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Abstract

The Tithonian—Berriasian Chia Gara Formation in Central Iraq represents a major breakthrough in shale oil exploration.
This study investigates two continuous core sections (140 m and 137 m) from the East Baghdad (EB1) and Balad (Bal)
oilfields, located within the intrashelf basin along the passive margin of the Arabian Plate. Comprehensive geochemical
analyses, including major and trace elements, Mo isotopes, and total organic carbon (TOC), were conducted to evaluate
the mechanisms controlling organic matter enrichment. The EB1 and Bal cores are subdivided into five and four organic
sedimentary facies (OSF), respectively. In EB1, TOC values in the lower OSF 1 and OSF2 range from 3.55 to 8.0 wt.% and
2.31 to 4.42 wt.% and are higher than those of the upper OSF 3, OSF 4, and OSF 5 that range from 0.5 to 3.77 wt. %. In
Bal, OSF 3 and OSF 5, which range from 0.39 to 2.7 wt.%. Redox indicators such as U/Th, Ni/Co, EF(U), and EF(Mo)
show a progressive shift towards more oxic bottom-water conditions. The §°°*Mo data (— 0.3 to 2.5 %o) confirm the
presence of euxinic conditions, particularly within OSF2 in both EB1 and Bal, thereby resolving previous uncertainties
regarding bottom-water redox conditions. Primary productivity indices (Cu/Al and Ni/Al ratios) suggest relatively low
productivity in deep-water slope and basinal facies. Furthermore, the upwelling indicators (EF(Co) x EF(Mn)), varying
from 0 to 0.48 for EB1 and 0.05 to 0.18 for Bal, suggest that preservation conditions played a more significant role than
productivity conditions within the deep-water slope and basin. Differential subsidence, with local uplifts and erosion
within the Mesopotamian Foredeep Basin likely contributed to spatial variability in organic enrichment. Overall, this
study highlights the importance of the redox environment in the development of high-quality hydrocarbon source rocks
in unrestricted environments that present upwelling.

Izvleéek

Titonijsko—berriasijska formacija Chia Gara v osrednjem Iraku predstavlja pomemben preboj pri raziskovanju nafte
iz skrilavcev. Studija obravnava dva neprekinjena jedrna odseka (140 m in 137 m) z naftnih polj East Baghdad (EB1)
in Balad (Bal), ki se nahajata v znotrajSelfnem bazenu ob pasivnem robu Arabske plos¢e. Opravljene so bile obsezne
geokemicéne analize, vkljuéno z doloditvijo glavnih in slednih elementov, izotopov Mo ter skupnega organskega ogljika
(TOC), z namenom opredelitve mehanizmov, ki nadzorujejo obogatitev z organsko snovjo. Jedri EB1 in Bal sta razdeljeni
v pet oziroma $tiri organske sedimentne faciese (OSF). V jedru EB1 se vrednosti TOC v spodnjih OSF1 in OSF2 gibljejo
med 3,55 in 8,0 ut. % ter 2,31 in 4,42 ut. %, kar je visje kot v zgornjih OSF3, OSF4 in OSF5 (0,5 do 3,77 ut. %). V jedru Bal
so vrednosti TOC v OSF3 in OSF5 med 0,39 in 2,7 ut. %. Redoks kazalniki, kot so U/Th, Ni/Co, EF(U) in EF(Mo), kazejo
postopen premik proti bolj oksidacijskim razmeram na dnu vodnega stolpca. Podatki 6°¢°*Mo (0.3 do 2.5 %o) potrjujejo
prisotnost evksini¢nih razmer, zlasti v OSF2, kar odpravlja prej$nje nejasnosti glede redoks pogojev pri dnu. Kazalnika
primarne produktivnosti (razmerji Cu/Al in Ni/Al) nakazujeta razmeroma nizko produktivnost v globokovodnih pobo¢nih
in bazenskih faciesih, medtem ko kazalniki dviganja globokovodnih vod (EF(Co) x EF(Mn)), ki se gibljejo med 0 in 0,48
za EB1 ter med 0,05 in 0,18 za Bal, kaZejo, da so pogoji ohranjanja imeli vecji vpliv kot produktivnost. Diferencialno
pogrezanje, skupaj z lokalnimi dvigi in erozijo v Mezopotamskem predgorskem bazenu, je verjetno vplivalo na prostorsko
variabilnost obogatitve z organsko snovjo. Studija tako poudarja klju¢no vliogo redoks okolja pri nastanku kakovostnih
izvornih kamnin za ogljikovodike v odprtih okoljih z znacilnim dviganjem globokovodnih vod.
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Introduction

During the Tithonian—Berriasian transition,
dramatic changes occurred in oceanography, bi-
ology, and geochemistry (Lodowski et al., 2024).
Jurassic—early Cretaceous black shales provide an
important record of this period and offer valuable
important insights into the marine environment
and the emergence of life (Langrock et al., 2003).
Organic matter (OM) accumulates primarily
through two models: a preservation model mainly
regulated by redox conditions (Chen et al., 2023),
as seen in the present Black Sea, and a productivity
model, mainly influenced by high productivity (Lu
et al., 2019), as in the modern Arabian Sea. OM
enrichment in marine shale is influenced by an-
oxic conditions and high palaeoproductivity (Lin
et al., 2024). Additionally, low energy environment

and greater input of organic matter than inorganic
mineral substances are required. Numerous stud-
ies have shown that terrigenous input, changes in
circulation patterns, and water mass restrictions
also impact OM enrichment (Zhang et al., 2023;
Li et al., 2024; Shen et al., 2024; Lu et al., 2025).
Recent research suggest that redox conditions and
productivity are likely two of several factors influ-
encing OM enrichment in shale, with potentially
distinct regulatory mechanisms in different envi-
ronmental settings (Zhang et al., 2023).

During periods of transgression and global
sea level fluctuations, the Tithonian—Berriasian
Chia Gara Formation’s black shale and carbonate
were extensively deposited in Central Iraq during
the Upper Jurassic—Cretaceous (Al-Ameri, 2011).
This period produced good source rocks due to the
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Fig. 1. (a) The Mesopotamian Basin and the main structural divisions of Iraqi territory are shown on the location map of the research area;
(b & ¢) inset location maps of the East Baghdad and Balad Oilfields and the oil wells under investigation.
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global warming and the deposition of shale, and
carbonate rock. Since the Mesozoic Era, Central
Iraq has been an ideal site for marine deposition
(Edilbi & Sherwani, 2019). Large but shallow in-
trashelf basins formed on the passive margins of
the Arabian Plate (Fig. 1a, b), and the Neo-Tethys
Ocean at this time due to slow subsidence. Previ-
ous studies based on borehole analysis and outcrop
profiles have documented episodes of economic
upwelling and sea level changes, influencing both
carbonate platform facies and deep-water slope
and basinal facies (Al-Beyati et al., 2021). A wide-
spread hiatus in the earliest Cretaceous is thought
to be due to differential subsidence with local up-
lifts and erosion in the Mesopotamian Basin in
Central Iraq, which led to upwelling.

