarker Measurements

Terpanes (m/z 191 Ion) Steranes (m/z 217 Ion) "
2 % Hopanes Tricyclic Terpanes Regular Steranes :i
2 a 2 2 = = 2
9) o 5 = :m g g g steranes 9} J J §
= o o o N
1 0.46 0.48 0.33 0.26 2.01 0.38 2.32 0.62 1.50 45.8 23.7 30.5 1.26
4 0.57 0.16 0.30 0.39 0.77 0.81 3.61 0.99 0.97 42.6 13.6 43.8 1.10
5 0.57 0.24 0.32 0.42 1.27 0.70 3.55 1.00 0.94 41.7 14.1 442 0.98
Hot shale 6 074 020 030 039 08 094 310 1.05 0.92 425 111 464 066
unit 7 0.59 0.18 0.28 0.39 0.74 0.62 3.42 1.07 0.92 40.5 15.6 439 0.99
8 0.66 0.23 0.28 0.41 0.82 0.99 3.56 0.97 0.87 413 11.0 47.7 0.93
9 0.61 0.25 0.30 0.44 1.30 0.73 3.25 0.96 1.00 42.6 14.7 42.7 0.92
26 0.59 0.14 0.25 0.39 0.66 1.30 4.01 1.11 0.94 43.6 10.0 46.4 1.19
Warm §hale 27 0.58 0.13 0.27 0.41 0.73 0.85 3.82 1.01 0.86 414 7.1 48.3 1.22
unit 28 0.66 0.15 0.28 0.39 0.71 1.21 3.64 1.00 0.89 424 9.9 47.7 0.98

Ts—(C27 18« (H)-22, 29, 30-trisnorneohopane), C29/C30: C29 norhopane/C30 hopane, Tm—(C27 17« (H)-22,
29, 30-trisnorhopane), HC35/HC34: C35 homohopane/C34 homohopane, HCR31/HC30: C31 regular homo-
hopane/C30 hopane, G/HC30 = Gammacerane/C30 hopane.
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Steranes and diasteranes are also the most important biomarker compounds found in
the saturated HCs of the analyzed samples and are derived from the mass fragmentograms
m/z 217 ion (Figure 8). Mass fragmentograms of m/z 217 generally show high sterane
abundance compared to diasteranes (Figure 8). According to the steroid distributions,
the C27-C29 regular steranes are characterized by high levels of C27 and C29 regular
sterane compared to C28 regular steranes (Figure 9), resulting in relative percentages in the
range of 40.5%—45.8%, 30.5%—48.3%, and 7.1%-23.7%, respectively (Table 2). The standard
C27/C29 regular sterane ratio was further calculated as shown in Table 2.

M < Hot shale unit
[l Warm shale unit

Al content (wt. %)

10 15 20 25
Si content (wt. %)

Total sulfur content (TS; wt. %)

Fe content (wt. %)

Figure 9. Geochemical correlations of inorganic geochemical elements the analyzed shales of the
Qusaiba units, showing (A) Al versus Si and (B) Fe versus TS.

4.4. Major and Trace Element Distributions

The abundances of major elements and selected trace elements and their ratios in the
analyzed black shales of the Qusaiba units are given in Table 3. The abundances of the Si, Al,
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Fe, and K in the analyzed samples were higher when compared with the other major elements.
Most of the studied samples had high Si (15.08-22.57 wt %) and Al (8.71-10.48 wt %). The
Qusaiba samples were depleted in Ti, Ca, and Mg elements, respectively (Table 3).

