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Abstract: The Late Jurassic Naokelekan and Barsarin for-
mations of northwestern Iraq have been investigated in
three wells to assess their potentiality for hydrocarbon gen-
eration.

The results of Total Organic Carbon content (TOC) and
Rock-Eval Pyrolysis reveal fair to excellent content of hy-
drocarbon and suggest that the depositional conditions
were suitable for the production and preservation of or-
ganic matter. The Thermal Maturity Proxy indicates that
the studied formations were mature stage of hydrocar-
bon generation, with an exception of three samples from
the Naokelekan Formation in Shaikhan-8 well, and two
samples from the Barsarin Formation in Atrush-1 and
Shaikhan-8 wells were at an immature stage.

The S; and TOC relationship shows that all the sam-
ples are indigenous in nature. Most of samples from the
Naokelekan Formation belong to kerogen Type II/III, and
that in the Barsarin Formation belongs to kerogen Type II
is dominant.

The Pr/Ph, Pr/n-C;7 and Ph/n-C;3 ratios for the extracted
bitumen of both the formations indicate that they were
originated from marine organic matter under reducing
conditions. The 6'3Cg,; and 63C,,, range from -28.7 to
—27.7%0 and -28.8 to —27.7%. respectively. These biomark-
ers show high contribution of marine organic matters pre-
served under relatively anoxic conditions in the studied
formations.
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1 Introduction

Many hydrocarbon fields have been discovered in deeper
Jurassic reservoirs of the northwestern part of Iraq in
the recent years, such as Tawki, Atrush, Swara Tika and
Shaikhan fields. The Jurassic period represents a separate
and distinct petroleum systems much distinct from those
of the Triassic systems, in that they their independent in-
ternal source rocks, reservoirs, and regional seals [1, 2].

Atrush and Shaikhan oil fields are located in the High
Folded Zone which is part of the Zagros Fold and Thrust
Belt of Iraq, some 85 km northwest and 60 km north of Er-
bil city respectively. Both are recent oil discoveries in the
Kurdistan Region of Iraq. The Atrush structure is a NW-
SE oriented, doubly-plunged asymmetrical anticline, and
its northeastern limb is gentler than the southwestern one.
The dip of the steeper forelimb may reach > 70°, and is over-
turned in some localities [3].

The Shaikhan anticline is a WNW-ESE trending,
doubly-plunged asymmetrical anticline with a gentle
southwestern limb and steeper backlimb. Consequently,
this anticline is verging towards the northeast (hinterland).
Furthermore, the attitude of the fold axis is 275°/5°, and
the anticline is plunging 5° towards WNW. This fold is con-
sidered as an open structure due to its interlimb angle of
120° [4].

The Late Jurassic Naokelekan and Barsarin formations
were first described by [5] from outcrops in the Balambo-
Tanjero Zone at Naokelekan and Barsarin Villages in NE
Irag. The Naokelekan Formation conformably overlies the
Sargelu Formation [6], and its upper contact with the
Barsarin Formation is frequently marked by a detrital, fer-
ruginous horizon in north Trust Zone [7]. The upper con-
tact of Barsarin Formation with Chia Gara is conformable
in the type area [5].
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Figure 1: Landsat image showing the locations of the studied wells, Ma-1, At-1and Sh-8

The Upper Callovian-Lower Oxfordian, with Kimerid-
gian and Oxfordian ages were suggested for Naokelekan
and Barsarin source rocks in North Iraq respectively [8].
This was based on the study of Palynomorphs, mainly di-
noflagellate cysts. Whereas, the age of Naokelekan Forma-
tion in Iraqi Kurdistan was indicated as Callovian to Up-
per Oxfordian based on the presence of Cyclagelosphaera
deflandrei sp. and lotharingius sp. [9]. The amount of To-
tal Organic Carbon (TOC) of the Naokelekan Formation de-
creases toward west, north, and southeastern parts of Iraqi
Kurdistan ranging between 0.4 to 18.8 wt.%, [10] and that
the types II and III kerogens are the main components of
organic matter [10, 11].