These events altered the region’s primary pro-
ductivity and water column redox conditions,
further affecting OM enrichment (Mohialdeen
& Hakimi, 2016). However, it remains unknown
weather upwelling occurred in the intrashelf basin
area compared to other thoroughly studied areas
of Central Iraq. Good-quality hydrocarbon source
rocks from the Upper Jurassic-Cretaceous period
accumulated in the facies of intrashelf basin, as
evidenced by the discovery of the East Baghdad
and Balad Oilfields (Fig. 1c), which have high hy-
drocarbon recoveries. Previous research indicates
that the shale of the Chia Gara Formation in the
Mesopotamian Foredeep Basin and northern Iraq
was deposited in an anoxic environment devoid of
euxinic (oxygen-depleted and enriched with H,S)
bottom water, due to the absence of sedimenta-
ry iron species studies and Ni-Mo sulphide de-
posits in the cores (Al-Ameri, 2011; Al-Ameri et
al., 2012a & b). On the other hand, other studies
suggest that North Iraq has euxinic bottom wa-
ter (Mohialdeen & Raza, 2013; Al-Jaafary, 2015).
Therefore, the process of OM enrichment during
the sedimentation of the Chia Gara Formation in
the Mesopotamian Foredeep Basin, as well as the
main controlling parameters for OM enrichment
in region with the lowest high total organic carbon
(TOC), are still unknown.

The continuous wells EB1 and Bal (Fig. 2a, b),
located in the central region of the Mesopotamian
Basin on the Arabian Plate Margins, central Iraq,
were subject to comprehensive analyses of total
organic carbon (TOC) content, geochemistry (ma-
jor and trace elements), and isotopic composition,
with a focus on §°8/°°Mo in this study. The aim was
to reconstruct the redox state of bottom waters
and primary productivity during the deposition of
Upper Jurassic—Cretaceous Chia Gara Formation
shale (Fig. 1b) in the East Baghdad and Balad Oil-

fields in the central Mesopotamian Basin. Addi-
tionally, it sought to clarify the main controlling
factors and enrichment processes responsible for
OM accumulation in various facies.

Geological Background

The study area consists of the East Baghdad
and Balad Oilfields (Fig. 1a, b, ¢), located within
the Mesopotamian Fore Deep Basin and belong to
the Arabian Basin at the regional scale. These two
locations are situated within the Arabian Peninsu-
la Basins, with a focus on the northeastern Iraqi
region of Arabian Peninsula’s. The East Baghdad
Oilfield is situated in the middle of Iraq, approx-
imately 10 kilometers east of Baghdad. Its coor-
dinates are 33° 21’ 4.79” N latitude and 44° 38’
31.79” E longitude. The field covers an area rough-
ly 20-30 km wide and 120 km long (Al-Ameri et
al., 2016; Ali & Jassim, 2023; Ali, 2023). Structur-
ally, the East Baghdad oil field may grade north-
east towards the Zagross Fold Belt and westward
towards the boundary of the Widian Basin of the
Interior Platform.

The Balad Oilfield, located at latitude 34° 00’
53.46” N, and longitude 44° 08’ 44.66” E, is locat-
ed in the Unfolded Zone (Fig. la, b, ¢), approxi-
mately 9 km from Balad city and 60—70 km north
of Baghdad in the Salah Al-Deen urban area. The
formation of the Zagros anticlines in Iraq resulted
from subtle deformation just above a detachment
at the lower boundary of the Palaeozoic succes-
sion, combined with more rigid twisting involving
the basement. The elongated, asymmetrical anti-
clines in the Balad Oilfield, separated by narrow-
ing synclines, may be controlled by thrust faults
(McQuarrie, 2004).

During the Late Cretaceous, the Arabian Plate
and continental blocks of Eurasia collided, form-
ing the Mesopotamian Basin as a NW-trending
foredeep. The Mesopotamian Basin, which con-
tains Tethys Ocean deposits from the Jurassic
and Cretaceous periods, extends southward. Due
to tectonic instability and mostly oxygen-depleted
palaeoenvironments near the equator, the Arabi-
an Region’s largest oil and gas reserves developed,
and high organic matter was preserved. From the
Jurassic, through the Cretaceous and Palaeogene,
up to the Middle Miocene Fatha Anhydrite, the
generalised lithostratigraphic section consists of
marine and subordinate lagoon beds deposited in
the southern Tethys Ocean as sediments of shales,
carbonates, and anhydrites. It has mild folding
and a graben-horst structure that is 100 km long,
expanding NW-SE of the Baghdad urban region
(Simmons et al., 2007). The Chia Gara Formation
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was deposited in a large intra-shelf basin in the
Arabian Plate’s Late Tithonian—Turonian mega-
sequence (AP8), coinciding with a new phase of
ocean floor expansion.

Al-Beyati (1998) identified organic sedimenta-
ry facies (OSF) in the Chia Gara Formation, with
five OSF in well EB1 (4570—4430 m) and four in

well Bal (4095-3958 m) from top to bottom. The
geochemical data from this study, together with
previously defined sequence boundaries, are used
to identify these organic sedimentary facies (OSF)
in the Chia Gara Formation. These facies, along
with their depths and petrographic descriptions,
are summarised in Table 1 and Fig. 2 a & b.

Table 1. Organic sedimentary facies, depths, and rock descriptions of the Chia Gara Formation in the EB1 and Bal wells.

Organic
Depth [m] (East Depth [m] (Balad A A
: ; sedimentary Rock description
Baghdad Oilfield EB1) Oilfield Bal) facies (OSF)
4566—4570; 4532— 4091-4095; 4009— OSF 1 Consist of a low-hardness, slightly fissile, pyritic brown calcareous
5454; 4465-4471 4017; 3994-4004 : shale with amorphous type II kerogen and high TOC content.
_ . _ 4078-4091; Consist of black shale with high pyritic content, is highly fissile, has
4545-4566; 4471-4481 4017-4026 OSF. 2 high TOC content, and contains type IT amorphous kerogen.
4026—4078: It is predominantly composed of laminated shale and dark greenish-
4494-4532; 4430-4461 3058-3994 OSF. 3 -grey to blackish—grey argillaceous limestone, non-fissile, with high
pyrite content, low TOC content, and type IT amorphous kerogen.
It is primarily composed of shining brown limestone, free of pyrite,
4481-4494 - OSF. 4 with a medium TOC level, and containing only type II amorphous
kerogen.
Mostly consisting of brown limestone facies, which form part of the
4461-4465 4004-4009 OSF. 5 previous facies, these are quite similar to the host rock of the earlier
facies, except for a slightly lower TOC content.
Bal
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Fig. 2. Chia Gara Formation stratigraphic column with proportional sea level variations (a) in the EB1 well and (b) in the Bal well.
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Materials and Methods

In the EB1 and Bal wells (Figs. 1 & 2), sys-
tematic sampling of the Chia Gara Formation was
carried out based on the lithology and depth of the
targeted interval. Mo isotope analysis, TOC anal-
ysis, and major and trace element analysis were
performed on a total of thirty-two samples from
both wells. Figures 1 and 2 show the site and depth
of sample collection. To ensure the validity of the
results, samples containing visible veins or nod-
ules were removed prior to geochemical analysis.
The remaining sample material was then manually
pulverised using an agate mortar until it reached a
size of 200 mesh.