Table 3. Major and trace elements (X-ray fluorescence analysis) of the analyzed dark shales from the
Silurian Qusaiba Formation in the Tayma Basin, Northwestern Saudi Arabia.

a Major Elements (%) Trace Elements (ppm)
£ K]
5 E' Si Al Ca Fe K Mg Ti Al/Si  AVK  Ti/Al v Ni Cu Zn Sr Ba VINi  V/V+Ni Sr/Ba  Sr/Cu
<
»n
1 17.61 10.33 3.11 10.47 3.10 0.23 0.75 0.59 3.34 0.07 135.27  60.20 194.64 175.67 233.63 38197 225 0.69 0.61 1.20
4 15.08 895 0.46 1270 3.14 0.67 0.70 0.59 2.85 0.08 216.62 6220 22469 417.63 20204 34579 3.48 0.78 0.58 0.90
§ 5 18.40 10.44 0.50 6.78 3.74 0.10 0.72 0.57 279 0.07 155.41 70.07 20246 18729 260.06 347.00 2.22 0.69 0.75 1.28
'%; 6 16.91 9.64 0.19 11.54 3.08 0.29 0.78 0.57 3.13 0.08 206.86 12097 25540 349.62 180.01 34930 171 0.63 0.52 0.70
<
; 7 16.22 9.41 0.11 14.48 2.56 0.11 0.79 0.58 3.68 0.08 188.47 93.84 40830 169.25 180.01 301.07 2.01 0.67 0.60 0.44
T 8 17.44 10.18 0.51 2.68 3.05 0.11 0.94 0.58 3.34 0.09 203.09 92.83  221.71 19126 191.85 323.00 2.19 0.69 0.59 0.87
9 18.91 9.03 0.19 6.39 2.58 0.13 0.79 0.48 3.50 0.09 27157 6042 301.14 14343 178.76 27229 449 0.82 0.66 0.59
= 26 18.47 8.71 0.11 2.37 2.84 0.33 111 0.47 3.07 0.13 258.09 12841 300.62 208.79 17198 31043 2.01 0.67 0.55 0.57
£
=
9 27 2067  9.57 0.12 2.74 3.61 0.52 1.09 0.46 2.65 0.11 22279 112.89 29076 196.82 17413 251.92 197 0.66 0.69 0.60
<
<
é) 28 18.81 9.32 0.23 2.89 3.13 0.76 0.94 0.50 298 0.10 90.74  206.25 188.55 463.24 16230 146.85 0.44 0.31 1.11 0.86
£
©
= 29 2257 1048 0.03 3.57 3.59 0.65 0.99 0.46 292 0.10 21262 7693 27382 171.82 148.73 247.89 276 0.73 0.60 0.54

The Al and Si were well correlated as can be seen from the relatively high ratios
between 0.46 and 0.49 (Table 3), and the positive relationship with R2 values of 0.95 and
0.91 (Figure 9A), suggesting that clay minerals are the main source of Si. Furthermore,
the clay minerals contain a lot of Al and Ti, and Ti may be found inside clay lattices
or in detrital minerals [35,36]. In this work, a significant amount of Ti in the range of
0.70%-1.11% was found in the analyzed Qusaiba shale samples (Table 3), indicating that
Ti is extensively coupled with clay lattices and has a low input of detrital mineral matter
during the development of the Qusaiba shale deposits.

In addition, a significant amount of Fe;O3 up to 14.48 wt % was recorded in the hot
shale unit samples (Table 3). However, iron in sediments occurs in a number of forms, such
as Fe sulfides (pyrite and marcasite), Fe carbonates (e.g., siderite and ankerite), Fe-bearing
clays, Fe sulphate (e.g., ferrous sulphate and jarosite), and organically bound Fe [37]. In
the studied shales, Fe;O3 is well correlated with total sulfur (S) as demonstrated by the
high positive relationship (r = +0.64) (Figure 9B). This finding suggests that the Fe in the
analyzed samples is mostly inorganic and probably related to the occurrence of pyrite
mineral associated with the organic matter during deposition.

