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Exploration and development of shale oil and gas resources depend
on understanding the mechanisms that influence the buildup of organic-
rich shale. In shallow marine facies, the development of organic-rich
sediments is largely dependent on the sedimentary environment. The
black shale is the main lithology forming the reservoir in the Zubair
Formation. The discovery of silica origin, and the differentiation
between euxinic sulphuretted and anoxic ferruginous conditions,
continue to require further study. First, the geochemical features of
Zubair oil shales are examined using geochemical data collected from
two wells, R167 and Ru4, in the northern and southern Rumaila
oilfields in Basrah, Southern Irag. Next, the provenance, depositional
basin, and evolution of the paleoenvironment are addressed. Lastly, the
primary controlling factor of organic matter enrichment is identified.
The findings demonstrate that Zubair shales are able to be separated
into two units: organic-rich and organic-low shales, with average total
organic carbon (TOC) contents of 13.5, 9.04, and 2.39% for R167 and
Ru4, respectively. High concentrations of SiO2, V, Ni, Zn, Sr, Zr, Ba,
and the distribution of various rare earth elements also distinguish the
organic-rich shales. Compared to the organic-low shales, the organic-
rich shales have a significantly higher proportion of biological quartz
and a lower terrigenous input. In the organic-rich shales, the
paleoclimate is warm, humid, and of low salinity, while the organic-
low shales are cold, dry, and of high salinity. The organic- low shales
exhibit an elevated stagnant level with suboxic to oxic conditions and
lower paleoproductivity. In contrast, the organic-rich shales exhibit a
comparatively lower stagnant level with euxinic to anoxic conditions.
Oil shales accumulate in a semi-stagnant basin. The three-stage
environmental evolution model demonstrates that paleo-productivity,
redox conditions, and sea level fluctuation have a strong causal
connection.
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Introduction

Due to its excellent reservoir qualities, the Lower Cretaceous Zubair oil shales are
considered a significant reservoir in the southern regions of Irag and in some neighboring
countries. Given that the shale intervals comprise certain REE and pyrite, this demonstrates a
reductive and acidic depositional environment. This is important to point out that the shale
sections indicate the source rock characteristics in the formation, where organic-rich shale
(ORS) is primarily developed (Idan et al., 2014). The primary focus layer for shale oil
discovery, according to investigation execution, is the ORS of oil shales, which originated in a
deep shelf alongside a high total organic carbon (TOC) value as well as a substantial shale
thickness. Primarily, the paleoenvironment is studied using the main, trace, and rare earth
elements of inorganic geochemistry methods. Some immobile elements, like Sc, Th, Hf, Zr,
and La, can be transferred from the region of provenance, where they still retain the traces of
the source region (Chen et al., 2019). Due to their differentiation in different conditions, certain
redox-sensitive elements found in sedimentary rocks, such as Cr, Co, Th, U, Ni, Mo, and V, are
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frequently used to denote redox features (Yan et al., 2018; Doner et al., 2018). Additionally,
nutrient elements like Ni, Zn, Cu, and Ba ingested by marine organisms and then maintained in
sediments along with the biogenic components of the elements as typical replacements for
expressing the paleo-productivity (Shen et al., 2014). According to earlier studies, the Zubair
shales in Rumaila (North and South) oilfields were deposited in anoxic conditions with
significant primary productivity during a semi-restricted deep basin setting (Alsultan et al.,
2021). The primary silica sources in oil shale are terrigenous siliciclastic input as well as
biogenic silica (Zhang et al., 2021). They both show a rising reverse trend that is thought to be
connected to sea level changes, and the subtropical paleoclimate transitioned from a warm,
humid climate to a few periods of dry, cold climate with little precipitation. In the
Mesopotamian basin, the Zubair shale was deposited in an environment with insufficient
hydrodynamics, deep water, and poor oxygen levels (Al-Azzawi, 2012), which relates to the
mechanism of enrichment with organic matter. Oxygen deficiency gave way to high
productivity as the primary variable governing the organic matter formation of Zubair oil shales
in the Rumaila oilfields. Paleo-productivity and paleo-redox conditions have both an impact on
the Zubair shales' organic matter enrichment. In contrast, paleo-redox conditions are primarily
responsible for organic matter accumulation during sea level modifications. The current work
aims to interpret the paleo-environment, depositional site, and provenance by analyzing the
TOC, major-, trace-, and REE concentrations of the oil shales along with their comprehensive
geochemical properties. Additionally, the primary regulating element of organic matter
enrichment is identified. The study, as a whole, offers a theoretical foundation for additional
oil shale exploration and the growth of the Zubair oil shales.