Total organic carbon (TOC)

First, 10 % hydrochloric acid was added to the
200-mesh powder samples to remove the carbon-
ate. The samples were then washed with distilled
water to remove any remaining hydrochloric acid.
After drying overnight, the samples were analysed
using the CHNOS Elemental Analyser (Vario EL
I1I, Germany).

Major and Trace Elements

The Panalytical Axios sequential X-ray fluo-
rescence (XRF) spectrometer (Malvern Panalyti-
cal, UK) was used to analyse the major elements
(8i0,, ALO,, Fe,O,, CaO, MgO, Na,O, K,0, TiO,,
P,0,) in the samples. The processed powder sam-
ple was combined in a ratio of 1:3:10 with oxidant
(NH,NO,) and flux (LiBO,, LiF, Li,B,0.). For the
XRF test, glass slices were heated in a furnace at
1150°C for 15 minutes. The contents of selected
trace elements (V, Sc, Cr, Co, Ni, Cu, Zn, Mo, Rb,
Sr, Ba, Th, U, Y, Zr, Nb, Hf, Cd) were determined
using an Inductively Coupled Plasma—Mass Spec-
trometer (ICP-MS; PerkinElmer Nexion300D).
Sample were digested in a mixture of hydrofluoric
and nitric acid (HF-HNO,, 1:3) at 185 °C for 24
hours to ensure complete dissolution. The result-
ing solution was then analysed by ICP-MS, yield-
ing an accuracy of over +5 %.

To evaluate the degree of enrichment with trace
elements, enrichment factors (EF) were calculated
following McLennan (2001). The EF was deter-
mined using the following equation:

Xge = [(X/AD, 0/ (X/AD,, 6] (D

where the X stands for the specified trace ele-
ment. The element X to Al weight ratio in the study
sample is indicated by the subscript sample, while
the Post Archean Australian Shale standard is in-
dicated by PAAS. Values of X, > 1.0 or < 1.0 indi-
cate element enrichment or depletion, respectively
(Taylor & McLennan, 1985).

Isotopic Compositions of Mo (6°%/°Mo)

A suitable quantity of “Mo—“Mo double spikes
was applied to the sample according to the dou-
ble-spike method (Li et al.,, 2014), taking into
account the Mo content of the sample. After the
sample’s dissolution and purification of the sam-
ple with HCI, HNO,, and HF at 130 °C, column
separation was performed. MC-ICP-MS was used
to determine the pure Mo, using ion-exchange
chromatography with BPHA resin. The procedures
of Siebert et al. (2001) and Zhao et al. (2016) were
followed to correct for the double spike and nor-
malise the data to the standard NIST-SRM-3134.
The §°%/°*Mo values of TAPSO seawater and NIST-
SRM-3134 standard solutions were simultane-
ously and repeatedly evaluated throughout the an-
alytical process. The two observed §°%/°°Mo values
are 0.00 + 0.05 %o and 2.05 + 0.07 %o, respective-
ly, which are consistent with published and veri-
fied values (Greber et al., 2012; Zhao et al. 2016;
Nan et al., 2023). Meanwhile, the total Mo content
in the samples was significantly higher than the
Mo procedure the blank value (< 0.2 ng). Finally,
the 6°%/°°Mo values for each sample were recalcu-
lated using the NIST-SRM-3134 recommended
reference solution to ensure global comparability
and accuracy.

The formula used to calculate the corrected
§°8/°°Mo values was:

5%/ 95Moauth = [(598/95M0t0t x Mo, — 598/95M0det %
1\4Odct)/]‘v‘[oauth:| (2)

where Mo, = [(Mo/ADDPAAS x Al ] (PAAS=
Post-Archean Australian Shale), this yielded the
detrital Mo content (Mo, ) (Pearce et al., 2010),
Mo, ., = Mo, —Mo,  was used to calculate the au-
thigenic Mo content. The contents of Al and Mo
in PAAS (10 % and 1.0 mg/kg, respectively) and
§°%/%Mo,  value of 0.4 %o were used for detritus
adjustment (Taylor & McLennan, 1985). 20x? is

equivalent to twice the standard deviation.
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Results
Organic Sedimentary Facies One (OSF.1)

As shown in Figures 3 and 4, as well as Tables
1 and 2, OSF1, observed at depths of 4566—-4570,
4532—-4545, and 4465—4471 m in EB1 and 4091-
4095, 4009-4017, and 3994-4004 m in Bal,
has relatively high TOC contents, with averages
of 4.36 % for EB1 and 3.12 % for Bal. The TOC
ranges from 3.55 to 5.75 wt.% in EB1 and 2.31 to
3.9 wt.% in Bal, showing a decreasing trend from
bottom to top (Fig. 3). There is a notable fluctu-
ation range in the §°®/°°Mo values, ranging from
1.51 %0 to 2.12 %o in EB1 and from 0.44 %o to
1.32 %o in Bal. For EB1 and Bal, the U/Th ratios
are 2.42-2.61 and 1.52-1.92, and the Ni/Co ratios
are 9.21-11.94 and 8.75-10.31, respectively, (Fig.
3). The enrichment factors for EF(U) (11.13-22.19
for EB1 and 8.4-11.39 for Bal), and EF(Mo) val-
ues (128.96 —254.9 for EB1 and 127.27-184.34 for
Bal), showing comparatively high values and sim-
ilar variations (Fig. 4). Additionally, EB1 and Bal
have relatively high Ni/Al ratios, ranging from 5.9

x 1072 to 1 x 1072 for EB1 and 5.3 x 102 to 6.2 x
102 for Bal, and Cu/Al ratios ranging from 2.4 x
102 to 5.2 x 1073 for EB1, and 1.4 x 1073 to 2.1 x
10738 for Ebl, respectively (Fig. 3).