This study is the first one conducted on Mangesh-1 (Ma-
1), Atrush-1 (At-1) and Shaikhan-8 (Sh-8) wells (Figure 1). Al-
though Naokelekan and Barsarin formations are consider
as important sources of hydrocarbons in the northern Iraq
basins, there are lack subsurface studies on the formations
in northwestern Iraq. The objective being assessment of
the TOC content and kerogen type characterization, along
with determination of its maturity stage in order to deduce
the genetic potential (GP). Furthermore, the depositional

conditions of Late Jurassic Naokelekan and Barsarin for-
mations are being studied by integrating organic geochem-
ical data and molecular characterization.

2 Geological Setting of Late
Jurassic Period/Formations

The Jurassic period in Iraq invariably includes the Late
Toarcian-Early Tithonian Megasequence (AP7) spatially
and temporally. There are several genetically related se-
quence packages that were deposited during this period.

The geological successions exposed within the
studied well-sections include Jurassic Alan, Sargelu,
Naokelekan and Barsarin formations from the oldest to
youngest. Younger Cretaceous units are comprised of Chia
Gara, Garagu, Sarmord, Qamchuqa, Kometan, Wajna, and
Aqra formations. These were further overlain by the Ter-
tiary succession comprised of Kolosh, Gercus and Pila Spi
formations (Figure 2).
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Figure 2: Stratigraphic column of Sh-8 well with a summary of
lithology

Naokelekan Formation overlies Sargelu Formation
and the represented contact between them is con-
formable [5]. The upper contact, of which is also con-
formable with the Barsarin Formation, is frequently
marked by a detrital, ferruginous horizon in north Thrust
Zone [7].

The lithology of Naokelekan Formation from bottom
to top in the studied wells consists of:

— Argillaceous limestone, light to medium to dark
grey, occasionally brownish grey, firm blocky, hard
in part, subangular to angular, brittle, microcrys-
talline, slightly dolomitic.

— Pale grey-brown limestone, rarely dark grey-brown,
hard, brittle, sub-blocky to angular microcrystalline,
argillaceous in part, slightly dolomitic.

— Calcareous claystone, which is very dark grey to
brownish grey, rarely black, moderately hard, sub-
blocky to angular, carbonaceous (Figure 3).
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Figure 3: Lithologic description of the studied formations in Ma-1,
At-1and Sh-8 wells

Barsarin Formation conformably overlies Naokelekan
Formation and conformably underlies Chia Gara Forma-
tion in the type area [5] and the studied wells.

The lithologic composition of Barsarin Formation
from bottom to top in the studied wells, consists of:

— Snowy white anhydrite, soft occasionally firm.

— Limestone, medium to dark brown in color, moder-
ately to very hard, brittle, blocky to angular, firm
to moderately hard, blocky, crumbly, slightly argilla-
ceous.

— Shale, light grey to dark grey, brownish, moderate
soft to moderate hard, fragile and fissile.

— Claystone, predominantly light grey, soft, amor-
phous, occasionally grading medium grey, moder-
ately hard.

— Dolomite, medium to dark brown in color, hard, brit-
tle, blocky to angular (Figure 3).

The area of the High Folded Zone of Iraq including,
Balambo-Tanjero and Northern Thrust Zones is character-
ized by condensed sedimentary successions of euxinic en-
vironment in the lower part (Naokelekan Formation), and
lagoonal evaporites in the upper part (Barsarin Formation).
This in turn led [12] to confer the presence of a tectonic
ridge separating the basin in northern Iraq.

The available palaeogeographic maps for Late Juras-
sic demonstrate that the entire area was influenced by
tectonic load along the Arabian Plate margin prior to the
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Table 1: Details of the cutting samples collected from Naokelekan and Barsarin formations in Iraqgi Kurdistan for Rock-Eval pyrolysis

Well name Formations Number of samples Formation thickness (m) Deposition (Ma)|

Ma-1 Barsarin 3 138 153-146
Naokelekan 4 92 164-153
At-1 Barsarin 2 77 153-146
Naokelekan 1 7 164-153
Sh-8 Barsarin 2 51 153-146
Naokelekan 3 34 164-153

open-marine waters of Tethys. It was highly restricted in
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Figure 4: Palaeogeographic map of Late Jurassic period (modified
after [1])

opening of the southern Neo-Tethys. Compartmentaliza-
tion of intra- shelf basin subsidence caused the basin
break up and split from Neo-Tethys [1]. Three main types
of prominent facies along with their depositional environ-
ments are recognized: (1) a clastic-carbonate amalgama-
tion setting, is indicative of the inner carbonate shelf (sub-
merged ridge), represented by the Najmah and Saggar for-
mations; (2) a carbonate-evaporite setting, is indicative for
inner shelf (sabkha), represented by the Najmah and Got-
nia formations; and (3) a restricted basin setting, denoted
by the Naokelekan, Barsarin and Gotnia formations (Fig-
ure 4).