Geological setting

Rumaila oilfield is situated 50 km west of Basra Governorate. The field is located between
47°00'- 47°30'E longitudes and 30°00'-30°45'N latitudes (Fig. 1A). The Rumaila is the largest
oilfield in Iraq and the sixth in the world, with estimated oil reserves of 17 billion barrels. It
was discovered in 1953 and put into production in 1972 (Al-Ameri et al., 2010). The siliciclastic
sediments of the Zubair Formation were sourced from the eroded Arabian Shield, which was
uplifted during the Jurassic (Late Kimmerian) movement. Deltas across the foreland of the
Lower Cretaceous geosyncline carried these clasts to the sea. The Zubair Formation was
deposited during the growth of the Alpine geosyncline basin and the continent's gradual uplift
(Buday, 1980).

The Zubair Formation is made up of siliciclastic facies deposited in backshore, delta plain,
and delta front environments. The succession of the Zubair Formation is subdivided into
transgressive, high-stand, and low-stand systems tracts (Davies et al., 2002) (Fig. 1B). In
southern Iraq, the lower and upper boundaries of the Zubair Formation are conformable (Buday,
1980). Lithologically, the Zubair Formation is subdivided into the following members: 1-Upper
shale member; 2-Upper sandstone member; 3-Middle shale member; 4 Lower sandstone
members; and 5 Lower shale members.

The stratigraphic sequence of the Zubair Formation was deposited during transgressive-
and highstand systems tracts (TST and HST) (Davies et al., 2002), with the possible effect of
lowstand systems tract (LST) in the upper sand member only. Maximum flooding surfaces
occur in shale members (Fig. 1B). The upper Zubair Formation portion exposed a shallower
area of shale-dominated rocks with high levels of pyrite and organic matter.



Rana A. Ali  and Thamer A. Mahdi
A Zubair Formation, Iraq
B; 3 SEQUENCE
£ E LITHOLOGY STRATIGRAPHY
2|2 Resistivity (This study)
3 Z1A
26 TST
é K70 MRS
s
=
2 HST
]
2
]
5 - K60 MFS —|
g
344 =)
- === TST
e —=
( k| .“}.("m;f‘" z 22 ::__:‘
\ bl A T g
\ s ohdTd S\~
E \ - x .l Baghdid N =
o \. /= utbub .5 g
arbala | —]
g ﬁ_ g Rutbah Uplift . — K £ |
S 22 Mixjom Al o $ -
32 S\ P : y g |
SN Ekhaidr-2< D S |~ =4
\\ haidr Najal ) Diwnniya E t_:,* LsT2
N Widyan Basin @ 3 rg
‘\,\\ Interior Platform Samayva® § n—
N, Ghlan = ] K60 MRS
. | ===
"X zal | — 20 |f-=--=1
30 Geological Provinee & 2T ...
0il and Gas Fields Map ° =
2% HST
a8 =
2
e 20K ARABIA SAUDI N 3=
= - K50 MFS —|
25
7 8 TST
2
Mesopotamian Majnoon . N g,
Basin 0}_25Km| 28 K50 MRS?
3N 35
H
West Qur N,.Ml mr Legend §5
Iran & Oil Field 3
Subl N Z/6A HST
‘“ = Nor Rumdll!n;‘l oty ’ Gas Field =
— Ratawid Hertiary Outcrop HA =
Zubair us Outcrop) ] ‘% S
Luhais 'ﬁm \ Dlum sic nuu rop g == K40 MFS —|
4 h‘ 4. Thrust Fault 2 s ==
P o |e¥ (
e South Rumaila s :?t‘i“ 5 55 === TST
" 3 o |
30 Jerishan Kuwait <Aribian * well & g; o
Gulf 2]

Fig. 1. (A) Location map of Iraq's oil fields, including north and south Rumaila oilfields (adapted from Al-
Ameri et al., 2010). (B) Sequence stratigraphy, lithology, and member distribution of the Zubair
Formation in southern Iraq (Davies et al., 2002).

Materials and Methods
Samples and Analytical Methods

The typical wells with high oil contents in the study area are R167 and Ru4 of Rumaila
north and Rumaila south oilfields, respectively. The study's target samples are located within
the main shale members. For all the R167 cores, the ORS samples have a main lithology of
black or grey-black shale, and for the majority of samples of well Ru4. The main lithology of
the organic-low shale (OLS) cores of well Ru4 is dark-grey sandstone interbedded with shale.
From the shale members of the Zubair Formation, a total of 12 core samples were obtained
from wells R167 and Ru4. The TOC is evaluated using a CHNS (Perkin-Elemer) tester. XRF
is used to examine major elements. The concentrations of trace elements and REE are measured
using an atomic absorption spectrometer (SHIMADZU PG-990).

