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BALUTI

ABSTRACT: This investigation looks at the Late Triassic Baluti Formation’s organic geochemical, mineralogical, and
petrographical characteristics from a single exploration well (TT-22) near the Taq Taq oilfield in northern Irag. The Baluti
Formation shale samples that were studied in the studied well have high total organic carbon (TOC %) values up to 4.92 wt % and
mostly hydrogen-rich types I and II kerogen with a minor gradient to types II/III and III kerogen, indicating a good oil-source rock.
The hydrogen-rich kerogen was also confirmed by various organic matter (OM) origins and depositional environment-related
biomarkers. The biomarker indicators demonstrate that the Baluti shale was deposited under anoxic conditions and contains a
variety of OM generated mostly from algae marine and other aqueous organic materials, along with some terrigenous land plants.
The geochemical and optical maturity indicators show that most of the examined Baluti shale samples, with a deep burial depth of
more than 4000 m, are thermally mature, thus defining peak-mature to late-mature stages of the oil generation window. According to
the basin models, from the late Miocene to the present, between 10 and 59% of the kerogen in the Baluti shale source rock has been
transformed into oil, which is consistent with the VR values between 0.77 and 1.08%. The presence of the oil crossover in these shale
rocks with an oil saturation index of more than 100 mg HC/g rock supports the maximal oil generation from the Baluti source rock
system. Additionally, there was little oil expulsion from the Baluti source rock system at the end of the late Miocene, with
transformation ratio values below 60% (59%). Considering the more significant oil generation and little expulsion, a high pressure
was generated and forced the brittle minerals of the Baluti shales (mainly quartz), creating a natural fracture system as recognized
and observed in the thin section. This natural fracture system enhances the porosity system of tight shale rocks of the Baluti
Formation, giving rise to a high probability of oil production using hydraulic fracturing stimulation.

1. INTRODUCTION their ability to generate oil, and their recoverable estimates in

Petroleum resources have received increased attention, such that

. .45
shale oil- and shale gas resources have recently become sedimentary basins.
important global exploration targets.1 Marine and continental

organic-rich shale rocks have been successfully explored and Received: November 14, 2023
developed worldwide, showing remarkable potential in any Revised:  December 31, 2023
sedimentary basin.”” Multi-integrated techniques are vital to the Accepted:  January 8, 2024

study of shale oil systems, where organic geochemistry and Published: January 31, 2024

microscopic examination combined with 1-D basin modeling
can be used to evaluate the organic matter (OM) characteristics,
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Figure 1. (A) Location map for the northeast Arabian Peninsula in Iraq, which shows ZFB with oil and gas field locations, including studied oil field

location (B).

The key focus of the present study is the Zagros Fold Belt
(ZFB), which runs northwest-southeast in the northern part of
the country (Figure 1a). The ZFB of the northern part of Iraq is
one of the biggest and oldest oil-producing zones in Iraq and has
seen oil production from oil fields of more than 15 various sizes
(Figure 1b). Due to its good source rock appearances and the
discovery of commercial petroleum accumulations in the basin,
the ZFB has attracted the attention of the scientific community
and the oil industry. Numerous investigations regarding the
geochemical characteristics of the organic-rich Mesozoic
sedimentary rock units have clarified the presence of excellent
source rock intervals in the Jurassic and Cretaceous rock
units.””'* The most important and well-known ones are the
Sargelu carbonates (Middle Jurassic), the Naokelekan carbo-
nates and shales (Late Jurassic), and the Chia Gara carbonate-
rich rocks (Late Jurassic-Early Cretaceous).'"™'>'>'® Most of
these formations in the northern Iraq’s oilfields, especially the
Sargelu Formation, are filled with high-bituminous carbonate-
rich rocks and reached a higher burial depth than other
formations."” The ZFB in northern Iraq’s Sargelu Formation is
thought to be the primary source rock in this instance.”'* The
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types I and II kerogens and mixed type II/III kerogens in the
Sargelu organic-rich carbonates, which were deposited in a
marine environment, make primarily oil-prone source rocks.”'*
Good geochemical relationships between the reservoir oils and
the mature Sargelu rocks in the basin support this discovery.®
The Sargelu Formation is the main oil-source rock and is directly
related to the main petroleum-producing regions recognized to
date, acting as a conventional petroleum resource, according to
Hakimi and Najaf® analysis of the biomarker fingerprints of
reservoir oils from oilfields in the ZFB. There is only one oil
family, and the Sargelu Formation is acting as a conventional
petroleum resource.

Although the majority of earlier studies suggested that the
organic-rich carbonate rocks of the Sargelu Formation are an
important source rock potential for conventional exploration
and production targets in northern Iraq, little is known about the
organic-rich shales within the Late Triassic succession,
particularly those from the Late Triassic Baluti Formation
(Figure 2), which is the main subject of this investigation.

The Late Triassic Baluti Formation’s organically rich shale
intervals from the TT-22 well in the Taq Taq oilfield in Iraqi

https://doi.org/10.1021/acsomega.3c09003
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Figure 2. Stratigraphic correlation chart for the Iraq and Kurdistan ar
occurrences.

ea, showing the Paleozoic-Cenozoic successions and the hydrocarbon

Kurdistan were thoroughly examined in this article, including
their organic geochemistry, mineralogy, and petrographical
features.