Organic Sedimentary Facies Two (OSF.2)

OSF.2 was observed at depths of 4545— 4566
and 4471- 4481 m in EB1, and 4078 — 4091 and
4017-4026 m in Bal. The TOC content rang-
es from 6.74 to 8.0 wt.% in EBI, and from 4.11
to 4.42 wt.% in Bal, with averages of 7.61 % and
4.26 %, respectively (Table 1 & 2). The §°%/°°Mo
values for EB1 and Bal range from 2.09 %o to
2.5 %o and from 2.0 %o to 2.15 %o, respectively,
and progressively increase from the bottom to the
centre of the facies (4472 m for EB1 and 4025 m
for Bal) before declining. Compared to OSF1, the
U/Th ratios (3.53-5.59 for EB1 and 2.97-4.5 for
Bal) and Ni/Co ratios (10.3-17.46 for EB1 and
17.14-17.92 for Bal) (Fig. 3), and the enrichment
factors of EF(U) (8.02-15.95 for EB1 and 7.88-
9.85 for Bal) and EF(Mo) values (137.66—-287.39
for EB1 and 157.99-167 for Bal), show compara-
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tively stable values (Fig. 4; Table 1). For EB1 and
Bal, the Ni/Al ratios range from 4.6 x 1073 t0 9.5 x
1072 and from 5.8 x 1073 to 6.3 x 1072, respective-
ly, while the Cu/Al ratios range from 1.7 x 1072 to
3.9 x 10~® and from 1.5 x 102 to 1.7 x 10-2. These
ratios show similar patterns (Fig. 3; Table 2), with
higher values at the bottom and lower values at the
top part of OSF2.

Organic Sedimentary Facies Three (OSF.3)

In OSF.3, observed at depths of 4494— 4532 m
and 4430- 4461 m in EBI, and 4026— 4078 m
and 3958- 3994 m in Bal, the TOC content ranges
from 0.5 to 1.9 wt.% and 0.39 to 1.57 wt.%, with
averages of 1.56 % and 1.13 % for EB1 and Bal,
respectively (Tables 1 & 2). These values are com-
paratively lower than those of OSF1 and OSF2,
and they progressively decline upwards. For EB1
and Bal, the §°/°*Mo values remain relatively sta-
ble ranging from — 0.25 %o to — 0.61 %o and —
0.35 %o to — 0.79 %o, respectively, with a down-
ward trend vertically (Fig. 4). The U/Th ratios

and terrigenous input proxies (Ti/Al), in (a) East Baghdad Oilfield and (b) Balad Oilfield.

(0.76-0.88 for EB1 and 0.76—1.15 for Bal) and Ni/
Co ratios are (6.15-7.75 for EB1 and 6.15-9.76 for
Bal) (Fig. 3), as well as the enrichment factors of
EF(U) (4.0-10.43 for EB1 and 2.28-7.63 for Bal)
and EF(Mo) values (36.84-108.88 for EB1 28.98—
146.34 for Bal) for EB1 and Bal, are all relatively
low and show minor fluctuations (Fig. 4; Table 3).
Compared to OSF1 and OSF2, the Ni/Al ratios (3.4
x 103 t0 8.1 x 103 for EB1 and 1.7 x 103 to 4.4 x
102 for Bal) and Cu/Al ratios (1.4 x 1072 to 4.0 x
103 for EB1 and 7.6 x 10~*to 1.65 x 102 for Bal)
decrease progressively from the bottom of the in-
terval and then increase towards the top (Fig. 3;
Table 3).

Organic Sedimentary Facies Four (OSF.4)

In OSF.4, observed at depths of 4481-4494 m
in EBI1, the TOC content ranges from 2.95 to
3.77 wt.%, with an average of 3.36 % for EB1. This
value is higher than that of OSF3 but lower than
those of OSF1 and OSF2 (Table 1 & 2). The EB1
6°/%°Mo values decreased further, from 1.39 %o
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Table 3. Tithonian—Berriasian Chia Gara Formation with §°/°*Mo values.

Organic sedi- 5%5/%5Mo
QOilfield Samples Depth (m)  mentary facies  §%/°*Mo (%o) (auth.)? (%) 20x?
(OSF)
EBc, 4437 OSF3 0.59 0.59 0.02
EBc, 4445 OSF3 0.61 0.64 0.03
EBc, 4457 OSF3 -0.1 -0.1 0.02
EBc, 4461 OSF5 1.11 1.12 0.02
EBc, 4464 OSF5 1.17 1.19 0.04
EBc, 4465 OSF5 1.09 1.11 0.04
EBc, 4470 OSF1 1.59 1.62 0.03
K] EBc, 4472 OSF2 2.5 2.54 0.02
% EBc, 4480 OSF2 2.09 2.1 0.03
ﬁ EBc,, 4485 OSF4 1.07 1.07 0.03
S e, 4493 OSF4 115 115 0.02
EBc,, 4509 OSF3 -0.25 -0.26 0.03
EBc , 4527 OSF3 0.54 0.53 0.03
EBc,, 4533 OSF1 1.51 1.55 0.03
EBc,, 4541 OSF1 1.67 1.68 0.02
EBc 4549 OSF2 2.33 2.30 0.02
EBc,, 4557 OSF2 2.47 2.48 0.04
EBc,, 4566 OSF1 2.12 2.16 0.03
Bac, 3959 OSF3 0.42 0.45 0.02
Bac, 3977 OSF3 0.55 0.58 0.04
Bac, 3990 OSF3 -03 -0.35 0.02
Bac, 4001 OSF1 1.28 1.32 0.03
Bac, 4004 OSF5 0.7 0.9 0.03
Bac, 4007 OSF5 0.99 1.04 0.03
E] Bac, 4009 OSF5 1.25 1.21 0.03
;? Bac, 4015 OSF1 1.10 1.13 0.02
Bac, 4025 OSF2 2.0 2.07 0.02
Bac,, 4037 OSF3 -0.07 -0.14 0.03
Bac,, 4058 OSF3 0.35 0.33 0.04
Bac,, 4077 OSF3 0.79 0.8 0.02
Bac,, 4087 OSF2 2.15 2.37 0.02
Bac,, 4094 OSF1 0.44 0.44 0.03

to 1.00 %o (Fig. 4). Within this interval, the U/
Th ratio ranges from 1.64 to 1.88, and the Ni/Co
ratio ranges from 7.26 to 7.35 ratios (Fig. 3). The
EF(U) ranges from 9.2 to 9.6, and EF(Mo) from
169.21 to 169.29 for EB1, indicating comparatively
low enrichment degrees (Fig. 4; Table 3). The Ni/
Al ratio varies from 5.2 x 1072 to 5.7 x 1073, and
Cu/Al ratio 2.9 x 10%to 3.0 x 1073, both increas-
ing noticeably compared to the OSF3 and showing
a progressive upward trend (Fig. 3; Table 3).