Furthermore, the analyzed shale samples of the Qusaiba shale units show enrichment
for V, Ba, and Sr trace elements (Table 3). The observed enrichment of trace elements in
the studied shale samples is suggestive of a brackish water environment [38,39]. However,
several geochemical ratios such as V/Ni, V/(V+N), Sr/Ba, and Sr/Cu were calculated
based on the abundances of these trace elements and found to be in the ranges 0.44—4.49,
0.31-0.82, 0.52-1.11 and 0.44-1.28, respectively (Table 3). These ratios derived from trace
elements are widely used to assess the redox and climate conditions during the deposition
of the organic-rich Qusaiba shale units, as discussed in the next subsections.

5. Discussion
5.1. Origin and Source of Organic Matter (OM) Input

In this work, the nature of organic matter input during deposition of the analyzed
Qusaiba shale units were assessed by employing multiple biomarker proxies, including
normal alkane, isoprenoid, terpane, sterane, and their ratios and parameters. The unimodal
distribution of normal alkanes and isoprenoids in the studied samples with a high abun-
dance of the lower to medium molecular compounds (1#-C12-n-C23), and low amounts
of waxy alkanes (+7n-C23) (Figure 6), indicates that the analyzed Qusaiba shale units were
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home to mixed marine organic matter of blended plankton and algae with a small amount
of terrigenous OM input [40-42].

This mixture of organic matter was also demonstrated by the CPI and waxiness degree
values (Table 1), and revealed a dominating contribution of marine organic matter input
(Figure 10A). However, the pristane/n-C17 and phytane/n-C18 ratios (Table 2) further
indicate mixed organic matter, with algal marine-derived organic matter during deposition

of the Qusaiba shale units (Figure 10B).

3

A

Terrestrial input
25 (Oxic conditions)

15

CPI ratio

0.5

Marine input
(Anoxic conditions) <> Hot shale unit
[l Warm shale unit

3 4 5

0 1 2

Waxiness degree (WI)

10

Pr/n-Cy7 ratio

Ph/n-Cis ratio

Figure 10. Geochemical biomarker results of the analyzed shales of the Qusaiba units showing
(A) CPI versus waxiness degree and (B) pristane/n-C17 versus phytane/n-C18 (from Shanmugam,
1985), indicating that these sediments contain mixed organic matter and were deposited under

suboxic to anoxic environmental conditions.

This explanation is validated by the occurrence of the hopanes and tricyclic terpanes
(Figure 7). The tricyclic terpanes in the studied samples are categorized by a high abundance
of C23 tricyclic and relatively high C24 tricyclic and C26 tricyclic terpanes to C24 tetracyclic
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terpane (Figure 7), a with high C23tri/C24tri ratio of more than 2 and a low C24tetra/C26tri
ratio of less than 1 (Table 3), implying a high contribution of marine organic matter into the
Qusaiba shale units (Figure 11A). However, this relationship also shows that the samples of
the Qusaiba hot shale unit were deposited in higher reducing conditions than the Qusaiba
warm shale unit (Figure 11A). The C30 hopane dominates relative to the C31R homohopane
(Figure 7) A relatively high C31R/C30 ranging from 0.25 to 0.33 (Table 2) was also used to
infer a marine setting for the corresponding source rock, as values above 0.25 demonstrate
marine depositional environments [40]. The origin of marine organisms is also supported
by the relationship between C26tri/C25tri and C31R/C30 ratios (Figure 11B).
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Figure 11. Geochemical biomarker results of the analyzed shales of the Qusaiba units show-
ing (A) C23 tricyclic/C24 tricyclic (C23T/24T) versus C24 tetracyclic/C26 tricyclic (C24Te/C26Ti)
and (B) C26 tricyclic/C25 tricyclic (C26T/C25T) versus C31 regular homohopane/C30hopane
(HCR31/HC30), further indicating that these sediments contain mainly marine organic matter and
were deposited under suboxic to anoxic environmental conditions.
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In addition, the higher abundance of the C27 regular sterane than C28 and C29 reg-
ular steranes of all examined samples (Figure 8 and Table 2) supports the explanation of
primarily planktonic and algal origin, with significant amounts of organic matter result-
ing from plants based on the adapted ternary diagram of Huang and Meinschein [43] as
shown in Figure 12. This mixed organic matter is also supported by the presence moderate
C27/C28 regular sterane ratios of less than 1 (Figure 13).