Data presentation

The enrichment factor (EF), which is calculated using the formula (1), is applied to assess
the degree of element enrichment in Zubair oil shales (McLennan, 2001).

EF = (|/ Al)sample/ (|/ AI)PAAS (1)
where: i is the element i concentration, which is normalized using the Post-Archean Australian
Shale (PAAS).
According to the PAAS standard, EF < 1, 1 < EF < 3, and EF > 3 are generally regarded
as depletion, medium enrichment, and evident enrichment, respectively.
Both terrestrial and biological components make up the element concentration in
sediments. Due to their chemical stability and low solubility in water, the elements Al and Ti
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are used as markers of the terrestrial input in oil shale. The following formula is used to subtract
the element's biogenic portion (Wang et al., 2019a):

Exs = Esampte - Alsampte X (E/ Al) paas 2
where: Exs stands for the element E's biogenic component; and Esampie and Alsample, respectively,

are the contents of elements E and Al measured in the sample. The PAAS's element E to
Al ratio is (E/Al) paas.

A common index that reflects redox conditions and historical changes in sea level is the

cerium anomaly (8Ce). The formula below is used to calculate the value of 8§Ce (He et al.,
2019):

§Ce = Cen/ (Lan x Pry)*? (3)

where: N reflects PAAS normalized in the formulas mentioned above.

Positive 8Ce values above (one) denote suboxic conditions, while negative 8§Ce values
(below 0.95) denote euxinic conditions. Paleo-productivity in oil shale is expressed by the
proxies of TOC, Ni/Al, and Cuxs + Nixs + Znys. The rate of deposition of oil shale can be
measured with the proxy of Lan/Ybn (n symbolizes chondrite normalization). A lower Lan/Ybn
value denotes a relatively high sedimentation rate.

Results
TOC Concentration

According to the analysis results (Table 1, Table 2, and Fig. 2), the TOC values of the
wells R167 and Ru4 range from 8.8 to 16.8% (average 13.5%); and 0.72 to 25.5% (average
6.23%), respectively. The ORS displays high TOC values for wells R167 and Ru4 that range
from 4.24 to 25.5% (average 8.96%), while the TOC average for OLS is 0.75%. The TOC

values for the OLS (samples Ru4-3, Ru4-6, Ru4-7, and Ru4-11) exhibit noticeably lower
values, ranging from 0.72 to 0.78%.
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Fig. 2. Lithology and TOC values distributed vertically in the wells R167 and Ru4. The sample numbers
are based on depth.
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Major Oxides

The results of the major oxide analyses of the shales from wells R167 and Ru4 are shown
in Tables 1 and 2, respectively. SiO. (detrital quartz and/or biogenic silica), Al.O3 (clay
fraction), and CaO (carbonate material) are the three endmember oxides that can be combined
to form marine shales (Xu et al., 2022). The most prevalent oxides in the ORS of R167 and
Ru4, OLS of Ru4 samples are SiO; (average 60.83 and 62.57, 49.26%, respectively), afterwards
Al;O3 (average 15.88 and 13.12, 21.95% respectively), and T???Fe,O3 (average 5.34 and 4.68,
6.61% respectively) (Tables 1 and 2). The ORS have a higher SiO2 content than the OLS and a
lower Al,O3 and Fe>O3 content.

The highest SiO content and lowest Al.O3 content are found in the ORS. Al.O3 content
increased significantly while SiO. content sharply declined in the OLS (Fig. 3). According to
the statistics, Si, Al, Na, P, and Ti were moderately enriched (1 < EF < 3) for R167- ORS, while
Si, Al, Ca, Mg, P, Ti, and Mn were moderately enriched for Ru4- ORS and only Al and Ti were
moderately enriched for Ru4- OLS. Fe, Ca, Mg, K, and Mn were slightly depleted (EF < 1) in
R167-ORS. Fe, Na, and K were slightly depleted in Ru4-ORS, while most elements are slightly
depleted in Ru4-OLS except Al and Ti compared to the ORS (Fig. 4a).

Table 1: TOC and major components of oil shales in well R167, where EF represented by *= depletion,
**= medium enrichment, ***= enrichment.