This study’s objectives were to determine the OM content,
identify the present kerogen types, assess the petroleum
generation potential, assess the OM’s origin, and prevail
environmental conditions during deposition by employing
multiple biomarkers. In order to anticipate the geothermal

history, the ratios of the kerogen’s transformation into oil, the
stages of oil production, and the expulsion of the Baluti source
rock system, organic geochemical results are integrated with
basin modeling and utilized to determine the potential of shale
oil. This study also addresses the role of the petrographic data
from an X-ray diffraction (XRD) experiment and a thin-section
microscope in characterizing the types of visible porosity and
mineralogical composition.
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2. GEOLOGICAL SETTING

On the northeastern edge of the Arabian Plate, North Iraq is
located inside the Zagros Fold-Thrust Belt (Figure la). The
Arabian and Eurasia plates collided throughout the Cretaceous
and Tertiar?r periods, resulting in the formation of the Zagros
Mountains.’~>° Thrust belt marks the collision zone between
the Arabian and Eurasian plates, which extends through SE
Turkey, NE Iraq, and western Iran.”"”> When the Neo-Tethys
reached its maximum width of 4000 km in the Late Triassic to
Middle Jurassic periods, the second stage of opening began.”***
Throughout the Middle Triassic and Late Triassic, new
extensions developed on the Arabian Plate’s northern and
eastern edges.”” The associated tectonic activity produced a
thick sedimentary fill in the foreland basin depocenter (resulting
in the maturation of underlying source rocks) and the formation
of large anticline folds (that have trapped the generated oil)
(Figure 3a), making the ZFB of northern Iraq a prolific region of
structural trapping for hydrocarbon production (Figure 3b—d;
Mackertich and Samarra®®).

The lithostratigraphic column of the Kurdistan region,
ranging from northern to northeastern Iraq is presented in
Figure 2 of Mackertich and Samarra.”® The Kurdistan region
received a mixture of clastic, carbonate, and evaporite sediments
ranging from the Paleozoic (Cambrian-Permian) to the
Cenozoic (Paleocene-Pliocene), with the maximum thickness
of the Mesozoic (early Triassic-Late Cretaceous) sedimentary
succession (Figure 2). The Mesozoic sediments are mostly
carbonate, shale, and anhydrite deposited in marine to lagoonal
shelf settings.”” The Baluti Formation, the primary subject of
this investigation, is composed of carbonate-evaporate and
subsidiary shale sequences (Figure 2), with its complementary
type-section located near Sarki Village, Kurdistan region in
North Iraq, near the middle of the Gara anticline.”” The Baluti
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Formation was mostly deposited in a lagoonal estuary
environment,”” and the neritic lagoonal and evaporitic episodes
of the depositional environment were also identified based on
palynology and sedimentology investigations.

3. DATASETS AND METHODS

In the current study, detailed organic geochemical, petrographic,
and mineralogical analyses were performed on cutting samples
from one exploration well (TT-22) in the Taq Taq oilfield of the
ZFB, northern Iraq (Figure la). These cutting samples were
collected from the calcareous shale intervals with high gamma
ray responses at different depths (4008—4096 m) of the Late
Triassic Baluti Formation (Figure 4). A higher gamma-ray
response in the shales of the thicker Baluti Formation may reflect
a deeper deposition environment and potentially more organic-
rich facies. However, the studied well was drilled using water-
based mud; therefore, the collected cutting samples were mainly
washed with cold water to remove the mud drilling before being
subjected to multi-geochemical and optical analyses.

The description of the organic geochemical and petrographic
analyses along the 1-D basin modeling study is highlighted in the
next subsections.

3.1. Organic Geochemical Analyses. Thirteen calcareous
shale samples from the Baluti Formation were analyzed for total
organic carbon (TOC) content (TOC %) and conventional
programmed pyrolysis (Rock-Eval 6). To remove carbonate
minerals from the original crushed samples, 10% diluted HCI
was used. 100 mg of the cleaned crushed samples was then tested
using the Rock-Eval (RE) pyrolysis (Rock-Eval 6) apparatus to
ascertain the TOC % content and the bulk programmed
pyrolysis results.

In an atmosphere of helium, the samples were heated to 600
°C. After maintaining 300 °C for three min, the oven’s

https://doi.org/10.1021/acsomega.3c09003
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temperature was raised by 25 °C every minute. The character-
istics that are evaluated during pyrolysis comprise TOC %
content, pyrolysis yields of S;, S,, and S3, and the maximum
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temperature (T,,,) of S, production (Table 1). According to
Peters and Cassa,”® several other limitations, including the
hydrogen index (HI = S, X 100/TOC), oxygen index (OI = S; X
100/TOC), and production index (PI = S,/S; + S,), were also
determined using various RE yields.

3.2. Organic Petrological Analysis. In this study, organic
petrographic examinations were performed on seven shale
samples, with more than 1 wt % TOC, in order to identify the
organic facies in the studied samples along with vitrinite
reflectance (% VRo) measurements by means of the standard
polished block method.”” The whole samples were ground up
~2—3 mm and placed in molds using a blend of Serifix resin and
cold mount hardener. Once hardened, the block was pulverized
to expose the sample surface and then individually polished to
smooth surfaces following ASTM D2797—04.>°

The vitrinite reflectance (VRo) in polished blocks was
measured with a 50x oil immersion objective using a plane-
polarized reflected-light LEICA DM 6000 M microscope
supplied with Diskus Fossil software. The calibration was
performed using a piece of sapphire glass standard with a
reflectance value of 0.589%, and the numbers presented were the
arithmetic means of 10—30 measurements (Table 1). Although
the number of vitrinite measurements is relatively low for some
samples, the standard deviation values of the measurement are
around 0.05—0.12 (Table 1), and these low values of the
standard deviation are normally acceptable. Thus, the VRo
measurements of the analyzed samples are reliable.

3.3. Bitumen Extraction and Gas Chromatography-
Mass Spectroscopy (GC-MS). Three representative samples
were selected based on TOC of more than 2 wt % and then
subjected to extraction. The soluble bitumen (expressed in ppm
of the total rock sample) in these samples was extracted through
the blended solvents of dichloromethane (DCM) and methanol
(CH,;O0H) for 3 days (72 h). The extracted bitumen from these
three samples was fractionated into three fractions; aliphatic,
aromatic hydrocarbons, and polar compounds (NSO) by means
of petroleum ether, DCM, and CH;OH solvents, respectively, in
liquid column chromatography (LCQ) with alumina and silica
gel.