A large-scale intrashelf basin, termed Gotnia Basin,
was formed in Iraq at the end of Early Jurassic. This
basin occupied most of the southern, central, northern
and northeastern Iraq and was relatively isolated from the

rich source rocks and evaporites. The margins of the basin
were probably controlled by a system of conjugate NW-SE
and SW-NE trending lineaments [2].

3 Sampling and Analytical
Techniques

A total of 15 well cutting samples were collected from shale
and bituminous limestones within the Naokelekan and
Barsarin formations (Table 1). All the samples were ana-
lyzed at the Geological Survey Repository Facility in Erbil-
Iraq.

The TOC (wt.%) was determined using a Buchner fun-
nel and LECO C230 analyzer. The studied rocks were ana-
lyzed by Rock Eval pyrolysis method which estimates the
GP (GP=S+S,, in Kg HC/Ton rock) of rock samples using
Rock-Eval 6 apparatus, according to a programmed tem-
perature pattern. This was followed by heating the sam-
ples to 850°C at rate of 25°C/min in an oxidation oven in
the presence of air to oxidize the residual carbon [13, 14].
The released hydrocarbons were monitored by Flame Ion-
ization Detector (FID), generating two distinct peaks, S;
(thermally distilled free hydrocarbons in mg HC/g of rock)
and S, (hydrocarbons released from the cracking of kero-
gen in mg HC/g of rock). In addition, carbon dioxide (CO;)
released during pyrolysis was monitored in real time by IR
cell S3 (in mg CO,/g of rock), giving information on the
oxidation state of the kerogen. The temperature at the S,
peaks is called (7;4x in °C), which gives an indication of
kerogen maturity. Tmax can also be used to calculate Vit-
rinite Reflectance (R,) which is mathematically expressed
by [15] as Ro(calculated) = (0.018xTmax) — 716

Other diagnostic ratios have been calculated from the
S1, S,, S3 and TOC such as Production Index (PI=S;/GP),
Hydrogen Index (HI=S,/TOCx100, in mg HC/g TOC) and
Oxygen Index (OI= S3/TOCx100, in mg CO,/g TOC). Pyrol-
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Table 2: Results of Rock-Eval pyrolysis for the samples from Ma-1, Atr-1 and Sh-8 wells

Well Formation Depth  TOC S1 S, S5 Tmax HI ol Pl GP Ro %
name (m) Wit.% °C

Ma-1 Barsarin 2319 1.49 1.06 6.92 0.61 430 464 41 0.13 7.98 0.58

Barsarin 2397 0.98 0.62 2.40 0.58 437 245 59 0.21 3.02 0.71

Barsarin 2448 13.00 3.14 52.48 0.80 442 404 6 0.06 55.62 0.8

Naokelekan 2463 6.07 2,11 22.09 0.90 437 364 15 0.09 24.2 0.71

Naokelekan 2484 1.10 0.54 3.94 0.64 436 358 58 0.12 4.48 0.69

Naokelekan 2502 1.05 0.36 3.02 0.93 433 288 89 0.11 3.38 0.63

Naokelekan 2544  0.52 0.28 1.59 0.54 434 306 104 0.15 1.87 0.65

At-1 Barsarin 1160 0.78 0.90 3.97 0.32 427 512 41 0.18 4.87 0.53

Barsarin 1180 1.59 0.87 8.06 0.42 433 507 26 0.10 8.93 0.63

Naokelekan 1210 1.57 1.00 7.86 0.38 432 501 24 0.11 8.86 0.62

Sh-8 Barsarin 1495 3.13 1.22 16.70 1.03 429 534 33 0.07 17.92 0.56

Barsarin 1509 2.36 1.33 12.99 0.70 434 550 30 0.09 14.32 0.65

Naokelekan 1542 0.90 0.25 2.08 1.04 427 232 116 0.11 2.33 0.53

Naokelekan 1557 1.18 0.24 3.33 0.91 429 282 77 0.07 3.57 0.56

Naokelekan 1569 1.24 0.36 3.89 1.25 428 314 101 0.08 4.25 0.54

ysis data were recorded with an aim to characterize the or-
ganic richness, kerogen type, petroleum generation poten-