* * +
> = = b i S X ox * i E X < o) g &
Y3 F e § ¢ ¢ & 8¢ o2 4o g §o§ off
(%) < = b4 o = o =z <
Upper Shale Member (USM)
R167-1 3373 88 5677 1714 656 037 255 098 209 022 111 005 1166 60 072 0.6
R167-2 3381 125 5975 1833 348 024 108 116 276 014 050 0.04 1124 696 0.84 0.79
R167-3 3389 117 6084 1562 573 103 147 131 212 012 100 004 1012 573 073 067
Middle Shale Member (MSM)
R167-4 3531 128 5572 1594 495 032 188 120 222 023 076 0.09 1445 651 076  0.70
R1675 ., 3544 129 6265 1751 642 014 045 106 218 015 099 002 811 648 073 067
R167-6 & 3563 137 5562 1472 564 255 271 095 259 024 092 007 1314 613 072 065
R167-7 3577 155 6188 1355 537 177 219 110 147 013 104 003 1120 516 071 065
R167-8 3500 145 6284 1623 434 071 142 100 215 027 085 003 912 510 079 073
Lower Shale Member (LSM)
R167-9 3667 127 6374 1375 454 014 138 112 041 011 059 001 1310 769 075 0.69
R167-10 3683 168 6452 1564 582 012 172 109 274 004 109 001 572 533 072 067
R167-11 3703 154 6204 1745 654 105 252 027 183 016 112 003 625 583 072 066
R167-12 3721 147 6359 1477 474 032 240 105 244 023 089 004 889 532 075 071
Table 2: TOC and major components of oil shales in well Ru4, where EF represented by *= depletion, **=
medium enrichment, ***= enrichment.
Qo =
> = s = = S & © & = = = =z s o & =
Core g E S S S < S g g S g g g e - :3;’ E
v £ 02008 ¢ ¢ % § & % 3% ¢ ¢ 2 2 & I =
3 2 »— @ < i O = Z ¥ o [ S 5 & B; <
2 <
Upper Shale Member (USM)
Ru4-1 ) 3145 57  67.23* 13.29~ 525~ 102+ 175~ 054~ 195« 014~ 099+ 017~ 722 530 071  0.64
Ru4-2 o 3175 118  6572x  12.22» 317~ 03~ 255~ 1.07+ 274 011~ 058~ 015~ 1012 546 079  0.72
Ru4-3 O v 3194 072 5543« 1482~ 639+ 046+ 245+ 034 225+ 021 125~ 012~ 1611 511 069  0.62
Ru4-4 ) 3203 45 6656+ 12.27+ 504~ 011~ 256~ 0.01r 141~ 010~ 095~ 008+ 987 530 070 0.64
Ru4-5 o 3218 6.7 64.33~ 12.38~ 3.27x 077+ 151~ 047~ 254 002~ 062~ 014~ 1234 527 079 0.72
Middle Shale Member (MSM)
Ru4-6 9 3280 077  49.72« 2346+ 7,58~ 034~ 167~ 070~ 280+ 012+ 142~ 001+ 1126 533 075 0.70
Ru4-7 o 3297 078 4566+ 2521x 7.2~ 350~ 213~ 049~ 173~ 014~ 125~ 005~ 1212 569 078 072
Ru4-8 O« 3309 255 6834~ 12,63~ 325+ 395+ 317~ 073+ 152+ 004~ 057~ 018~ 622 570 079 0.72
Lower Shale Member (LSM)
Ru4-9 ) 3388 424 57.62~ 13.92+ 533~ 129~ 224~ 117~ 205~ 013~ 072~ 007~ 1456 740 072 0.5
Ru4-10 o 3408 57 5474~ 13.65~ 552+ 192+ 198~ 1.05~ 354« 022~ 102+ 011~ 1577 541 071 0.4
Ru4-11 O Jd v 3417 075 4626« 2432+ 535~ 04~ 105~ 051~ 185~ 015~ 109~ 006+~ 2022 50 082 077
Ru4-12 O@ v 3447 76  56.06~ 14.66* 6.66* 348~ 241~ 039~ 205~ 023~ 100~ 012~ 1252 666 0.68 061
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Trace Elements

Tables (3 and 4) display the findings of the trace element analysis. In ORS (R167 and
Ru4), the EF values indicate that Zr and U are significantly enriched (EF > 3), Ni, Zn, and Hf
are moderately enriched (1 < EF <3), and V, Sc, Cr, Co, Cu, Rb, Sr, Ba, and Th are relatively
depleted (EF < 1). According to EF values of OLS, Zr, Hf, and U are slightly enriched, while
V, Sc, Cr, Co, Ni, Cu, Zn, Rb, Sr, Ba, and Th are relatively depleted. In comparison, the OLS
contains less trace element content than the ORS (Fig. 4b).

