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Abstract: The Ahdeb oil field is located in the southwestern part of the Zagros fold deformation zone.
The study of the model of the formation of the oil reservoir in this field will be helpful to deepen the
pattern of hydrocarbon distribution in this zone. In this paper, we use the seismic data of the Ahdeb
oil field to recover the tectonic evolution history of the field. Under neotectonic movement, the oil
field formed in the early stage, migrated to the high point in the late stage, and finally entered the
present formation. From here, for the oil-bearing inclusions within the reservoir, the photometric
absorption values of the organic matter groups were measured by infrared spectroscopy. Their
ratios were used to evaluate the maturity, thus discovering two phases of oil charging. Finally, using
the hydrocarbon generation history and tectonic evolution history, combined with the oil and gas
transportation periods in the reservoir, we deduce that the reservoir formation mode in the area is a
two-phase gathering and final adjustment formation mode. This understanding of the hydrocarbon
formation patterns will promote oil and gas exploration in this zone.

Keywords: accumulation model; Ahdeb oilfield; reservoir formation; reservoir characterization;
photometric absorption; oil-bearing inclusions; Zagros fold and thrust belt

1. Introduction

The AHDEB field is located in the southwestern part of the Zagros fold-deformation zone,
tectonically located in the Mesopotamian belt [1]. The target formations are mainly Cretaceous
and Tertiary reservoirs with the deepest burials, large sediment thickness, and relative tectonic
stability. The stratigraphy and sedimentation throughout the Cretaceous were determined
by rift drift, uplift stages and structures associated with the Indo-Madagascar Seychelles-
Australian Antarctica, Indo-Madagascar Seychelles-Africa, and Indo-Seychelles-Madagascar
separation, northward movement of India, hot spot volcanism, and the initial partial collision
between India and the Kohisan Island Arc. The study area is located in the northwestern part
of the Pakistan Block, that was subjected to sedimentation of lithostratigraphic units to non-
deposition of Cretaceous sediments, in the SR, and/or missing from the Kawagarh formation,
in the SG and KT [2–4]. The burial depth of the Ahdeb reservoir is about 2500~2800 m,
the ground temperature gradient is 2.26 ◦C/100 m, which is slightly lower than the normal
formation temperature gradient, and the reservoir pressure coefficient is 1.12~1.14, which is a
normal pressure reservoir system.

The specific gravity of the surface crude oil in the reservoir is distributed from 0.867 to
0.981 g/cm3, and the main body is 0.884 to 0.94 g/cm3, which is a medium quality crude
oil. The average density is 0.931 g/cm3 at the southeast high point, 0.919 g/cm3 at the
central high point, and 0.895 g/cm3 at the northwest high point. The viscosity variation
also has similar characteristics, i.e., the average viscosity of the southeastern crude oil at
80 ◦C is 38.37 cP, that of the central crude oil is 9.91 cP, and that of the northwestern crude
oil is 5.97 cP. The asphaltene content also reflects a high content in the southeast, with
the asphaltene content mainly distributed in the range of 5.3% to 10.7%, with an average
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of 7.2%; the central crude oil is the next highest, with the asphaltene content distributed
around 1.21. The asphaltene content in the northwest was the lowest, ranging from 0.39%
to 2.89%, with an average of 2.6%. The Mesopotamian belt is the main reservoir distribution
zone in Iraq [5]. The burial rate in the central and southern part of Iraq was relatively slow
during most of the geological periods and began to enter a rapid burial period at around
18 Ma. The Early Cretaceous strata were buried until around 15 Ma of the Middle Miocene,
and the TTI index reached more than 15, while the TTI index of the Middle Cretaceous
strata reached 15 only at around 10 Ma.

The main hydrocarbon source rocks in the Mesopotamian belt of central Iraq are
the type III caseagenic hydrocarbon source rocks of the Zubair Formation, the type III
caseagenic hydrocarbon source rocks of the Ratawi Formation, the type II caseagenic hy-
drocarbon source rocks of the Yamama Formation, and the type II caseagenic hydrocarbon
source rocks of the Sulaiy/Chia Gara Formation. It is shown that neither the Zubair Forma-
tion nor the Ratawi Formation had entered the peak hydrocarbon production stage, and
the hydrocarbon production capacity is not strong, only localized. The Yamama Formation
and the Sulaiy/Chia Gara Formation have entered the hydrocarbon production stage. The
Sulaiy/Chia Gara Formation is more evolved and has entered the high maturity stage. By
using the distribution characteristics of source rock extracts, the distribution of C27, C28,
and C29 cholestanes in biomarker compounds, and the comparative study of geochemical
parameters such as the content of pregnane, it can be found that the crude oil of Ahdeb
oil field mainly came from the hydrocarbon source rocks of the Upper Jurassic Chia Gara
Formation. According to the thermal history diagram of the East Baghdad Oilfield reported
by Al-Ameri, it can be known that the paleotemperature of the Chia Gara Formation in this
area had reached 100–120 ◦C in the Late Cretaceous, and entered the rapid burial period at
around 18 Ma of the Middle Miocene. The paleotemperature of the Chia Gara Formation
could reach 120–140 ◦C, and the organic matter also rapidly entered the hydrocarbon
generation peak period from the early low-maturity state [4–6].