tiality and their thermal maturity [13, 14, 16, 17].
Gas chromatography (GC) was prepared to measure
the abundance of alkane peak introduced by syringe into

capillary column pursued by ionization during a con-
trolled period. Six rock extracts were fractionated and ana-

lyzed in a similar fashion to the oils using Hewlett Packard
HP 6890 Series II GC gas chromatograph. Stable carbon

isotopic composition of the saturate and aromatic hydro-

carbon fractions was determined, and the branched/cyclic

fractions were analyzed by GC and Gas chromatography-

Mass Spectrometry (GC-MS).

The samples of Naokelekan and Barsarin formations
in the three studied wells were performed by StratoChem
Cervices, New Maadi Cairo, Egypt.

4 Results and Discussion

4.1 Hydrocarbon potential

The hydrocarbon potential of Naokelekan and Barsarin for-

mations in Ma-1, At-1 and Sh-8 wells was determined from

Rock Eval data (Table 2). Several parameters were exam-

ined for extracting the thermal maturity of the possible
source rocks. Quality of organic matter (OM) determines

whether the kerogen is oil-prone (Type I and II) or gas-

prone (Type III), [14].

The S; versus TOC plot provides the conclusive evi-
dence about the origin of hydrocarbon present, whether
it is indigenous (autochthonous) or non-indigenous (al-
lochthonous), [18]. Figure 5 elucidates that all the ana-
lyzed samples from Ma-1, At-1 and Sh-8 wells lie below the
inclined line (not migrated), and most of them have high
TOC relative to low S; values, indicating their indigenous
origin and free from contamination.

The measured Tmax values ranging between 427°C and
442°C indicate that all the samples were thermally matu-
rated early [19]. Similarly, the OI values ranging from 6 to
166 mg CO,/g rock, are < 200 mg CO,/g rock, which indi-
cates that there is no intensive weathering or mineral de-
composition in analyzed rock samples [20]. Calculated R,
values ranging between 0.53 and 0.80%, corresponds to
the onset of oil generation (Table 2).

The pyrolysis data (HI vs Tmax) indicates that most of
the analyzed samples from the Naokelekan Formation are
limited to the mature and immature zones of mixed Type
II-1II, whereas most of samples from the Barsarin Forma-
tion fall within the mature field of kerogen Type II (Fig-
ure 6). This also corresponds to their HI and Tmax values
that range from 245 to 550 mg HC/g TOC, and 427 to 442°C
respectively (Table 2). This suggests that the Naokelekan
Formation in Ma-1 and At-1 wells are more likely to be gas
prone, while Barsarin Formation in the same wells have
limited capacity to generate liquid hydrocarbons.

TOC content of the studied samples ranges from 0.52 to
6.07 wt% and 0.78 to 13.00 wt% with an average of 1.7 wt%
and 3.3 wt% for the Naokelekan and Barsarin formations,
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Figure 5: Plot of Total Organic Carbon (TOC) versus S; for the iden-
tification of migrated hydrocarbons of Naokelekan and Barsarin
formations samples

respectively, indicating fair to excellent organic-richness
(Table 2). The variation in TOC of Naokelekan and Barsarin
formations from one well to another are due to the change
of the environmental conditions that produced different
lithologies. A number of samples from the Naokelekan For-
mation are rated in TOC higher than the rating depending
on S,, probably due to some oxidized and/or reworked OM
within different depositional environments (Figure 7).

A plot of S; versus TOC demonstrates that most sam-
ples from both formations are Type II, Kerogen and prone
to different levels of oil and gas (Figure 8). These re-
sults were supported by the previous work that performed
by [21].