Tables 5 and 6 show the findings of the REE analysis. The total REE contents (3 REE)
for R167 and Ru4- ORS range from 153.55 to 205.7 ppm (average 181.26 ppm), and 150.2 to
201.33 ppm (average 178.54 ppm) respectively. Due to the various lithologies, the > REE
abundances of Ru4-OLS vary greatly, with average > REE abundances ranging from 164.94 to
192.57 ppm (mean 174.41 ppm). The ratios of ) LREE/Y HREE and Lan/Ybn can be used to
determine the degree of differentiation of the REES; more enriched light REE (LREE) contents
are found when the values of these two parameters are higher (Fonseca et al., 2021). R167 and
Ru4- ORS, and Ru4- OLS have Y LREE/Y HREE ratios ranging from 7.09 to 10.99 (average
8.77), 6.27 to 11.83 (average 8.25), and 8.45 to 9.73 (average 9.00), respectively. The ratios of
Lan/Ybn of R167 and Ru4- ORS, and Ru4- OLS range from 0.42 to 1.22 (average 0.92), 0.48
to 1.74 (average 0.93), and 0.94 to 1.2 (average 1.05), respectively. Both Y LREE/Y HREE and
Lan/Ybn ratios show that the OLS have much higher LREE contents. Different REE
distribution curves can be seen in the ORS and OLS 's PAAS-normalized curves (Fig. 5).
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Fig. 4. (a) Major element EF values in relation to PAAS. (b) Trace element EF values in relation to PAAS.
The elemental enrichment or depletion is indicated by EF=1 line.
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Table 3: Trace element content of the oil shales in the well R167, where EF represented by *= depletion,

**= medium enrichment, ***=enrichment

Core No R167- RI167- R167- RI167- R167- RI167- R167- R167- R167- R167- R167-  RI67-
: 1 2 3 4 5 6 7 8 9 10 11 12
Depth (m) 3373 3381 3389 3531 3544 3563 3577 3500 3667 3683 3703 3721
TOC (%) 8.8 125 11.7 12.8 12.9 13.7 155 145 12.7 16.8 15.4 147
V(ppm)** 1450 2240 1971  67.3 1702 2330 956 1755  194.0 180 79.6 234.8
Sc(ppm)* 1070  9.10 16.0 125 15.0 10.8 16.0 160  11.10 14.0 14.4 15.0
Cr(ppm)* 300 350 3389 112 31.0 35.9 20.0 274 315 345 17.3 50.8
Co(ppm)* 123 108 1157 1943 1241 100 2022 753 10.0 11.56 15.0 7.44
Ni (ppm) ** _ 117.25 889 __ 9503 _ 10055 _ 90.7 709 1217 900 775 11453 1082 55.09
Cu(ppm)* 1515 166 275 23.3 204 25.7 16.8 182 1733 2032 2054 19.7
Zn(ppm)** 1020 _ 772 1372 667 1050 _ 897 575 949 1257 1576 109.4 _ 118.3
Ga (ppm) 21.7 9.3 174 223 19.7 164 2111 167 1517 1115 1324 1425
Rb (ppm)* 507 472 425 60.7 248 655 19.9 174 15.7 11.2 14.8 233
Sr(ppm)* 1104 1452 1218 1500  137.3 1585  139.2 1234 _ 133.0 97.7 163.0 92.0
Zr(pm)** 7355 8100 3240 4475 12202 3800  309.3  430.0 6400 13500 11100  970.0
Ba(ppm) ** 1070 987 923 1330 1182 1715 1235 1174 956 115.2 127.7 83.8
Hf (opm) ** 538 7.82 6.85 511 757 5.05 7.32 757 2.59 5.94 551 6.97
Th (ppm)* 7.2 8.0 9.1 53 8.2 35 34 6.0 5.0 43 4.4 3.7
Upm)** 152 1429 1507 1349 _ 12.35 9.7 1414 1555 1727 1924 1405 1227
viCr 483 6.4 581 6.00 549 6.49 4.78 6.4 6.15 521 46 462
Ni/ Co 9.53 8.23 8.21 5.17 7.49 7.09 601 1195  7.75 9.90 7.21 7.40
U/ Th 211 1.78 1.65 2.48 15 2.77 4.15 2.61 345 4.47 3.19 3.31
Ni/ Al 2588 18.33 230  23.82 1059 1822 340 2097 2129 2766 2342 _ 14.09
St/ Cu 7.28 874 442 6.43 6.73 6.16 8.28 6.78 7.67 48 7.93 3.65
Sr/Ba 1.03 1.47 1.32 1.12 1.16 0.92 112 1.05 1.39 0.84 1.27 1.09
Thi Sc 0.67 0.87 0.56 0.42 0.54 0.32 0.21 0.37 0.45 0.30 0.30 0.24
Z1/ Sc 68.73  89.01 2025 _ 358 8134 3548 1033 2687 _ 57.65 _ 9642 7708 64.66
Rb/ St 0.46 0.32 0.34 04 0.18 0.41 0.14 0.14 0.11 0.11 0.09 0.25