Organic Sedimentary Facies Five (OSF.5)

In OSF.5, observed at depths of 4461-4465 m
in EB1, and 4004-4009 m in Bal, the TOC content
ranges from 1.9 to 2.5 wt.%, and 1.9 to 2.7 wt.%,
with averages of 2.2 % and 2.26 %, for wells EB1
and Bal, respectively (Table 1 & 2). This is low-
er than the TOC content of all other facies except
OSF3. EB1 and Bal have rather stable §°®°°Mo
values, with a decreasing trend upwards and rang-
es of 1.09 %o to 1.17 %o and 0.7 %o to 1.25 %o, re-
spectively (Fig.4). The U/Th ratios (1.54—1.84 for
EBI1 and 1.36-1.5 for Bal) and Ni/Co ratios (6.5—



Multiple controllers on organic matter accumulation at the Mesopotamia Basin of the Chia Gara Formation shale, Central Iraq 65

7.94 for EB1 and 7.93-9.11 for Bal) (Fig. 3; Table
3), as well as the enrichment factors for the EF(U)
values (10.45-11.4 for EB1 and 6.67-7.57 for Bal)
and EF(Mo) values (185.69-286.03 for EB1 and
123.84-201.51 for Bal) indicate relatively low de-
grees of enrichment (Fig. 4; Table 3). In contrast
to the other facies, the Ni/Al ratios (5.57 x 10~2 to
6.08 x 1073 for EB1 and 3.6 x 103 to 4.5 x 1078 for
Bal) and Cu/Al ratios (3.1 x 107 to 3.3 x 107° for
EB1 and 1.7 x 10~%to 2.1 x 1072 for Bal) increased
significantly.

Discussion

Evaluations the degree of oxygenation in the
bottom water environment

Paleoceanic redox conditions have been exten-
sively reconstructed using U/Th and Ni/Co ratios
(Algeo et al., 2020; Abshire et al., 2021; Al-Kha-
tony et al., 2023; Chen et al, 2023; Zhang et al.,
2023). Anoxic conditions are indicated by U/Th
>1.25 and Ni/Co > 7; dysoxic conditions are in-
ferred from 0.75 < U/Th < 1.25 and 5 < Ni/Co <
7; and oxic conditions are implied by U/Th < 0.75
and Ni/Co < 5 (Jones & Manning, 1994). Anox-
ic-suboxic environments are reflected in the rela-
tively high U/Th ratios (averages of 2.52 and 1.68)
and Ni/Co ratios (averages of 10.91 and 9.45) for
EB1 and Bal, respectively, in OSF1. In OSF4, the
U/Th ratio (average 1.76) and Ni/Co ratio (average
7.30) for EB1, and in OSF5, the U/Th ratio (av-
erage 1.72) and the Ni/Co ratio (average 7.26) for
EBI, and the U/Th ratio (average 1.42) and the Ni/
Co ratio (average 8.60) for Bal, respectively (Table
1), also indicate similar conditions. A reasonably
stable euxinic environment is reflected in the com-
paratively higher values of these ratios in OSF2:
U/Th (average 4.74) and Ni/Co (average 14.29) for
EB1 and U/Th (average 3.73) and Ni/Co (average

a
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= Bal ;&N

1003

MOEkr
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o
.~ Suboxic -

-

Phd P ’ Phd g Q.
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17.53) for Bal, respectively (Table 2). A compar-
atively steady oxic-dysoxic environment is indi-
cated by the relatively low values of these ratios
in OSF3: U/Th (average 0.82) and Ni/Co (average
7.23) for EB1 and U/Th (average 0.86) and Ni/Co
(average 8.5) for Bal, respectively (Fig.3). An up-
ward trend in the oxidation condition of the bot-
tom water column in the Mesopotamian Fore Deep
Basin is indicated by relatively low U/Th and Ni/
Co ratios (Fig.3). The redox conditions deduced
from EF(Mo)/EF(U), Mo/TOC ratios, and Mo con-
tent (Figs. 4 & 5a) are consistent with this inter-
pretation.

Note that the absence of open ocean inputs in
restricted regions may result in a decrease in Mo
levels in the water columns (Algeo et al., 2008).
The anoxic-suboxic environment in OSF1 is sup-
ported by the U/Th and Ni/Co ratios, which indi-
cate an average Mo content of 141.25 mg/kg and
129 mg/kg and an average EF(Mo)/EF(U) ratio
of 12.93 and 14.99 for EB1 and Bal, respectively.
Two cycles of increasing and decreasing OSF2 can
be identified by combining the sea-level change
curve with redox-sensitive trace-element prox-
ies, including U, Mo, and their enrichment factors
(EF(U) and EF(Mo)) (Figs. 2 & 4).

Two transgressive events correspond to the
respective high points of these cycles (EBc,, at
4541 m and EBc, at 4470 m for EB1 and Bac, at
4077 m and Bacg at 4015 m for Bal). The extensive
incursions increased the degree of water reduction
and replenished trace elements (U, Mo, etc.) by
connecting the Fore Deep Basin to the open sea.
The TOC and ratios of redox-sensitive trace ele-
ments such as U/Th, Cu/Al, and Ni/Al do not show
significant correlation at these points (Ritzer et
al., 2024) (Fig. 6a-f), suggesting that euxinic con-
ditions may have occurred at 4545 m and 4471 m
in EB1 and 4078 m and 4017 m in Bal (Fig. 4).
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Fig. 5. (a) Uy, vs Mo, for Chia Gara Formation samples (Algeo et al., 2009; Tribovillard et al., 2012). The solid line indicates the Mo/ U ratio
of modern seawater. (b) Sediment Mo vs TOC for samples from the Chia Gara Formation.
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Given the anoxic-suboxic conditions suggest-
ed by the U/Th and Ni/Co ratios in OSF1, OSF4,
and OSF5, the EF(Mo)/EF(U) ratios (averages
of 12.93, 18.01, and 22.69 for EB1), and in OSF1
and OSF5, the EF(Mo)/EF(U) ratios (averages of
14.99 and 24.42 for Bal) most likely indicate pre-
vailing anoxic-suboxic water conditions with spo-
radic and slightly euxinic conditions. In the OSF1
and OSF3 facies, low-oxidising bottom water con-
ditions developed concurrently with the Titho-
nian—Berriasian regression event. Low EF(Mo)/
EF(U) ratios (averages of 12.93 and 8.43 for EBI,
and 14.99 and 16.01 for Bal), which indicate a su-
boxic-dysoxic environment, are consistent with
this interpretation. The Chia Gara Formation’s
bottom water environment was, from bottom to
top, anoxic-suboxic, euxinic, anoxic-suboxic, dys-
oxic, suboxic, euxinic, anoxic-suboxic, suboxic,
dysoxic for EB1 and anoxic-suboxic, euxinic, su-
boxic-dysoxic, euxinic, anoxic-suboxic, suboxic,
anoxic-suboxic, suboxic, anoxic-suboxic, subox-
ic-dysoxic for Bal (Fig. 5a). The basin’s hydro-
graphic conditions directly affect the redox con-
ditions in the bottom water. A common indicator
of basin water connection constraints is the Mo/
TOC ratio (Wang et al., 2024) (Fig. 5b). However,
because Upper Jurassic—Early Cretaceous oceans
may have had higher Mo content than modern
seawater (Pearce et al., 2010; Hovikoski et al.,
2023, Cheng et al., 2016) proposed that good con-
nectivity between the basin and the open sea may
be inferred when the Mo/TOC ratio in sediments
exceeds 11 mg/kg/wt.%. The comparatively high
Mo/TOC ratios in OSF1 (averages of 33.26 and
42.81 mg/kg /wt.% for EB1 and Bal, respective-
ly) reflect low basin water restriction, which is
conducive to the presence of anoxic-suboxic bot-
tom water environments. The two transgression
events are well-matched by the Mo/TOC values
in OSF2, showing that basin openness increases
during transgressions. The regression during the
Tithonian—Berriasian transition is reflected in
the suboxic-dysoxic environment in OSF3 (Figs. 2
& 4). Additionally, reduced connectivity between
the basin and the open sea restricts the replenish-
ment of dissolved Mo in the water column, leading
to lower U and Mo values (averages of 9.30 and 37
for EB1, and 8.71 and 67.83 for Bal, respective-
ly). Although lower than the OSF2 values, the Mo/
TOC levels in OSF4 (EB1) closely correspond to
the transgression event. Mo/TOC levels increased
further with a continued decline in basin restric-
tiveness in OSF5 (Fig. 5b).