4.2 Gas chromatographic analysis

Six cutting samples from Naokelekan and Barsarin forma-
tions were chosen belonging to Ma-1, At-1 and Sh-8 wells
to carry out the geochemical parameters of isoprenoid hy-
drocarbons, i.e., pristane (Pr) and phytane (Ph), that could
act as indicators of the depositional environments (Ta-
ble 3). Carbonate source rocks which were deposited in a
reduced or anoxic depositional environment have <2 Pr/Ph
value [15]. The higher Ph content and lower Pr/Ph ratio is
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possibly due to the reducing environment at the time of the
deposition of the source rock [22].

The Carbon Preference Index (CPI) is used as an indi-
cator for maturity [15] CPI = 2(Cy3+Cy5+C27+Cp9) / [Cap +
2(Cp4+Cy6+ Cyg) + C30]. Early researches maintained that
immature source rocks often had high CPI values of >1.5,
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Table 3: Gas Chromatograph/Mass Spectrometry coupled with Isotope data of Naokelekan and Barsarin formations cutting samples

Well Formation ~ Depth &3,% 6&4,% CV  Pr/Ph  Pr/n- Ph/n-  CPl  C37% C3% Cr%
name (m) Cy7 Cis
Ma-1 Barsarin 2397 0.87 0.16 0.24 0.96
Naokelekan 2484 -27.9 -27.7 -2.55 0.82 0.24 0.30 0.97 53.2 14.7 32.1
At-1 Barsarin 1160 -28.7 -28.8 -2.98 0.32 0.40 0.95 0.91 33.7 16.4  49.9
Naokelekan 1210 -28.6 -28.2 -1.89 0.37 0.34 0.72 0.92 54.5 16.0 29.5
Sh-8 Barsarin 1509 -28.3 -28.0 -2.21 0.44 0.33 0.56 1.04 49.9 15.4 34.7
Naokelekan 1569 -27.7 -27.7 -3.06 1.04 0.32 0.36 1.28 56.6 15.2 28.2

813 Cg4%0=Stable carbon isotopic composition of the saturated HC fraction; 63 C 4,, %o=Stable carbon isotopic composition of the aromatic HC
fraction; C27%=100xC;7R/(C27R+C28R+C29R); C28%= 100xC23R/(C27R+C28R+C29R); C29%= 100xCy9R/(C27R+C23R+C29R)
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Figure 8: Plot of Total Organic Carbon (TOC) versus pyrolysis S,
shows the kerogen type for samples from Naokelekan and Barsarin
formations. It also indicates whether the kerogen is oil or gas prone

whereas those of oils were invariably <1.2 (23], e.g., mature

source rocks have CPI values of 0.8<CPI<1.2, [19].

The Naokelekan and Barsarin formations in the three
wells have low Pr/Ph values of (0.37-1.04) and (0.32-0.87)
respectively, indicating an anoxic, reduced marine carbon-
ate depositional environment [24], (Figure 9). This con-
clusion has been noted by [25] at Miran-2 well, Miran oil
field, NE Iraq. The Pr/n-C;; ratio is helpful for discriminat-
ing OM that formed under marine environment <0.5, from
those formed in swamp environment >1.0, [26]. Lower val-
ues of Ph/n-C47, and Pr/n-C;g indicate marine source rock
bearing Type-II kerogen [27].

The Pr/n-C;7, Ph/n-Cyg ratios of the six extract sam-
ples for the Naokelekan and Barsarin formations are 0.24—
0.34; 0.30-0.72 and 0.16—-0.40; 0.24-0.95, respectively (Ta-
ble 3), indicating that the extracted bitumens were derived
from a carbonate-rich-source rock, deposited in an anoxic
marine environment and also appear to be medium to low
biodegraded (Figure 10). The CPI of the extracts of both

studied formations are >0.80 and <1.20 indicating marine
source at the maturation stage, albeit with an exception of
Naokelekan Formation sample in Sh-8 well with CPI value
of 1.28 indicating immature stage (Table 3).