The three studied materials’ aliphatic and aromatic fractions
were then subjected to GC-MS analysis utilizing an HP 5975B
MSD-fused silica capillary column with a 30 m length, 0.25 ym
inner diameter, and 0.25 ym film thickness, along with helium as
the carrier gas. The Flame Ionization Detector’s temperature
gradually increases from 40 to 300 °C at a consent rate of 4 °C/
min and then was held for 30 min at 320 °C.

Tricyclic terpanes, hopanes, steranes, and diasteranes, as well
as their proportions and characteristics, were evaluated using
GC-MS analysis using specific ions such as m/z 191 and 217
mass fragmentograms. The heterocyclic and polycyclic aromatic
compounds in the aromatic HC fraction were also produced
from the GC-MS and studied based on specific ions, e.g., m/z
170, 178, 184, 192, and 198 mass fragmentograms. However,
peak identification was established by comparing the studied
ion’s retention time and mass spectra with those previously
published.”'

3.4. Thin-Section Microscopy and X-ray Diffraction
Analysis. In this work, standard petrographic analysis, including
thin sections and XRD, was utilized to estimate the visual
porosity and mineral composition in the investigated Baluti
shale samples. A standard thin-section examination was
performed on four shale samples at the laboratories of the
University of Sulaimani, Kurdistan, Iraq. In this case, visible
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Table 2. Basin Model Input Data Used to Reconstruct the Burial and Thermal History One Well Location (TT-22) in the Taq Taq
Oilfield, As Shown in Figure 1B

deposition ages

erosion ages

(Ma) (Ma) TT-22 well
erosion thickness bottom thickness

formation lithology from to from to (m) top (m) (m) (m)
Injana (Upper Fars) sandstone, claystone 12 3 3 0 2900 10 269 259
Fatha (Lower Fars) limestone, sandstone, evaporite 19 12 269 553 284
Pila Spi limestone 43 34 34 19 S0 SS3 675 122
Gercus sandstone, claystone 47 43 675 731 56
Khurmala limestone, dolomite 52 S1 51 47 30 731 781 S0
Sinjar limestone, dolomite 54 52 781 890 109
Kolosh sandstone, shale 65 54 890 1624 734
Tanjero sandstone, marl, argillaceous 67 66 1624 1675 51

limestone
Shiranish limestone, marl 78 67 1675 2062 387
Kometan limestone 92 78 2062 2189 127
Gulneri limestone, claystone 93 92 2189 2190 1
Dokan limestone 97 93 2190 2204 14
Mauddud (UQamchuga) limestone, dolomite 109 100 100 97 20 2204 2418 214
Batiwah (NUmr Eq.) limestone, dolomite 113 109 2418 2478 60
M Qamchuga Lst Eq limestone, dolomite 129 120 120 113 130 2478 2581.5 103.5
Garagu limestone 134 129 2581.5 2662 80.5
Sarmord limestone, marl 143 134 2662 3078 416
Chia Gara limestone, shale 152 143 3078 3172 94
Barsarin limestone, dolomite, evaporite 155 152 3172 3236 64
Naokelekan limestone, shale 164 155 3236 3256 20
Sargelu limestone, shale 170 164 3256 3362 106
Alan limestone, evaporite 180 177 3362 3457 95
Mus limestone 184 180 3457 3493 36
Adaiyah limestone, evaporite 194 184 3493 3552 59
Upper Sarki Mb limestone, evaporite 201 194 3552 3758 206
Middle Sarki Mb limestone 222 203 3758 3920 162
Lower Sarki Mb limestone 228 226.5 3920 4008 88
Baluti shale, dolomite, anhydrite, limestone 229 228 4008 4096 88
Kurra Chine A anhydrite, dolomite 232 229 4096 4214 118
Kurra Chine B shale, anhydrite, dolomite 236 232 4214 4466 252
Kurra Chine C Anhy anhydrite, dolomite, limestone 237 236 4466 4613.5 147.5+
(approx)

total depth 4613.5

porosity and pore types were estimated by using the image
analysis on thin-section photomicrographs.

The Baluti shale samples were also studied using XRD analysis
and used to reveal the qualitative and quantitative mineralogical
compositions of the Baluti shale. XRD analysis was also carried
out on three samples of the Baluti formation from the studied
well (TT-22) using a Malvern PANalytical XRD diffractometer
(XPERT-ROP diffractometer) using monochromatic—CuKal
radiation (4 = 1.540598 A).

3.5. Basin Modeling Procedures. The geological and
thermal maturity data (i.e., VRo) were imported into
Schlumberger’s PetroMod 1-D modeling software (version
2010 SP1) and used to build burial and thermal history models
of the Late Triassic Baluti source rock system. In this example, a
single exploratory well (TT-22) drilled to a total depth of up to
4613 m (Table 2) was utilized to construct basin models for the
Late Triassic succession’s thermal history progression.

Geological information, including sedimentary rock types and
deposition and erosion periods, was obtained from the TT-22
well’s private well log record (Table 2), and the age of deposition
and erosion periods was derived from the stratigraphic data
available in the published literature.”**> A significant thickness

7091

of sediments, around 1500 m to more than 4000 m, was eroded
throughout Late Cretaceous-Pliocene time.”***® These nearby
estimations of eroded sediments were integrated into the basin
modeling study (Table 2). For the purpose of estimating the
thermal history of sedimentary basins over time, which impacts
the maturity of the source rock, heat flow (HF) and temperature
gradient are crucial input parameters.””~*' Theoretically, heat
produced by local hydrodynamic fluxes and crustal tectonic
processes caused the HF to form in the mantle.*”~** The HF is a
more severe indicator of the thermal evolution in any basin since
the ancient HF was inferred from key tectonic events, especially
the extensional tectonics of the rifting epoch.***