The redox conditions associated with
§98/95Mo

Since Mo isotopes are highly sensitive to redox
conditions, they have been routinely employed in
organic-rich sedimentary rocks to reconstruct lo-
cal and global marine redox states (Lu et al., 2020;
Nan et al., 2023). The ocean produces Mo primar-
ily in two ways. The light Mo isotope is preferen-
tially adsorbed by manganese or iron oxides under
oxic conditions, leading to up to 3 % isotope frac-
tionation between sediments and seawater (Jia et
al., 2023). At high H,S concentrations ([H,S]aq >
11 uM) in euxinic settings, the primary form of
Mo in modern seawater, the oxyanion molybdate
(MoO,*), is almost entirely transformed into the
oxythiomolybdate molecule (MoO, S 7, x=1-4),
with minimal isotope fractionation (Vorlicek et
al., 2018). At low H,S concentrations ([H,S]aq <
11uM) in aqueous solutions, molybdate (MoO,*")
conversion is insufficient, resulting in consider-
able isotope fractionation in sedimentary Mo iso-
topes (Nan et al.,, 2023). This also explains the
ability of Mo isotopes to function as redox proxies.
Using the approach suggested by Tsujisaka et al.
(2019), we removed any potential detrital effects
by leaching with 4 M or more concentrated HCI
after ashing, prior to analysing the Mo isotopes.
The adjusted findings demonstrate that there is
little effect of detrital Mo on bulk Mo isotopes,
with the measured Mo isotope levels (6°¥°°Mo) be-
ing almost equal to the correct values (6°**Mo_ )
(Table 1). The presence of euxinia in anoxic bot-
tom water environments has been confirmed by
§98/°°Mo readings from the deep outer shelf’s EB1
and Bal cores. At the OSF3, negative §°%/°°*Mo
values (— 0.1 to — 0.25 %o in EB1 and — 0.07 to
— 0.3 %o in Bal) are observed (Fig. 4). Three po-
tential mechanisms are often responsible for the
presence of negative Mo isotopes. The lower U/
Th and Ni/Co ratios in OSF3 support the first hy-
pothesis, which is Fe-Mn__adsorption in the oxic
environment (Okuyama et al., 2025).

The second hypothesis is Fe-Mn__ shuttling,
which is comparable to processes observed in the
Baltic Sea and the Cariaco Basin today (Lenstra et
al., 2020). The shuttling action of iron and man-
ganese oxides causes lighter Mo isotopes (lighter
98/99Mo) to enter the sediments, resulting in nega-
tive 6°8/9*Mo values. In this context, the sediment’s
euxinic conditions favour the enrichment of Mo
over U, leading to higher EF(Mo)/EF(U) ratios (~3
x SW) and comparatively greater Mo contents.

However, the absence of reductive dissolution
prevents Mn from accumulating in the sediment,
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leading to a relative Mn shortage. Fe-Mn__shut-
tling is supported by the EF(Mo)/EF(U) ratios
(6.89 and 21.34), Mo (33 and 98 mg/kg), and Mn
(100 and 105 mg/kg) values in samples EBc, and
Bac,, respectively, near the bottom of OSF3. It is
important to note that samples EBc , and Bac, also
support the hypothesis of Fe-Mn__shuttling due
to their negative 6°¥/°°*Mo values (- 0.3 %o and —
0.25 %o, respectively). The third theory is based on
the incomplete conversion of molybdate (MoO,*")
in euxinic water ([H,S]Jaq < 11 pM), which results
in Mo isotope fractionation (Nagler et al., 2011).
The potential for Fe-Mn__ shuttling is excluded
because samples with negative §°9/°°Mo values in
OSF3 have EF(Mo)/EF(U) ratios only about twice
those of contemporary seawater (~1 x SW). Con-
sequently, the substantial fractionation caused by
the partial conversion of molybdate (MoO,*) in
euxinic waters may also be the origin of the low
§°8/°°Mo values in OSF3.

The §°%/°*Mo values of samples EBc, (2.5 %o)
and EBc , (2.47 %o) in OSF2 are comparatively
high, except for the negative values. The highest
§98/°Mo values of Late Jurassic oceanic seawa-

ter may be represented by the values reported by
Pearce et al. (2010) (~ + 2.46 %o). These two high
values are almost equal to immediate seawater
§98/°°Mo values (Fig. 4), which may indicate lower
isotope fractionation under high H2S conditions.
The §°%/°°Mo values fluctuate in OSF3 and the low-
er part of OSF2 (prior to the transgression) (=0.25
to 0.61 in EB1 and —-0.3 to 0.79 in Bal; Fig. 3).
Except for the previously described samples EBc,,
Bac ,, EBc,, and Bac,, none of the other samples
showed Fe-Mn__shuttling. Such a wide range of
fluctuations may represent isotope fractionation
in euxinic water (Nagler et al., 2011; Gomes et al.,
2015). Ultimately, the emergence of euxinic con-
ditions in the intra-shelf basin is suggested by
the overall oscillations in OSF1 and 2, as well as
by the extreme points that are partially evident.
The §°%/°*Mo isotopic composition of molybdenum
shows a declining trend, demonstrating a negative
bias from the incursion of the Late Jurassic-Early
Cretaceous, from 4470 m in OSF1 to 4430 m in
OSF3 of EB1 and from 4015 m in OSF1 to 3955 m
in OSF3 of Bal (Figs. 2 & 4). The §°%/°°*Mo in the
intra-shelf seawater may then gradually decline to
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levels close to those of continental input as a result
of continuous regression, which increased the con-
finement of the intra-shelf basin (+0.59 and +0.42
for EB1 and Bal, respectively) (Fig. 4).