4.3 Carbon isotopes composition (613C%)

The isotope composition of the extracted bitumen (satu-
rates and aromatics) can be used to distinguish between
terrigenous and marine depositional environments by ap-
plying a mathematical relation known as Canonical Vari-
able (CV) given by [28], stated as, CV = -2.536'3Cg,; +
2.2263C,,, —11.65. The CV value of > 0.47 mostly indicates
terrigenous organic matter, whereas < 0.47 indicates pre-
dominantly marine organic source [28]. The calculated CV
for the studied extracts ranges from - 3.06 to - 1.89 indicat-
ing prevalent marine environment (Table 3).

On the other hand, values of carbon isotope for the sat-
urates (612Cg,;) and aromatics (613Cy,,) for five rock ex-
tract samples, belonging to Naokelekan and Barsarin for-
mations, range from —28.7 to -27.7%o and —-28.8 to —27.7 %,
respectively (Table 3). These values indicate a slight varia-
tion in isotopic composition of the extracted samples, ow-
ing to the maturation level between them [29]. It indicates
that the OM of these formations was mainly derived from
the marine source (Figure 11).

The GC-MS method was applied to monitor the ions
with a mass/charge (m/z) ratio of 191 (terpanes) and 217
(steranes). Steranes are derived from sterols which are
widely diffused in plants and microorganisms. The C,7 and
C,g sterols are most abundant in marine organisms and the
Cy9 sterols in higher plants (Table 3). These general distri-
butions in rock extracts can be used to indicate biological
origin and depositional environment [23].

The ternary plot of regular steranes, expressed as
C27%, Cy8% and C,9% is used to compare between the de-
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Figure 9: Gas chromatographs of extracted rock samples from Naokelekan (A,C,E) and Barsarin (B,D,F) formations, NW Iraqgi-Kurdistan
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Well Atrush-1
Well Mangesh-1 Naokelekan extract
Naokelekan extrace 1210m
2484m GCI/MS 217 steranes
GC/MS 217 steranes Cor
C2
Cas Cor Cas
Cae
Well Shaikhan-8
Naokelekan extract
1569m
GC/MS 217 steranes
Car Cas
Cas
Well Shaikhan-8
Well Atrush-1 Barsarin extract
Barsarin extract 1509m
1160m GC/MS 217 steranes
GC/MS 217 steranes
C2s Co
Cx Cas Cas

Figure 12: Mass chromatograms for steranes, m/z 217, of extracted rock samples from Naokelekan and Barsarin formations of the studied
wells
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positional environment and source materials for the stud-
ied samples. The resource of C,; steranes is of marine
origin, and that of C,9 steranes is mainly from advanced
plants, whereas C,g steranes consist of a mix of advanced
plants and algae [15].

The samples extracted from Naokelekan and Barsarin
formations are characterized by abundance of C;; over C,g
and C,othat was deposited exclusively under marine envi-
ronment (Figures 12, 13).

Well
Formatiort

Barsarin mm

Ma-1 | At1 |Sh8

Naokelekan o L[] e

60 50 40 30 20 10

Figure 13: Steranes ternary diagram of C37%, C28% and C9% con-
cerning the selected extract samples using GC-MS m/z 217.

5 Conclusion

Following conclusions have been drawn from the geo-
chemical and molecular characterization studies of the
Late Jurassic Naokelekan and Barsarin formations sam-
ples from Ma-1, At-1, and Sh-8 wells in the northwestern
Iraq that,

1. The OM in the Naokelekan Formation is mainly of
Type II/I1I, whereas that of Barsarin Formation is
dominantly, Type II.

2. The TOC contents ranging from 0.52 to 6.07 wt% (1.7
wt%, av.) and 0.78 to 13.00 wt% (3.3 wt%, av.) for the
Naokelekan and Barsarin formations, respectively,
indicate that they have good source rock potential.

3. The OM in the sediments of Naokelekan and
Barsarin formations were deposited in an anoxic en-
vironment, as revealed by Pr/Ph, Pr/n-C,; and Ph/n-

A case study based on TOC and Rock-Eval pyrolysis in selected oil-wells = 927

C,g ratios, and they also appear to be medium to low
biodegraded.

4. Carbon isotopic ratios of the saturate and aromatic
fractions of the extracted samples from ternary plot
of regular steranes of C;7%, C,3% and C,9%, reveals
that the OM in Naokelekan and Barsarin formations
were derived mainly from the marine environment.
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