C27 5a20R

Sterane O Hot shale unit
[l Warm shale unit

Phnktonic/bazt{e&

<>
Planktonic/Land plant

Diatoms & bryophytes

Land plant

C2s Sa20R C29 5020R
Sterane Sterane

Figure 12. Ternary diagram of regular steranes (C27-C29) in the aliphatic hydrocarbon fraction in
the analyzed shale samples, indicating the relationship between sterane compositions, concerning
organic matter input (modified after [43]).
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Figure 13. Geochemical biomarker result of the analyzed shales of the Qusaiba units shows
pristane/phytane/n-C18 versus C27/C29 regular sterane ratio, further indicating that these
sediments contain a mixture of organic matter and were deposited under suboxic to anoxic
environmental conditions.
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5.2. Paleoenvironmental Setting during Organic Matter (OM) Accumulation

In the current work, the paleoenvironmental setting, including paleoredox, salinity,
and climatic conditions during the early Silurian time and their influence on the organic
matter accumulation in the Qusaiba shale units are discussed.

The present work reveals that the shale samples of the Qusaiba shale units are char-
acterized by a moderate to high amount of OM, with TOC content between 0.87 and
1.46 wt. %, and this could be attributed to the paleoredox environmental conditions, which
commonly control the OM richness and its preservation during deposition [44,45].

The paleoredox conditions during sedimentation of the Qusaiba shale units are demon-
strated by the biomarker distributions and further supported by the inorganic element
results as presented in the previous subsections.

Acyclic isoprenoids and their Pr/Ph ratio are widely used to deduce the paleoredox
conditions during sedimentation and diagenesis [31,33,46]. A Pr/Ph ratio of <1 suggests
an anoxic environment associated with a stratified water column; on the other hand, a
Pr/Ph of >2 is associated with contributions from terrestrial OM during oxic environmental
conditions according to [31,33]. In this case, most of the Qusaiba shales accumulated during
low-oxygen conditions as implied by the relatively low Pr/Ph ratio in the range of 0.50 to
1.24 (as shown in Table 3). The samples with a Pr/Ph ratio of more than 1 (1.02-1.24)
indicate that these samples were deposited under dysoxic depositional settings, while
the narrow Pr/Ph ratios between 0.50 and 0.97 for other samples are indicative of more
reducing (anoxic) environmental conditions during deposition. This interpretation of these
paleoredox (dysoxic to anoxic) conditions is confirmed by the values of the Ph/n-C18 and
Pr/n-C17 ratios of all examined shale samples (Figure 10B).

Palaeo-redox conditions during sedimentation can also be assessed from the inorganic
elements (i.e., S, V and Ni) as shown in Tables 1 and 3. Total sulfur content (TS) associated
with OM in sediments is considered more as a measure of the degree of marine environment
and reducing conditions than the organic or pyritic sulfur in sediments [47,48]. A high S
content of more than 2 wt. % implies high organic sulfur content derived from a source
deposited in highly reducing marine conditions [29,47,48]. In this regard, the Qusaiba
hot shale samples were deposited under more reducing environmental conditions with
TS values of up to 4.67 wt. % (Table 1). This finding is confirmed by the combination
between the TOC and total sulfur (S) contents (Figure 14). This relationship of the TOC
and total sulfur (S) contents also shows that the Qusaiba warm shales were deposited in a
normal marine environment, with relatively low (S) content, while the Qusaiba hot shale
sediments were deposited in highly reducing marine environmental conditions (Figure 14).
However, the relationship between Fe and TS shows that there is a positive correlation as
demonstrated by the high (r = +0.64) as shown in Figure 9B. This finding suggests that the
Fe in the analyzed samples is mainly sulfurized and mainly occurs in sulfide (pyrite) at
periods of low oxygen concentrations in the pore water.