In this paper, a detailed analysis of the reservoir formation process is presented in the
Ahdeb oil field in the central region based on previous studies and the reservoir formation
model of the Ahdeb oil field is established [7,8]. This paper deepens the understanding of
the hydrocarbon distribution pattern of this zone. The results of this study will be effective
in promoting the deepening of exploration and evaluation studies in this area (Figure 1).
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2. Materials and Methods
2.1. Horizon-Flattening Technique in Seismic Interpretation

The strata flattening method for paleogeomorphic restoration has developed based
on the theory of sequence stratigraphy on the premise of the continuous improvement
of current geophysical exploration technologies and data [10,11]. Its basic principle is
that the distribution of sedimentary systems is doubly controlled by the paleogeomorphic
morphology and the rise and fall of the base level. The strata flattening method assumes
that the sedimentary thickness of the original stratum does not change due to compaction.
Then, in the three-dimensional seismic data volume, the sedimentary base level or the
maximum flooding surface is regarded as the reference datum to select the top and bottom
surfaces of the studied sequence and to calculate the time difference of the top and bottom
surfaces. That is to flatten the top surface. The flattened top surface is the sea plane
during the original sedimentation, and the morphology of the bottom surface is the relative
paleogeomorphology of the sedimentation of this sequence stratum. The main method is
to flatten the seismic reflection horizon corresponding to a certain sedimentary marker bed
and use the underlying strata to examine the paleotectonic morphology of the strata to
reflect the paleogeomorphic characteristics of a certain period.

The specific method is to use a certain pick-up horizon as a fixed datum surface, and
vertical displacement of seismic data, to generate new interpretation data [9]. The original
data is set as input function f (x, y, t), and the sample points of the data body are vertically
shifted and reordered, and the new data body generated is

g (x, y, T) = f [x, y, t − t0]. (1)

where x is the horizontal direction coordinate of the original time-domain data; Y is the
ordinate of the original time-domain data; t is the bidirectional propagation time of the
original time-domain data volume; T is the fixed value of the selected benchmark for
horizontal flattening when the time-domain data body moves in two directions; and t0 is
the fixed value for horizontal flattening.

2.2. Analysis of Fluid Inclusion Properties

In this study, through fluorescence observation of liquid hydrocarbon inclusions,
Fourier infrared spectroscopy detection of oil inclusions, homogenization temperature
measurement of inclusions, and asphalt observation, the oil–gas charging periods of Khasib,
Mishrif, Rumaila, and Mauddud groups in Ahdab area were studied.

Fluid inclusions record the properties, components, physicochemical conditions and
geodynamic conditions of hydrocarbon fluids and pore water. Comparative studies on
the characteristics, types, components, and abundance of fluid inclusions in reservoirs
can determine the time, depth, migration phase, direction, and channel of hydrocarbons,
which can be seen in the history of oil and gas migration [12,13]. The study of hydrocarbon
accumulation history provides the most direct and reliable geological information. In recent
years, inclusion homogenization temperature is an important basis for studying the time
and stage of oil–gas accumulation. Usually, the homogenization temperature of reservoir
fluid inclusions in the study area is determined first, and then the time of oil and gas
migration and the period of accumulation are determined comprehensively by combining
the analysis of burial history and thermal evolution history [14,15].