Primary productivity

Prior research has indicated that several geo-
chemical markers, such as TOC values, organic
biomarkers, N and C isotopes, and additional
trace elements including Ba, Cu, Ni, and P, can
be used to reconstruct primary productivity (Shi
et al., 2022). Organic matter (OM) in sediments
is often associated with Ni and Cu, which are es-
sential nutrients for phytoplankton growth in the
photic zone (Tribovillard et al., 2006). As a single
measure may not provide an adequate estimate
of primary productivity (Schoepfer et al., 2015),
we examined differences in primary productivity
using multiple indicators (TOC, Ni, and Cu) and
accounted for the dilutive effect of detrital com-
ponents on Ni and Cu. Minor uncertainties in the
choice of detrital Ni/Al and Cu/Al ratios do not
affect calculated Niorg and Cu,, fluxes, as detrital
Ni and Cu constituted less than 5 % of total Ni
and Cu in all study facies. In most open-ocean
environments, the estimated proportions of de-
trital Ni and Cu are so small as to be practically
negligible.

The results indicated that most Ni and Cu are
associated with OM and may be used to recon-
struct primary productivity in surface waters. The
Ni/Al and Cu/Al ratios showed a strong to moder-
ate correlation with TOC (Fig. 6e, ) (R?= 0.7 for
EB1 and 0.57 for Bal, P(a) < 0.05 for Ni/Al vs.
TOC and R?=0.69 for EB1 and 0.37 for Bal (weak
correlation), P(a) < 0.05 for Cu/Al vs. TOC) (Tri-
bovillard et al., 2006). In the Chia Gara Forma-
tion, the shale Ni/Al ratios decreased slightly from
OSF1 (5.9 x10°—-1 x 1072, average 8.95 x 107®) to
OSF4 (5.2 x 107% = 5.7 x 1078, average 5.45 x 107%)
and then increased in OSF2 (4.6 x 1072 — 9.5 x
102, average 7.42 x 107%) in EB1, while in Bal they
decreased from OSF1 (5.3 x 1072 — 6.2 x 1073, av-
erage 5.66 x 107%) to OSF3 (1.7 x 1073 — 4.4 x 1073,
average 3.45 x 107%) and then increased in OSF2
(5.8 x 10 = 6.3 x 10723, average 6.05 x 107%), indi-
cating a modest decrease in surface water biopro-
ductivity, followed by a notable increase (Fig. 3).
Additionally, a similar pattern was observed in the
TOC values and Cu/Al ratios.

This result aligns with previous research find-
ings that the well-developed upwelling occur-
rences in deep-water slope and basinal facies are
more productive than those in intraplatform basin
facies. Upwelling events, frequently documented
in various Jurassic-Upper Cretaceous facies, are

Fig. 8. A simplified model for the
factors controlling organic matter
accumulation during shale depo-
sition of Chia Gara Formation in
central and northern Iraqi facies
regions. The following sources
provide TOC data for wells and
sections: Mohialdeen & Hakimi
(2016), Al-Beyati et al. (2021),
Al-Khatony et al. (2023), Al-
Ameri et al. (2012b), Al-Ahmed
(2013), and Al-Ameri (2011),
Ali (2018), Damoulianou et al.
(2022).
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one of the key factors influencing OM accumula-
tion (Figs. 7a, b & 8). Since upwelling from the
sea bottom is often enriched in Cd and somewhat
depleted in Co and Mn, upwelling is considered
present when EF(co) x EF(Mn) < 0.5 or Co x Mn
< 0.4. In contrast, a restricted environment is in-
dicated when EF(Co) x EF(Mn) > 2 or Co x Mn
> 0.4 (Sweere et al., 2016) (Fig. 7a). As shown
in Figures 7a and b, the Chia Gara Formation’s
EF(Co) x EF(Mn) values (0.05-0.48, average
0.19 for EB1 and 0.05-0.33, average 0.14 for Bal)
and Co x Mn values (0.04-0.27, average 0.18 for
EB1 and 0.03-0.22, average 0.11 for Bal) sug-
gest a relatively upwelling environment, further
corroborated by the comparatively low Mo and
Cd/Mo ratios (Figs. 7c & d). Profiles of EF(co)x
EF(Mn), Co x Mn, and Mo values within different
sedimentary facies reveal a progressive increase
in upwelling events from the deep-water slope to
the basinal facies (Figs. 7a, b & c¢). Alongside this
trend, TOC values gradually increase (Fig. 7d &
8). Upwelling, which is common in deep-water
slope and basinal facies, is considered the main
cause of OM accumulation in these areas, as it
delivers nutrients that significantly enhance pri-
mary productivity in surface waters (Mohialdeen
& Hakimi, 2016; Al-Khatony et al., 2023). This
is further supported by EF(Co) x EF(Mn), Co x
Mn, and Cd/Mo values from several profiles (Fig.
7). Thus, the presence of upwelling events may
account for the comparatively higher primary
productivity in the basinal and deep-water slope
facies (Fig. 8).

Enrichment mechanisms for organic matter

Sea level fluctuations, terrigenous inflow, and
upwelling events are some of the processes that
frequently influence the enrichment of organ-
ic matter (Robinson et al., 2022; Li et al., 2024;
Liang et al., 2024). The effects of these events on
organic matter enrichment vary depending on the
geological setting, but they finally manifest as the
regulation of primary productivity and the pres-
ervation of bottom water (Liu et al., 2017). Strong
correlations between redox indices such as U/Th
and TOC (R?= 0.81, 0.64 for EB1 and Bal, respec-
tively) during the Late Jurassic—Early Cretaceous
OSF1 and OSF2 deposition periods indicate that
the primary bottom water conditions were anox-
ic and euxinic, providing ideal conditions for the
preservation of organic matter. High primary pro-
ductivity was maintained by nutrient input, and
the deep-water slope and basin were connected to
the open sea due to the relatively high sea level.
This is consistent with the correlations shown by

TOC (Fig. 6d & f), Ni/Co (R?= 0.64, 0.46 and Cu/
Al (R?= 0.69, 0.37) for EB1 and Bal, respective-
ly. Therefore, higher organic matter accumulation
and preservation are facilitated by the establish-
ment of anoxic conditions and high productivi-
ty (Fig. 9a). The redox conditions during OSF4
deposition (in EB1 only) were regulated by rela-
tive sea level variations in the deep-water slope
and basin (Al-Beyati, 1998). The comparatively
high TOC values can be explained by intermit-
tent euxinic and chronic anoxic conditions. When
upwelling events were occurred, relatively high
primary productivity consistently led to organic
matter enrichment. As sea level gradually dropped
throughout the OSF5 depositional period in the
Late Jurassic—Early Cretaceous, progressive basin
restriction led to decreased primary productivity
and reduced nutrient supply. The main bottom wa-
ter conditions simultaneously shifted from anoxic
to suboxic, resulting in unfavourable conditions
for organic matter preservation. Additionally, the
diluting effect of increased terrigenous input on
organic matter is shown by the lack of correlation
between Ti/Al and TOC (R?= 0.01, 0.2) for EB1
and Bal, respectively (Wang et al., 2022) (Fig. 6g).
The dilution by terrigenous input, low productivi-
ty, and relatively week reducing conditions there-
fore account for the low organic matter content in
OSF5 (Fig. 9b).