In addition, the concentrations of Fe and TS together with TOC content were plotted
on Fe203-TOC-S ternary diagram and show the analyzed shale samples plotted on the
zones of anoxic to dysoxic conditions (Figure 15). Most of the Qusaiba warm shale samples
are plotted on the dysoxic zone, while the Qusaiba hot shale samples are found in the
dysoxic to anoxic zones, indicating that the Qusaiba hot shale samples were deposited in
more reducing environmental conditions.

The palaeo-redox (dysoxic-anoxic) conditions during sedimentation further demon-
strated from the vanadium (V) and nickel (Ni) trace elements and their V/Ni and V/V+Ni
ratios (Table 3). In anoxic marine environments, V is typically enriched in comparison to
Ni [38,39,49]. Accordingly, the shales of the Qusaiba Formation were deposited in a marine
environmental setting under dysoxic to anoxic conditions, as supported by the relationship
between the concentrations of V and Ni (Figure 16A).
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Figure 14. Relationship between TOC and TS content for the analyzed shales of the Qusaiba units,
showing normal to anoxic marine environmental conditions.
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Figure 15. Ternary Fe,O3-TOC-S diagram of the analyzed shales of the Qusaiba units, showing
dysoxic to anoxic environmental conditions during deposition of the Qusaiba shale units.
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Figure 16. Geochemical correlations of the analyzed organic-rich shale samples of the Qusaiba units,
showing (A) V and Ni trace elements and (B) total sulfur (TS) and V/(V+Ni) ratio.

The paleoredox conditions during sedimentation were also assessed using V/Ni
ratios [39]. V/Ni ratio of <2 indicates an anoxic environmental condition, while V/Ni
ratio of >1 indicates deposition under oxic conditions. In this case, the Qusaiba shale
sediments were deposited during anoxic to oxic depositional conditions. The anoxic
depositional conditions of most of the samples mainly had a high V/Ni ratio of more than 2
(Table 3), while the other three samples were deposited under relatively oxic (dysoxic-oxic)
conditions, with the lowest V/Ni ratio between 0.44 and 1.97 (Table 3). This interpretation
of the anoxic to oxic depositional conditions is confirmed from the relationship between
total sulfur (TS) content and values of the V/V+Ni ratio (Figure 16B).
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The paleoclimate conditions during deposition of the shale of the Qusaiba Formation
were also reconstructed based on both strontium (Sr) and copper (Cu) trace elements,
which are important elemental indicators for paleoclimate conditions [29,35,50,51], and
their concentrations were influenced by the water depth [52]. In general, a high Sr/Cu ratio
of more than 5.0 is an indicator of a hot arid climate, and a low Sr/Cu ratio of less than
5.0 suggests a warm humid climate [50]. In our case, the Qusaiba shales in both units have
lower Sr compared to Cu, with a Sr/Cu ratio in the range 0.44-1.28 (Table 3). This indicates
that the Qusaiba shale units were deposited under warm humid climatic conditions during
the early Silurian. The warm humid climatic conditions are also consistent with the
enriched Al,O3; compared to K,O (Table 3), with a relatively high ratio of Al/K (Table 3).
The aluminum (Al,O3) is generally enriched in kaolinite and is known to be associated
with a warm humid climate [53,54].