The maturity data from measured % VRo and maximum
temperature (T,,,) can all be used to estimate the paleo-
HE.>”*>** This maturity calibration data was used to establish
the paleo-HF and entire thermal maturity history for the
sedimentary sequence within the sedimentary basins.*> ™"

In this study, the % VRo values, as demonstrated in Table 2,
were used to calibrate the evolution of geothermal maturation
for the studied well utilizing the Easy % Ro method, devised by
Sweeney and Burnham.>” This model has good agreement with

https://doi.org/10.1021/acsomega.3c09003
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Figure S. m/z 85 mass fragmentograms show n-alkane and acyclic isoprenoid (e.g., pristane and phytane) distributions of the aliphatic hydrocarbon
fraction in the representative organic-rich shale samples of the Baluti Formation.

the measured VRo data and the Easy % Ro model using the 4. RESULTS

4.1. Vitrinite Reflectance Results. The maturation of the
Baluti shale samples and the evolution of the thermal history

across the examined well section were both revealed by
Petro Mod basin modeling program. measuring the VRo.
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Figure 6. m/z 191 and 217 mass fragmentograms of the aliphatic hydrocarbon fraction in the representative organic-rich shale samples of the Baluti

Formation.

The shale samples of the Baluti Formation are generally
proven to be poor of vitrinite and are usually found as small size
particles. However, most of the vitrinite materials are associated
with bitumen staining, while other materials are unstained
vitrinite. In this case, the unstained vitrinite is not indigenous
OM and has been reworked from land plants. Accordingly, the
VRo measurements of the selected samples were performed on
bitumen-stained vitrinite OM as an indigenous OM. Thus, the
VRo measurements are reliable as a thermal maturity indicator.
The analyzed Baluti shale samples from well TT-22 have mean
VRo values ranging from 0.92 to 1.15% (Table 1). These
numbers generally show that the carbonate rocks from Baluti
and Sarki, which are rich in solid bitumen, are indicative of a
thermally mature sequence. The temperature burial of more
than 4000 m is responsible for the high-maturity level in the
succession of the Late Triassic Baluti Formation.

4.2. Bulk Geochemical Results. All shale samples from the
Baluti Formation in the studied well were analyzed, and their RE
pyrolysis results and TOC content were also measured (Table
1). The measured TOC is reported as a function of weight % and
shows that the analyzed Baluti shale samples exhibit a TOC
range of 0.54—4.92 wt %. Most of the measurements indicate
TOC > 1 (1.27—4.92 wt %), while the other six samples have the
lowest TOC, ranging between 0.54 and 0.98 wt % (Table 1).

As indicated in Table 1, the results of the RE pyrolysis
comprise Sy, Sy, S3, Tipaw OL PI, and HI. The range of petroleum
output from cracking kerogen (S,) is 1.55 to 37.06 mg HC/g
rock (Table 1). Recalled three samples have the largest S, yields,
ranging from 13.83 to 37.06 mg HC/g rock, whereas the
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majority of the analyzed samples (1 = 10 samples) have S, values
of <SmgHC/grock (1.55—4.90 mg HC/g rock) (Table 1). The
results of free hydrocarbon yields (S,) are substantial, ranging
between 0.68 and 6.77 mg of HC/g of rock (Table 1). The S,
values for most of the analyzed samples (n = 11) are more than 1
(1.47—6.77 mg HC/g rock). The other 2 samples show the
lowest S, yields, between 0.68 and 0.92 mg HC/g rock (Table
1).

The agreement between the S, and S; values and the TOC
content results in the generation of HI and OI (Table 1). The
samples under study exhibit HI values between 191 and 799 mg
of HC/g of TOC (Table 1). The majority of the analyzed
samples (n = 9 samples) have high HI values of greater than 300
mg HC/g TOC, while the other four samples had the lowest HI
values, between 191 and 238 mg HC/g TOC (Table 1).

In terms of the OI value, the analyzed samples from the
studied well have varied values from 50 to 180 CO,/g TOC
(Table 1). The samples range in OI values ranging from 50 to 94
mg CO,/g TOC for the lowest values and from 103 to 180 mg
CO,/g TOC for the highest values (Table 1).

The programmed pyrolysis study also included measuring the
Tax values based on the S, peak. T,., which denotes the
temperature at which S, peak yield is obtained, is more accurate
when S, levels are higher than 1 mg/g rock.”*** Accordingly, the
most frequently examined shale samples’ credible T, values
vary from 301 to 436 °C and contain S, values greater than 1
mg/g rock (Table 1).