Table 4: Trace element content of the oil shales in the well Ru4, where EF represented by *= depletion,
**= medium enrichment, ***=enrichment; black color ORS and underlined red color OLS

Core No. Ru4-1 Ru4-2 Ru43 Ru4-4 Ru45 Ru4s6 Rus7 Ru4-8 Rus9 Rlu(f" % R1“24'
Depth (m.) 3145 3175 3194 3203 3218 3280 3297 3309 3388 3408 3417 3447
TOC (%) 57 118 072 45 6.7 077 078 255  4.24 57 0.75 76
V (ppm) 1330 922% 357 725 1276~ 555 63.33* 1340 774* 97.07* 1410 6572*
Sc (ppm) 30 1010~ 10.8*  40*  120* 140  80*  20* 145~ 98 129  125*
Cr (ppm) 2021 312* 135 2328 1054 255%  357* 2221* 100*  344*  796* 115
Co (ppm) 738% 1145* 145 945  629%  821* 797 747 11.13* 130  85*  8.09*
Ni (ppm) 6L.0** 8355+ 76.54* 67.74~ 6565~ 48.81* 40.92* 47.7~ 7LO= 5025~ 40.42* 57.24*
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Cu(pm) 641 821 1192 734 3lo* 148 203 033~ 1986* 2339~ 1821 266
Zn(ppm) 1385~ 1577+  445% 1474~ 9405~ 870  422% 8215+ 366~ 1095~  30.7%  10L2
Ga(ppm) 1267 1115 1346 1565 1289 1258 149 165 1424 _ 132 825 1107
Rb(ppm)  249% 40 122% 331 _ 52%  2L7* _ 92% _ 10% 114  136* _ 77% _ 102*
Sr(ppm)  47.4%  566* 1372 1488* 608  1503% 1703* 388* 109.9% 1186 1635% 112.7*
Zrpom) 3332 3453 2107+ 5375w 4220w 3123 1105 10272 2330+ 3878% ggo. 3900
Ba(ppm) 355  497* 300~  1063* 1190 398 404* 633* 127.7* 1432 1703* 1228
Hf(ppm) 615+ 607~ 453~ 595+ 747w~ 417+ 358~ 153~ 579+ 630~ 536w 437~
Th (ppm) 73~ 63* 78 47 58 _ 87* _ 83* _ 49% _ 46% 450  62*  44*
U (ppm) 178 16257 gegu  1426%  gupen 79e 710w 15450 B4l ge 5ope 795
Vi Cr 598 295 264 311 653 247 177 603 774 282 177 571
Ni/ Co 826 729 527 716 1043 594 513 638 637 _ 386 475 707
U/ Th 243 258 110 303 162 090 _ 082 315 182 _ 168 084 __ 180
Ni/ Al 1737 2586 1952 2090 2007 _ 7.86 613 1428 199 1392 628 1475
St/ Cu 739 689 1151 688 194 1015 839 415 553 507 897 423
St/ Ba 133 113 457 139 051 377 421 061 086 _ 082 096 _ 001
Thi Sc 243 062 072 117 048 062 103 245 031 046 048 035
/'S 111.06 3418 2506 13437 3516 _ 2659 2131 5136 1606 3957 _ 2895 312
Rb/ St 005 007 014 002 _ 008 014 _ 005 002 01 011 004 __ 009
Table 5: QOil shale REE contents in well R167.
CoreNo.  RI167-1 RI167-2 RI167-3 RI167-4 RI67-5 RI167-6 RI167-7 R167-8 RI67-9 Rigr Rﬁ% Rig%
La(ppm) 4225 5200 4351 5055 4090 3044 3970 4242 4172 3218 4399 1855
Ce(ppm) 7193 67.76 8972 7284 8628 7113 8058 8592 5455 6222 _ 89.28  68.46
Pr (ppm) 800 873 122 820 940 _ 1247 904 470 633 717 __ 860 1498
Nd(ppm) 3023 3122 3206 2930 _ 3046 _ 30.15 _ 29.98 3440 3424 _ 2870 _ 2715 _ 28.80
Sm (ppm) 707 595 544 722 517 651 825 727 645 674 818 570
Eu (ppm) 123 086 117 081 121 105 170 062 227 058 073 156
Gd (ppm) 504 450 531 466 475 572 742 585 643 285 312 510
Tb (ppm) 122 081 106 113 108 077 153 057 _ 047 _ 093 059 __ 0.97