The TOC value of OSF3 (0.5-1.9 wt. %, average
1.56 wt. % in EBI1, and 0.39-1.57 wt. %, average
1.13 wt. % in Bal) showed a recovery compared
to OSF5, although it remains within a dysoxic en-
vironment. Fluctuation of the Ti/Al ratios, which
indicate the influence of terrigenous input, may
reflect a shift from an arid to a humid environ-
ment in the Iraqi sedimentary basin (Al-Beyati,
1998; Al-Khatony et al., 2023). This shift is also
consistent with increasing Rb/Sr and decreasing
Sr/Cu ratios (Fig. 3). Although this facies was de-
posited under regressive conditions as the basin
became shallower, its moderate organic content,
which is supported by relatively clastic rocks,
may indicate the presence of primary productivi-
ty. The transport of organic matter into the basin
is crucial for sustaining primary productivity and
can help maintain it even under regressive con-
ditions (Al-Beyati, 1998; Cox et al., 2016). Gen-
erally, the basin’s extensive dysoxic to suboxic
bottom water conditions are unfavourable for the
preservation of organic matter, but this limita-
tion has been partially offset by increased prima-
ry productivity and reduced terrigenous clastic
input (Fig. 9¢). These factors relate to the types
of environments that predominated in the intra-
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shelf basins on the northeastern margin of Arabi-
an Plate (Jafarian et al., 2024). As the intra-shelf
basins were located far from the equator, at the
beginning of the Cretaceous period they were
limited to latitudes 0—-10° north and south, hav-
ing been in the 0—30° south latitude range at the
start of the Triassic. The stratified water condi-
tions in a humid tropical climate during the Ju-
rassic period of the Mesozoic were a distinctive
and significant feature of the intra-shelf basins’
environmental characteristics. At that time, these
basins exhibited high productivity of organic ma-
terial of kerogen type II, due to the stratified wa-
ter conditions resulting from their distance from
the equator (Wilson, 2020).

According to Sweere’s (2016) analysis of sever-
al global regions, Cd/Mo ratios < 0.1 and Co x Mn
> 0.4 indicate restricted basin locations driven by
preservation conditions (e.g., Black Sea), whereas
Cd/Mo ratios > 0.1 and Co x Mn < 0.4 indicate
upwelling settings driven by productivity (e.g.,
Peruvian margin, Namibian margin) (Fig. 7b).
The Cd/Mo ratios of the five organic sedimenta-
ry facies in this study show that most of OSF1,
OSF2, and OSF4 sample points are located in the
preservation area, while most of OSF3 and OSF5
samples are found in the productivity area. The
significantly higher TOC values of the shales in
OSF1, OSF2, OSF4, and OSF5 compared to those
in OSF3 are consistent with this. Upwelling cur-
rents are considered to have a significant influ-
ence on organic matter enrichment. Although nu-
trient input is increased in the upwelling region,
raising productivity, the decomposition of organ-
ic matter by anaerobic bacteria and plankton res-
piration also consume large amount of oxygen,
resulting in an oxygen minimum zone that pro-
motes organic matter enrichment (Sweere et al.,
2016). Geological processes such as sea level rise,
terrigenous inflow, and climatic change also af-
fect organic matter enrichment, and their effects
occur simultaneously (Algeo & Maynard, 2004).

Thus, preservation requirements are more im-
portant than productivity conditions in upwelling
environments and are essential for the formation
of high-quality hydrocarbon source rocks. Unlike
other facies on the platform, such as the deep-wa-
ter slope and basinal facies, which are predomi-
nantly driven by productivity, or the transitional
facies, which are influenced by both productivity
and preservation, the enrichment process in the
intrashelf basin is very different.

Conclusions

The deep-water slope and basin in the East
Baghdad and Balad Oilfields shifted from contin-
uous anoxic-suboxic conditions. Intermittent eu-
xinic to dysoxic bottom water settings occurred
during the deposition of the Late Jurassic—Early
Cretaceous Chia Gara Formation. The presence of
euxinic conditions in this period is supported by
the extremely redox-sensitive §°¥/°°Mo values in
organic sedimentary facies 2 and 1. These values
further clarify the redox setting of the bottom wa-
ter at this time.

The TOC values of the lower organic sedimen-
tary facies 1 (anoxic-suboxic) and 2 (euxinic) are
higher than those of the upper organic sedimen-
tary facies 3 (dysoxic), 4, and 5 (suboxic) in wells
EB1 and Bal. Primary productivity indices Cu/Al
and Ni/Al ratios indicate that the average primary
production level is relatively lower in the deep-wa-
ter slope and basinal facies. Redox indicators such
as EF(U), EF(Mo), Ni/Co, and U/Th show that
bottom waters become more oxidised upwards.
The terrigenous input proxy (Ti/Al) reflects the
diluting effect of increased terrigenous input on
organic matter. The upward increase in Rb/Sr and
decrease in Sr/Cu indicate a climatic shift from hot
and dry to warm conditions. The Mo/TOC ratio, a
hydrographic indicator of the basin, demonstrates
a strong connection between the basin and the
open ocean.

The deep-water slope and basin show upwell-
ing, as indicated by EF (Co) x EF (Mn) values
ranging from 0 to 0.48 for EB1 and 0.05 to 0.18 for
Bal, which is in contrasts with other Arabian plat-
form locations where no upwelling activity is ob-
served. Upwelling events may explain the compar-
atively higher primary productivity of the basin
facies. Primary productivity increased in organic
sedimentary facies 3 and 5 after a gradual decline
in facies 1, 2, and 4. Nutrient input sustained pri-
mary productivity, and the deep-water slope and
basin were connected to the open sea due to the
relatively high sea level.

The mechanisms underlying the enrichment
of organic matter in the shale of the Chia Gara
Formation differ among facies. In the lower part
of the Chia Gara Formation within the Mesopo-
tamian Fore Deep Basin (organic sedimentary fa-
cies, 2, and 4), preservation conditions have the
greatest impact. In contrast, the upper part (or-
ganic sedimentary facies 3 and 5) is mainly influ-
enced by productivity conditions. This indicates
that preservation conditions are more important
for organic matter enrichment in unrestricted en-
vironments with upwelling. This finding provides
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valuable information for the investigation of the
basin’s high-quality hydrocarbon source rocks.
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