4.3. Molecular and Biomarkers of OM. The present study
examined OM characteristics based on n-alkanes, isoprenoids

https://doi.org/10.1021/acsomega.3c09003
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(Figure S), and sterane and terpane biomarker distributions = " o &+
utilizing mass fragmentograms of m/z 191 and 217 ions from the = . SRR R g oc"’ %
) N 0 v
saturated fraction (Figure 6). £ X2 E § § % QI <
The alkanes between C,; and Cs; are distributed unimodally = g "~ ® S0 §
in the GC, with an excess of short (C;3—C,;) to middle-chain ,;i b & % o Pﬂ] g é’
(Cy;—Cy¢) n-alkanes (Figure S). Such a typical alkane e i ’é‘ A
distribution in the analyzed samples gave low carbon preference "_'o" & S o ~ -‘i’n:
index (CPI) values between 0.95 and 0.99 (Table 3). The extent = 15222 e wwm B u’”zl
of waxiness (WI) was estimated and found to be between 0.70 i T 253 kg
and 0.78 from the examined shale samples (Table 3). g 2 g & a
A significant amount of acyclic isoprenoid hydrocarbons, such % E é < =
as pristane (Pr) and phytane (Ph), are present in the ks % g 2 &
chromatograms of the three samples that were under E %’0 253 =&Y
investigation (Figure S). In the chromatograms of the analyzed IC) €T T T B R3R (Faun
samples (Figure 5), Ph was more prevalent of the acyclic E & = <=3 g?
isoprenoids than Pr, resulting in a Pr/Ph isoprenoid ratio of ) Sﬁ T'Suz_%’i o
lower than 1 and ranges between 0.65 and 0.77 (Table 3). E Lj st S
Isoprenoid ratios relative to n-alkane concentrations (C;,—Cjs) o g & g g+
were compared and measured, providing their Pr/n-C,, and Ph/ E é R <] F oo +2 £
n-Cig ratios in the range of 0.44—0.52 and 0.65-0.68, S 5~~~ 23S & §§
respectively (Table 3). = . = S 3«
From mass fragmentograms of m/z 191 and 217 ions, :,% E + %*&\%
. . « @ N =
respectively, in the saturated hydrocarbon compounds of GC- g O zzq 09%
MS (Figure 6), hopanoids and steroids were generated, and their E " \E S =g 8 2
ratios and characteristics were calculated (Table 3). = é ) S Ug 2 E 8:
The mass fragmentograms of the m/z 191 ions contain -% .= 8| _? + g E§
significant levels of pentacyclic and tricyclic terpanes (Figure 4 S &l s 583 gfg ~
6a). The hopanoids consist of homohopane (C;,—C,,) 2 g = % § § E g s °C°° +® 3%
components, C3, hopane, and C,y norhopane. The C, & - eIk 23 SIS
norhopanes, however, are dominant over the C;, hopanes % § B° § ° toe =
(Figure 6a), with C,, norhopane/C;, hopane ratio values k] Eﬁ e i;; g LI) %;
greater than 1.40 (Table 3). These high ratios of Cy/Cs - s, & J 2939k ISEA
indicate carbonate-rich facies as likely source rocks.™ S5 E \E SRS 9 6 . L
The homohopane distributions, in particular, are dominated § 5 qo%* ®) Téﬂ EOZ e
by Cj;), and when the carbon concentration in all samples rises, "‘E '2 2 . s 9 E > ‘j:« 2
the proportion slowly declines (Figure 6a). In comparison, the % E s g - gé ,E
homohopane C;,22R series is lower in abundance than the Cj, g b é S 2483 S Ssc o 3 258
hopane (Figure 6a), resulting in C3;22R homohopane/Cs, < é 8 = =e- g R éé
hopane (C;;R/C5,H) ratios between 0.24 and 0.30 (Table 3). =5 2 o $ £ g 8 <
Substantial quantities of 17 a(H)-trisnorhopane (Tm) and 18 %3 S oo n -
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tricyclic terpane concentrations, ranging from C,g to Cy4 (Figure o 8 8 5233 ’5 = e
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several ratios, such as C,, tricyclic/C,, tricyclic (C,,T/C,T), z S 8 ET756
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gammacerane biomarker for the most analyzed samples is é g B g‘ g0 i;i
reported in low quantities in m/z 191 mass fragmentograms 2 E g 283 S E‘ |1% :E\
(Figure 6a), and its gammacerane/C;, hopane (G/C;) index C"a & g S °° E v o o) T‘*Q 2
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Figure 7.m/z 170, 178, 184, 192, and 198 mass fragmentograms of the aromatic hydrocarbon fraction in the representative organic-rich shale samples

of the Baluti Formation.

such as standard C,,/C,, regular sterane, C,, 20S/(20S + 20R),
and fp/(Bp + aa), as well as C,;/C,, regular sterane, were
further determined (Table 3).

In the current study, polycyclic aromatic compounds such as
dibenzothiophene (DBT), phenanthrene (P), alkyl naphtha-
lene, and methylphenanthrene were identified in the aromatic
fraction of the investigated three shale samples. These aromatic
characteristics and ratios serve as helpful thermometric
markers,”**” depositional environment and lithologies,”®*’
and source rock facies.”’~%*

The relative distribution of DBF, P, and the homologues of
alkyl naphthalene and methylphenanthrene are shown in partial
chromatograms of m/z 184, m/z 178, m/z 170, m/z 192, and m/
z 198, respectively (Figure 7). The relative distribution of these
aromatic compounds is used to calculate several aromatic
parameters and ratios, such as MDR, MPI-1, MPI-2, and DBT/
P, and are presented in Table 3.

7095

4.4. Petrographic and Mineralogical Results. The
mineral compositions of the analyzed Baluti shale samples
were determined from XRD charts. The results of XRD revealed
that the studied Baluti samples comprise an extremely complex
mineral composition, including quartz, clay (mainly illite), and
pyrite minerals (Figure 8a,b). The distributions of the mineral
composition demonstrate that the quartz mineral dominates
over the other minerals (Figure 8a,b). The presence of quartz
and pyrite minerals, with a high abundance of quartz, was also
observed in a thin section under a microscope (Figure 8c—e).
The pyrite mineral is represented by an irregular surface, varying
shapes, and gray color (Figure 8c,d). However, the enrichment
with quartz minerals is considered to be more brittle rocks.”* %
In this case, the analyzed Baluti shale samples consist of a higher
quartz brittle mineral compared to clay mineral (Figure 8a,b).
Based on this mineral constituent, the selected Baluti samples
are likely to be high-brittle rocks for fracabilitz and the
development of natural and artificial fractures.”® Fractures

https://doi.org/10.1021/acsomega.3c09003
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seen in the examined shale samples provided support for this 4.5, Basinal Thermal Evolution and Maturation of
Source Rock. The period of source rock maturation is

interpretation (Figure 8d,e). influenced by thermal geo-history development in sedimentary
7096 https://doi.org/10.1021/acsomega.3c09003
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basins, which affects petroleum generation over the course of
geological time."”*® The key elements that influence a basin’s
thermal history include sedimentation, erosion history, burial
temperature slopes, temperature gradients, and paleo-HFs.67