Dy (ppm) 560 409 545 306 544 507 542 300 274 357 747 425
Ho (ppm) 142 092 120 077 121 115 067 _ 097 111 118 179 115
Er (ppm) 395 272 351 250 185 347 329 285 221 323 291 342
Tm(ppm) 065 047 057 045 _ 058 060 _ 044 051 049 _ 050 _ 045 029
Yb (ppm) 321 313 302 334 312 289 357 469 235 322 287 3.8
Lu (ppm) 0.6 049 058 046 055 _ 046 045 _ 050 047 _ 048 058 028
Y (ppm) 2070 2590 4050 _ 27.82 3720 2380 _ 3080 _ 3272 _ 3332 245 296 2455
TREE (ppm) 18359 18367 _ 2057 _ 18529  192.00 171.88 19204 191.07 16183 15355 197.71 _ 156.69
LREE (ppm) _ 16091 16652 18500 16892 17342 15175  169.25 17533 14556 13759  177.93  138.05
HREE (ppm) 2268 17.15 2070 1637 _ 1858 2013 2279 1594 1627 _ 1593 1978 18.64
LREE/HREE 709 970 893 _ 1031 933 753 742 _ 1099 _ 894 _ 863 _ 899 740
Lax/ Yby 097 122 106 111 096 077 081 066 131 073 112 042
La/ Th 586 650 478 953 498 869 1167 707 834 748 _ 1000 _ 501
Lan/ Cen 124 162 101 146 100 089 104 103 160 _ 109 103 __ 056
Eu/Sm 017 014 021 011 023 016 020 _ 008 __ 035 _ 008 _ 009 027
S/ Yb 226 190 180 216 165 225 231 430 274 209 285 179
Y/Ho 2001 2815 3375 3612 3074 2060 4597 _ 3373 3001 2076 _ 1653 2134
La Yb, 894 1128 979 1028 891 715 755 614 1206 679 _ 1041 3.96
5 Ce 089 071 089 08l 101 08 098 132 _ 075 _ 094 105 _ 078
Table 6: Oil shale REE contents in well Ru4.
CoreNo.  Ru4-1 Ru42 Rud3 Rud-4 Rud-5 Rud-6 Rud7 Rud8 Rud-9 Rlug" Rluf' sz“'
La(ppm) 4205 4172 3522 4466 3020 3577 4472 4205 3127 3374 4195 4245
Ce(ppm) 7952 8872 8545 5570 _ 58.75 _ 8017 7662  90.08 7125 7474 _ 8491 _ 72.00
Pr (ppm) 945 1016 750 385 733 819 _ 983 949 1302 _ 800 _ 1052 9.20
Nd (ppm) 3552 340 _ 3550 3040 2750 _ 2838 3420 1574 3143 3130 _ 2673 _ 30.39
Sm (ppm) 704 721 527 651 624 533 702 325 594 995 755 7.8
Eu (ppm) 059 132 145 130 090 072 _ 108 057 150 _ 175 051 143
Gd (ppm) 201 318 552 612 549 390 432 660 524 592 594 666
Tb (ppm) 098 097 095 093 102 065 109 _ 096 _ 085 _ 086 106 149
Dy (ppm) 295 570 417 312 544 378 522 559 639 502 542 7.4
Ho (ppm) 110 113 102 114 118 152 081 065 138 127 124 130
Er (ppm) 317 329 327 173 222 253 329 183 370 357 244 329
Tm(ppm) 029 041 046 039 099 _ 034 055 027 062 040 052 054
Yb (ppm) 304 315 310 190 245 220 _ 303 330 371 _ 513 328 393
Lu (ppm) 029 037 059 050 049 046 _ 045 039 059 _ 044 050 057
Y (ppm) 2370 2555 3570 3091 3270 2520 2770 2230 2720 _ 2840 _ 2640 _ 29.70
SREE (ppm) 1891 20133 189.47 15825 1502 16494 18523 180.77 17689 18209 19257 189.73
LREE (ppm) 17437 18313 170.39 14242 13002 14956 16647 16118 15441 15048 17217 163.65
HREE (pm) 1473 1820 1908 _ 1583 _ 1928 1538 1876 _ 1950 2248 _ 2261 _ 2040 _ 26.08
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LREE/ HREE 11.83 10.06 8.93 8.99 6.79 9.73 8.87 8.22 6.86 7.05 8.45 6.27
Lan/ Ybn 1.01 0.97 1.00 1.74 0.90 1.20 1.08 0.94 0.62 0.48 0.94 0.79