However, the dominant warm humid climatic conditions are accompanied by a pro-
portional decrease in surface water stratification as indicated by the relatively low gam-
macerane index of less than 0.5 (Table 2). The low gammacerane concentrations with low
gammacerane index (Table 2) also provide evidence for low salinity stratification during
deposition of the Qusaiba shale sediments as high gammacerane biomarker, and its index
values are often associated with high salinity stratification (hypersalinity) conditions of the
water columns during deposition [55]. Strontium (Sr) and Barium (Ba) are two elements
regarded as empirical indicators of paleo-salinity [36,56-58]. A high Sr/Ba ratio reflects
high salinity, and a low Sr/Ba ratio indicates low salinity [36]. The Qusaiba shale samples
have a low Sr/Ba ratio (avg. 0.66), indicating low saline water during deposition of these
sediments. The Sr/Ba ratio versus gammacerane index ratio diagram also reflects low
salinity stratification during deposition of the Qusaiba shale sediments (Figure 17).

1
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Figure 17. Geochemical correlation between gammacerane /C30 hopane (G/HC3j) biomarker and
Sr/Ba ratios result of the analyzed shales of the Qusaiba units shows low salinity during deposition
of the Qusaiba shale units.

6. Conclusions

In this study, organic and inorganic geochemical methods were performed on the
Silurian Qusaiba shales from the outcrop section in the Tayma area in the northwest of
Saudi Arabia and used to determine the source and origin of organic matter and the
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main sedimentary paleoenvironmental conditions, including redox, salinity and climate
conditions during organic matter accumulation. The results may lead to the following
essential conclusions:

o  The examined Qusaiba shale samples had TOC and S values in the range of 0.87-
1.76 wt. % and 0.59-4.64 wt. %, respectively, indicating dysoxic to anoxic conditions
for marine environmental setting.

e According to the examination of biomarkers in aliphatic HCs, the organic matter
in Qusaiba shales is mostly supplied by marine algae and other aquatic organic
matter, with some terrigenous land plants, and was deposited under dysoxic to anoxic
environmental conditions.

e Inorganic geochemical major and trace elements further indicate that the Qusaiba
shales were deposited in dysoxic to anoxic marine environment and accumulated in
warm humid climate and low salinity stratification conditions of the water columns.

e Low oxygen concentrations in the dysoxic to anoxic environmental conditions con-
tribute to the preservation of organic matter in the Qusaiba shales and result in the
accumulation of organic matter during deposition.
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Nomenclature

Peak assignments for hydrocarbons in the gas chromatograms of saturated fractions in the m/z
191 (I) and 217 (II) mass fragmentograms (use for reference to explain Figure 10).
(I) Peak No.  Compound Abbreviation

Ts 18«(H),22,29,30-trisnorneohopane  Ts

Tm 17«(H),22,29,30-trisnorhopane Tm

29 17,21 (H)-nor-hopane Cp9 hop
30 17,213 (H)-hopane Hopane
30M 17 3,21 (H)-Moretane CzoMor
31S 17,213 (H)-homohopane (22S) C31(225)
31R 17«,213(H)-homohopane (22R) C31(22R)
32S 17,213 (H)-homohopane (22S) C3,(225)
32R 17,21 (H)-homohopane (22R) C32(22R)
33S 17,213 (H)-homohopane (22S) C33(225)
33R 17,213 (H)-homohopane (22R) C33(22R)
34S 17«,213(H)-homohopane (225) C34(22S)
34R 17,213 (H)-homohopane (22R) C34(22R)
35S 17,21 (H)-homohopane (22S) C35(22S)
35R 17,21 (H)-homohopane (22R) C35(22R)



Minerals 2023, 13, 468 22 of 24

(IT) Peak No.

a 133,17 x(H)-diasteranes 20S Diasteranes
b 133,17 x(H)-diasteranes 20R Diasteranes
C 13,173 (H)-diasteranes 20S Diasteranes
d 13,173 (H)-diasteranes 20R Diasteranes
e 5c,14x(H), 17x(H)-steranes 20S  aoxx20S

f 50,143 (H), 173 (H)-steranes 20R  «f320R

g 50,143 (H), 173 (H)-steranes 20S  «f3320S

h 5a,14(H), 17(H)-steranes 20R  acoxx20R
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