Using a 1-D-basin simulation method, the measured % VRo
(available from the exploratory well; Table 1) was used to
determine the paleo-HF values. Here, several HF model
scenarios are used in conjunction with erosion episodes that
occurred in the late Pliocene (3 Ma; Table 2). By including the
erosional history, a passable fit of Sweeney and Burnham’s>
maturation (Easy % Ro) and measured VRo profiles is obtained
(Figure 9a). In order to achieve the best fit between measured %
VRo and modeled EASY % Ro, elevated HF values between 40
and 68 mW/m? were assigned (Figure 9b). However, Allen and
Allen*” indicated that the paleo-HF values between 40 and 80
mW/m? are considered for foreland basins. The HF model
employed in this study reveals that paleo-HF values during the
Late Cretaceous and Miocene periods were relatively high,
ranging between 60 and 68 mW/m? (Figure 9b). This is related
to the Zagros Mountains’ development as a result of the Arabian
and Iranian plates’ reactive convergence and collision during the
Mid-Late Cretaceous (Zagros Orogeny) and the foreland basin
of the ZFB in northern Iraq.**~"*

However, we employed modeled HF to reconstruct the
thermal maturation history of the Late Triassic Baluti Formation
and pinpoint the time of petroleum formation (Figure 9).
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According to the maturity models, the Baluti Formation is
currently in the peak-to-late-mature of the oil generation
window (Figure 10a). These models further show that the
thermal gradient has a significant impact on the thermal
maturation history of the studied Baluti shales and that the base
of the Baluti Formation extends down to a depth of more than
4000 m, resulting in high burial temperatures of around 157 °C
during the Late Miocene (Figure 10b). Following that, the
Baluti Formation’s base enters the early mature oil window
(0.55—0.70 Easy % Ro) during the Late Eocene to Late Miocene
time (45—12 Ma; Figure 10a). Peak oil production occurred
during the Late Miocene (12 Ma) and has continued until today.
This corresponds to an Easy % Ro value between 0.70 and 1.08
(Figure 10a) and a temperature value of up to 150 °C (Figure
10b).

5. DISCUSSION

5.1. Source of OM and Paleoenvironmental Con-
ditions. The intake of OM, its origin, and the depositional
environment of the Baluti shales were assessed based on
accepted standard interpretations of molecular biomarker
proxies in light of the saturated and aromatic biomarker
data.”*””” The unimodal distribution of normal alkanes in GC
may signify a significant contribution from marine OM made up
of algae microbial mats, which is dominated by n-C 3 to n-Cy
molecules of short to medium molecular weight (Figure S). The

https://doi.org/10.1021/acsomega.3c09003
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WI degree, (B) Pr/n-C,, versus Ph/n-Cg, (C) Pr/Ph versus Pr/n-C,;, and (D) Pr/Ph versus DPT/P ratio, indicate that the Baluti shale sediments
contain mainly marine OM and were deposited under anoxic conditions.

contribution of the different OM inputs may also be deduced comparison to the Cy;R homohopane (Figure 6b), and the ratio
using CPI and WI degree values.”®”” Lower CPI and WI values of C31R/Cy, is relatively high, ranging from 0.24 to 0.30 (Table
reveal a higher contribution of aquatic OM.”* In this case, the 3), suggesting that the Baluti rocks were formed in a marine
combination of CPI and further support the increased environment.
contributions from marine OM and some terrestrial source The occurrence of a significant concentration of tricyclic
input into these shale strata (Figure 11a). terpanes in the m/z 191 mass fragmentograms (Figure 6a), with
The OM present in the redox depositional environment was the ratios of Cys/C,s, C,5/C,y, and C,,/C,y tricyclic terpanes
also assessed from the isoprenoids.””*" In this case, the relatively (Table 3) also suggests this understanding for a high
high concentrations of Ph (Figure S), with low Pr/Ph, Pr/n-C, contribution of marine OM into the Baluti source rocks (Figure
and Ph/n-C g ratios, further point to algal marine-derived OM 12).
and highly reductive conditions during deposition (Figure Using the modified ternary diagram from Huang and
11b,c). The depositional conditions may also be deduced using Meinschein®* (Figure 13), the high concentrations of C,,
the Pr/Ph isoprenoid ratio.” Pr/Ph < 1 denotes an anoxic regular sterane in all of the examined shale samples (Table 3)
environment with a stratified water column, while Pr/Ph > 2 support the interpretation of primarily planktonic and bacterial
denotes contributions from terrestrial OM under oxic environ- origin, with little input of OM derived from plants. Additionally,
mental conditions, according to Didyk et al,* and Chandra et the existence of high C,,/Cyg regular sterane ratios supports this
al.*" Most of the shale samples show low Pr/Ph values ranging (Table 3).
from 0.65 to 0.77 (Table 3), indicating that these shales were Organic material from aquatic sources contributed signifi-
accumulated during anoxic depositional settings. cantly to the Baluti shales in a relatively oxygen-poor
In addition, the combination of the Pr/Ph ratio together with environmental setting, as confirmed by the relatively low
the high DBT/Phen ratios of >1 supports the interpretation of a proportions of 1,2,5- and 1,2,7-trimethylnaphthalene compared
marine source rock (Figure 11d). The distribution of the Cj; to 1,3,7- and 1,2,6-trimethylnaphthalene in the aromatic fraction
homohopanes in the m/z 191 mass fragmentograms lends (Figure 7). According to Strachan et al.,* the relative abundance
credence to this interpretation.71 The C;y hopane dominates in of 1,2,5- and 1,2,7-trimethylnaphthalene is likely to indicate a
7098 https://doi.org/10.1021/acsomega.3c09003
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Figure 12. Geochemical biomarker results of the analyzed organic-rich shale samples show (A) Cy4 tricyclic/Cy; tricyclic (C,¢T/CysT) versus Cy,

regular homohopane/Csshopane (HCR;,/HCs,) and (B) C,, tricyclic/C,;
indicating that these sediments contain mainly marine OM.