La/ Th 5.76 6.62 451 9.50 11.18 411 5.38 8.58 6.79 7.46 6.76 9.64
Lan/ Cen 1.11 0.98 1.03 1.69 1.08 1.05 1.34 0.98 0.92 0.94 1.03 1.22
Eu/ Sm 0.08 0.18 0.27 0.19 0.14 0.13 0.15 0.17 0.25 0.17 0.06 0.19
Sm/ Yb 2.38 2.28 1.70 3.42 2.54 2.42 2.31 0.98 1.60 1.93 2.30 1.85
Y/Ho 21.54 22.61 35.00 27.11 27.71 16.57 34.19 34.30 19.71 22.36 21.29 22.84
La,/ Yb, 9.39 9.00 7.72 15.96 8.37 11.04 10.02 8.65 5.72 4.46 8.69 7.33
5 Ce 0.91 1.0 1.09 0.86 0.91 1.07 0.84 1.03 0.78 1.05 0.92 0.85
Discussion

Provenance, recycling, and tectonic setting

Some immobile elements, including Sc, Th, La, Zr, and Hf, can be transferred from the
provenance area and still retain the traces of the source area. Moreover, following sedimentary
recycling into clastic rocks, Zr is readily enriched (Wu et al., 2021; Fathy et al., 2021). The
levels of sedimentary recycling of the parent rock are indicated by bivariate plots of Zr/Sc vs.
Th/Sc (Wu et al., 2021; Janssen et al., 2023). The findings in this study demonstrate that felsic
parent rock composition controls the composition of oil shales, and sedimentary recycling has
little to no impact on any of the samples (Ali, 2023; Ali and Jassim, 2023). The bivariate plots
of Hf vs. La/Th are widely employed to denote parent rock types because certain trace elements,
like Hf, Th, and La, are comparatively stable throughout deposition and diagenesis (Mahmoud
et al., 2023). The findings also demonstrated that a mixture of felsic and intermediate rocks
served as the primary material source for the parent rock in oil shales (Fig. 6a, b). Diagenesis-
stable major and REEs like Ti, Fe, Al, Ce, and La can be used to determine the parent rocks'

sedimentary environment. Sedimentary rocks' tectonic environment is determined by variables
like Fe203/TiO2, Al20s/(Al20s+Fe203), and Lan/Cen (the subscript n denotes PAAS-
normalization). The majority of the samples are scattered along the continental margin,
according to the bivariate graphs of Fe,Oz/ TiO2- Al.O3/ (Al.O3+ Fez203) and Lan/ Cen- Al2O3/
(Al203+ Fe203) (Fig. 6¢, d).

Paleoenvironment

1. Silica Origin and Terrigenous Input

According to earlier research, the four primary sources of silica in sedimentary rocks
are pyroclastic rocks, terrigenous clastics, hydrothermal fluids, and siliceous organisms (Liao
et al., 2018). Siliceous rocks with and without hydrothermal activity can be distinguished by
the Al- Fe- Mn ternary diagram (Ma et al., 2019). The results demonstrate that silica in both
the ORS and the OLS had a non-hydrothermal origin (Fig. 7a). Hydrothermal activity is also
assessed using the REE ratios, including Sm/ Yb, Eu/ Sm, and Y/ Ho. Accordingly, the
samples found in oil shales are close to seawater and hydrogenetic Fe-Mn crusts, suggesting
that less than 0.1% of the seafloor is thermally active (Fig. 7b, c). For the OLS, there is a
positive correlation between the contents of SiO, and Al>Os, suggesting that the silica
primarily originates from terrigenous clastics. For the ORS, there is no clear correlation
between the contents of SiO2 and Al>Os, suggesting the existence of non-terrigenous silica
(Fig. 7d). The non-hydrothermal nature of each sample indicates that some of the silica found
in ORS comes from siliceous organisms (Fang et al., 2023). The biogenic silica content (Sixs)
in the ORS R167, Ru4, and OLS Ru4 ranges from 21.56 to 25.01% (average 23.58%), 21.23
to 26.48% (average 24.26%), and 17.73 to 21.49% (average 19.11%), respectively, based on
formula (2) above. This revealed that