tricyclic (C,4T/,3T) versus C,, tricyclic/C,; tricyclic (C,,Ti/C, Ti),

larger supply of plant OM and a deltaic environment with

relatively high oxygen levels.**

5.2. Characterization and Efficiency of the Source
Rock for the Potential of Hydrocarbon Generation. Most
of the Baluti shales are organic-rich, with a high TOC content of

7099

more than 1 wt % and reaching maximum TOC % of 4.92 wt %
(Table 1). Considering that most organic geochemists reported
that sediments with a TOC level of more than 1% suggest a
sufficient amount of OM for a good source rock.®>*¢ Therefore,
the high TOC content of more than 1 wt % in most of the Baluti

https://doi.org/10.1021/acsomega.3c09003
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shales indicates good source rock characteristics for noteworthy
amounts of petroleum-generating potential at thermal matura-
tion. This finding is confirmed by the relationship between TOC
and the petroleum yield obtained by thermal cracking of kerogen
(S,). The TOC results correlate well with the petroleum
potential yield (S,) and further reveal a good to very good
generative potential for most of the examined Baluti samples
(Figure 14a).

The high TOC content in the studied Baluti samples was
further combined with the pyrolysis S, petroleum yield and used
to calculate the oil saturation index (OSI mg/gram) using the
following formula: OSI = S, X 100/TOC.*"*”*¢ The capacity of
the oil-bearing source rock and the potential economically
producible oil were also estimated using this ratio.***”** A
mature source rock is represented by OSI values more than 30,
whereas an oil-saturated source rock is indicated by values
between 50 and 70.%” Likewise, oil crossover is defined as the
OSI ratio above 100%, which demonstrates the source rock’s
capacity to hold oil.*”**

In this study, the 13 shale samples from the Baluti Formation
have OSI values ranging from 125.93 to 448.98 mg/g and are
shown in Table 1. The majority of the analyzed samples from the
studied well with OSI values of >100 mg/g represent the oil
crossover effect and may serve as a significant benchmark for
significant quantities of oil-bearing material and increase the
likelihood of oil production (Figure 14b).

The present study also integrates bulk RE data and
microscopic examination results to understand kerogen’s
characteristics and classification within the investigated Baluti
shale samples.

The RE parameters HI and OI were employed to evaluate the
qualitative kerogen classification using the OI vs HI diagram. In
this diagram, the majority of the shale samples under
examination fell along the hydrogen-rich type I and II kerogen
paths, with just a modest contribution from types II/III and III

7100

kerogen (Figure 15a). The domination of hydrogen-rich type I
and II kerogens was also reinforced by the relationship between
the HI and T,,,, (Figure 15b). Therefore, based on the kerogen,
it is expected that the Baluti shales can generate high amounts of
oil as implied by the relationship between the TOC content and
the pyrolysis HI parameter (Figure 16).

The thermal alteration of OM in the studied shale unit of the
Baluti Formation from the selected well was assessed using
multiple optical and geochemical indicators (Tables 1 and 3).
The results of this integration enable us to assess the thermal
maturity level of OM input and its potential for petroleum
generation.

VRo % data are among the most reliable parameters to
highlight maturity and focus on critical information, such as the
degree of maturation of organic material and the ability to
generate petroleum.45

Seven shale samples from the Baluti Formation taken from the
TT-22 well were used in the current investigation to evaluate the
thermal changes of OM. In Table 1, the measured VR values for
the Baluti shale samples are shown. This range, which represents
the peak-mature to late-mature of the oil-generating window, is
between 0.92 and 1.15%.

The T, values were also used to assume organic maturity.
The T,,,, data of the analyzed samples varies between 301 and
435 °C (Table 1), indicating immature to early mature oil
window. These stages of thermal maturity from T, are
inconsistent with the VRo %-based observation. We envisage
that the presence of generated hydrocarbons within the studied
shales might have lowered T,,,, values (<430 °C) at deeper
burial depths.®” The presence of generated hydrocarbons in the
samples is confirmed by the relatively higher S, as compared to
TOC content (Table 1), and hence, high PI values of more than
0.40 (Figure 17). Therefore, the RE T,,,, values of <430 °C were
not trustworthy thermal maturation indicators in the deeper
Baluti shale samples.
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Herein, the source rock maturity of the Baluti formation was
also concluded from specific maturity-derived biomarkers based
on established standard classifications. These maturity-derived
biomarkers most commonly used to establish maturity include
those derived from terpane, sterane, and methylphenanthrene
content of the hydrocarbon fractions, i.e., aliphatic and
aromatics,”**?°~"* including Ts/Tm, Cj, hopane, 20S/(20S
+ 20R), and /(PP + aa) of Cy, sterane and methylphenan-
threne indices (i.e., MPI-1 and MPI-2) (Table 3).

The hopane ratio of C, 20S/(20S + 20R) can range up to
values of 0.7, reflecting high maturity, although it is most reliable
at lower maturities.”” When paired with high C,, sterane 33/ (5
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+ aa) ratios, almost all of the studied samples exhibit reasonably
high C;, hopane ratios of 0.56 to 0.57, indicating that the Baluti
source rock has matured to its peak oil window (Figure 18a).
Further, the C,, sterane ratios of the f3/(ff + aa) and 20S/
(20S + 20R) may also suggest the analyzed Baluti shale samples
are mature source rocks (Figure 18b).

The high maturity source rock of the examined samples is also
suggested by the high trisnorneohopane (Ts) in m/z 191 MC
(Figure 6a), with high Ts/Tm ratios greater than 2 (Table 3).
The high Ts/Tm index is consistent with the low ratio of Cs,
moretane/Csyy hopane (CM,,/C;) and further suggests mature
source rock of the peak oil window (Figure 18c). However, these
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Figure 16. Geochemical correlation between TOC content and RE data (i.e
Formation from the studied TT-22 well are mainly oil-prone source rocks.

., HI), implying that the analyzed organic-rich shales samples of the Baluti

hopane and sterane maturity biomarkers alone are therefore not
sufficient to evaluate thermal maturity and must be matched
with other maturity-sensitive aromatic biomarkers.

With increasing age, the relative abundance of more stable
isomers rises in comparison to less stable isomers because the
aromatic maturity characteristics are often based on the variable
thermal stability of distinct isomers.”® The MPI-1 and MPI-2
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indices of phenanthrene are among the computed aromatic
parameters for the samples that were analyzed (Table 3). The
high MPI-1 and MPI-2 values in the studied shale samples
(ranges of 0.82—0.94 and 1.03—1.18, respectively) point to a
mature source rock (Table 3 and Figure 18d). The VRo values
from MPI-1 were also calculated, ranging from 0.89 to 0.96%
(Table 3), consistent with a peak-mature oil window.
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Figure 17. Thermal maturity indicators (i.e., T and PI) of the organic-rich shale samples of the Baluti Formation, including analyzed samples in the

studied TT-22 well mainly containing staining or migrated HCs.

5.3. Implications for Oil Exploration Opportunities. In
the studied TT-22 well from Taq Taq oilfield, the Baluti organic-
rich shales have a high abundance of main types I and I kerogen
and are currently in the high maturity stage of the oil window
(i.e, peak-mature to late-mature), implying that commercial
quantities of oil have been generated. On the other hand, the
high OSI values of more than 100 mg/g confirm that the Baluti
source rock system has generated a considerable quantity of oil
and is saturated now, leading to a high probability for oil
production (Figure 14b). The higher amount of oil accumu-
lation in the Baluti source rock system from the TT-22 well is
also confirmed through basin model results.

Modeling of the primary kerogen cracking and oil production
from the Baluti source rocks across geological time (Figure 19).
These conversion ratio models were developed using the type I
kinetic data of Behar et al.”* Based on the type I kinetic reaction
parameters, thermal maturity, and burial history, the primary
kerogen-oil cracking and retained oil cracking to the gaseous
phase from type I source rock were timed.

The TT-22 well-based model suggests that the Baluti source
rock reached a TR of 10—50% (Figure 19a) and had generated
substantial volumes of oil during the late Miocene age around 12
to 7 Ma (Figure 19b), corresponding to computed VR values in
the ranges of 0.77—1.02% (Figure 10a). From the end of the late
Miocene (7 Ma) to the present, tiny amounts of oil produced in
the Baluti source rock system have been released, with TR values
exceeding S0% (Figure 19a). However, the Baluti source rock
has generated its maximum amount of oil and is saturated,
suggesting that the greatest values are more than 50% for its
kerogen conversion, which led to high pressures and pushed the
brittle minerals to be shattered, resulting in a natural fracture
system (Figure 8c,d). This natural fracture system can develop
the porosity of the tight shale rocks of the Baluti Formation,
resulting in better potential oil storage capability. As a result, the
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fracability of the Baluti shale rocks is identical for h}ydraulic
stimulation, making them ideal for oil production.”**” Mean-
while, the oil bearing of the shale for oil production is associated
with oil generation and expulsion.*® Shales with higher oil
generation and lower oil expulsion features are ideal for shale oil
resource discoveries.”® The Baluti organic-rich shales attained
TR values between 10 and 65%, as indicated in the basin
modeling results (Figure 19a). Therefore, the Baluti source rock
system should have a lower oil expulsion efficiency (TR up to
65%) and thus higher residual oil as well as oil-bearing capacity,
making it a suitable prospect for shale oil discoveries. This
significant find will help shale oil prospects and exploration
targets in the northern Iraqi basin of the ZFB, where the Late
Triassic Baluti Formation candidates as unconventional
petroleum resources, and it will lead to the production of
more oil that could be released using hydraulic fracturing
techniques.

6. CONCLUSIONS

This study investigated the Late Triassic Baluti Formation’s
organic-rich shale and potential oil production in northern Iraq’s
ZFB. The present investigation provides the following findings:

e The Late Triassic Baluti Formation, which has a TOC of
approximately 4.92 wt % and primarily types I and II
kerogens with a trace amount of types II/III and II, is a
notable oil-source rock.

The OM origin and depositional environment-related
biomarkers suggest that the OM input to the Baluti shale
source rock is a mixture of mainly phytoplankton and
bacteria with a small amount of terrigenous plants and
deposited under marine reducing conditions.

A number of maturity-related indicators show that the
investigated samples of the Baluti Formation have
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attained a variety of thermal maturation stages, from peak-
mature to late-mature oil windows.

The majority of the Baluti Formation’s organic-rich shales
crossed the oil-crossover, indicating good oil-bearing
capacity and enrichment conditions for high-probability
oil production matched with OSI values above 100 mg/g.
The basin model study, enriched with geological data, has
revealed a primary kerogen-oil conversion of the Baluti
source rock occurred between the late Miocene and the
present (12—0 Ma), with the main oil window maturity
(0.77—1.08 Easy % Ro) and 10—59 % TR.
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When the maximum TR (59% TR) was attained at the
end of the late Miocene, a small amount of oil was released
from the Baluti source rock system.

The natural fracture system in the Baluti shale source rock
was recognized and observed in thin sections. This natural
fracture system is probably attributed to the combination
between the high quartz brittle mineral content and the
presence of significant amounts of oil generation with
lower oil expulsion efficiency.

The above characteristics of the Baluti shale source rock
system can be used as a foundation for further shale oil
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exploration in the Taq Taq oilfield, where the Baluti
Formation serves as a candidate for source-self-reservoir
potential and could result in high-probability oil
production that could be released using hydraulic
fracturing techniques.
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