The fluorescence characteristics of liquid organic inclusions reflect the composition
characteristics and thermal evolution degree of organic matter [16]. Liquid hydrocarbons
are mainly composed of saturated hydrocarbons and aromatic hydrocarbons, and the
generation of fluorescence mainly depends on the conjugated π bond system of aromatic
hydrocarbons and the C=O functional group in liquid hydrocarbons, so the fluorescence
characteristics of liquid hydrocarbons are related to the composition and structure of aro-
matic hydrocarbons, but not to saturated hydrocarbons [17–19]. Traditional experimental
results suggest that the fluorescence color of liquid hydrocarbons can reflect the evolution
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degree of organic matter, that is, with the evolution of organic matter from low maturity
to high maturity, its fluorescence color changes from fiery red to yellow to orange to blue
to blue-white [19–21]; It is believed that as oil quality changes from heavy to light, the
fluorescence color of oil inclusions changes from brown to orange-yellow to light yellow
to blue to blue-white [22]. This method of maturity division based solely on the color of
oil inclusions has great limitations, and a large number of studies have reported that the
division of maturity by color is not reliable [23–25].

3. Results
3.1. Evolution of Sedimentation and Tectonic Traps

Ahdeb oil field is located in the central part of the Mesopotamia basin in the northern
stable shelf area of Persian Gulf basin on the northern edge of the ancient Gondwana
continent. During the Cretaceous period, the Mesopotamian Basin was dominated by
carbonate deposits. The Cretaceous carbonate rocks of the Ahdeb oil field were deposited
in a medium-low energy gentle slope environment. Three main types of sedimentary
subfacies can be identified based on lithological characteristics and lithological assemblages:
outer gentle slope, beach, and gentle inner slope [26].

After the deposition of the target layer Khasib, the strata continued to settle steadily.
By flattening the top of the Daman layer, it can be found that the shear compression of
the Indian plate and the Arabian Plate gradually formed the paleo-uplift in the central
and eastern part of the study area at the end of the Cretaceous. With the continuation of
extrusion, the tectonic extrusion further intensified, the tectonics further evolved, and a
tectonic trap was formed in the east-central area when the Dammam layer began to be
deposited (Figure 2a).
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Figure 2. (a) Seismic section with Dammon layer flattening; (b) seismic section with Lower Fairs
layer flattening; (c) present seismic profile; (d) present tectonic form.

At the beginning of the Neotectonic movement, the north-east–south-west extrusion
occurred by touching the Eurasian plate with the Arabian plate(Figure 2b). The New
Tethys Sea was closed, and the tectonic features in the study area were modified again,
forming a back-sloping structure with the central part of the work area as the high point.
As shown in Figure 2c,d, in the middle Miocene and later, under the strong effect of
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neotectonic movement, the tectonic transformation continued and finally settled into a
long-axis backslope along the north-west–south-east direction, with tectonic high points
in the southeast, central, and northwest of it. The highest point of the backslope is the
southeast high point. The entire backslope is gently tectonic, with a stratigraphic dip of less
than 2◦ and two asymmetrical flanks, with the north-east flank having a slightly steeper dip
than the southwest flank. The closure height is about 60 m, and the closure area is 160 km2.

3.2. Inclusion Color Analysis

A large number of dark brown oil inclusions were found in the samples taken from
the Ahdeb oil field in a band-like distribution, and two different types of color fluorescence,
light yellow and blue-green, could be found under blue light excitation. Based on the
color classification of maturity, it is thought that these colors may indicate two types
of oil with different maturity [27]. The blue-green color has the highest maturity, and
the light yellow color has a low maturity (Figure 3). Therefore, the block is inferred to
be filled with two phases of oil of different maturity by the fluorescence color of liquid
hydrocarbon inclusions.
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Figure 3. Fluorescence photos of oil inclusions with different maturity.

3.3. Inclusion Homogenization Temperature

In this study, through the determination of the homogenization temperature and
freezing point temperature of saline inclusions, it was found that the homogenization
temperature distribution also had the characteristics of two stages, and the corresponding
freezing point temperatures could also be divided into two stages: the peak homogeniza-
tion temperature of inclusions in the first period is concentrated in 60~100 ◦C, and the
peak homogenization temperature of inclusions in the second period is concentrated in
120~140 ◦C (Figure 4). The freezing point temperature was measured as −15.4 to −24.8 ◦C,
according to the calculation equation:

Salinity = 0 + 1.78*t − 0.042*t2 + 0.000557t3

Here, t = freezing point temperature. After calculation according to the formula, the
salinity ranges from 18.9 to 25.4 wt.% NaCl. The formula is applicable for salinity <23 wt.%
NaCl. However, it can roughly reflect two different salinity environments. In inclusions
with a freezing point close to −21 ◦C, the salinity of brine may tend to be higher than that
of early seawater. During the period of massive hydrocarbon charging in the later stage,
the coarsely crystalline calcite that underwent recrystallization captured late-stage saline
inclusions. At this time, the reservoir had completely disengaged from the early sedimen-
tary water body. A large number of alkaline ions in the pore water gradually separated
through precipitation, and therefore the pore water gradually desalinated, resulting in the
formation of saline inclusions with lower salinity.
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The characteristics of the brine inclusions captured in the two phases are pronounced
through the rendezvous of homogeneous temperature and freezing point temperature
(Figure 5). The first phase inclusions are caught in early diagenesis, with low temperature,
60~80 ◦C, and high salinity, i.e., pristine seawater, averaging 22.56 wt.% NaCl. The second
phase inclusions are captured in the burial phase, with higher temperature hydrocarbon-
rich fluids brought in by hydrocarbon discharge from hydrocarbon source rocks with higher
paleogeotherm, thus forming brine inclusions with temperatures 100~140 ◦C and lower
salinity, averaging 20 wt.% NaCl (Figure 6).
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Figure 4. Homogeneous temperature profile of brine inclusions contemporaneous with oil.
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3.4. Inclusion Infrared Absorption Spectra

The test results can divide the hydrocarbon inclusions in the area into two oil transport
phases. In the first stage, oil maturity is lower; CH2a/CH3a is 3.5~5.2, Xinc > 30, and
Xstd > 12. In the second stage, oil maturity is higher; CH2a/CH3a is 2.53~3.5, Xinc is 19.25~30,
and Xstd is 9.75~12 (Table 1). Therefore, the infrared absorption spectra of oil inclusions
in the Ahdeb oil reservoir also reflect the existence of two-phase transport characteristics
within the reservoir [28]. It is shown that the infrared absorption spectra of oil inclusions of
different maturities can also reflect the characteristics of the two phases of oil (Figure 7).
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Table 1. Hydrocarbon inclusion characteristics.

Well Horizon Depth AREA[∑CH2]/AREA [∑CH3] Xinc Xstd

Well-13

Ru2a 2915.85 2.772 21.913 10.638
Ru2a 2915.85 3.08 25.332 11.777
Ru2a 2915.85 4.171 37.453 15.818
Ru3 2990.66 2.532 19.249 9.75
Ru3 2990.66 3.998 35.531 15.177
Ru3 2990.66 3.776 33.067 14.356
Ma1 3086.4 3.663 31.812 13.937
Ru2b 2960.32 2.869 22.991 10.997
Ru2b 2960.32 4.484 40.93 16.977
Ru2b 2960.32 5.211 49.006 19.669

3.5. Lumpy Asphalt Observation

According to the results of inclusion homogenization temperature and freezing point
temperature, fluorescence color observation, infrared spectrum determination, combined
with the discovery of massive asphalt, it is concluded that the oil in the middle Upper Cre-
taceous limestone reservoir in the Ahardab oilfield experienced two phases of charging [29].
In this study, it was also found that soft bitumen is common in the pores of the core or karst
caves. Bitumen samples from the Kh2 layer and Ru3 layer were collected. Through the
analysis of biomarker compounds by GC-MS, it was indicated that the composition of the
bitumen was close to that of crude oil, which might be the result of hydrocarbon expulsion
from adjacent low-maturity source rocks (Table 2).

Table 2. Comparison table of bitumen and crude oil maturity parameters.

Well Horizon Sample Depth
(m)

Ts/(Ts +
Tm)

αααC29
Cholestane

20S/(20S + 20R)

αββ/(αββ + ααα)
C29 Cholestane

(20R + 20S)

C27/C29
Cholestane
ααα-20R

C28/C29
Cholestane
ααα-20R

C27/C28
Cholestane
ααα-20R

Well-13

Kh2 Crude oil 2636.56 0.21 0.42 0.53 1.08 0.65 1.74
Asphalt 2627.99 0.2 0.42 0.57 1.13 0.57 1.99

Ru3

Crude oil 2986.84 0.17 0.43 0.56 1.06 0.59 1.81
Crude oil 2991.66 0.16 0.46 0.56 1.14 0.59 1.95
Asphalt 2986.49 0.15 0.43 0.56 1.08 0.55 1.97
Asphalt 2990.88 0.16 0.44 0.55 1.24 0.63 1.97

4. Discussion

At the end of Cretaceous, the hydrocarbon source rocks entered the hydrocarbon
generation stage of unripe–low-ripe oil and started to enter the hydrocarbon discharge
stage, at which time a paleo-uplift was formed by shearing and extrusion in the central-
eastern part of the work area. At this time, the unripe–low-ripe oil generated from the
hydrocarbon source rocks moved into the reservoir along the fault and gathered to form
the reservoir. The reservoir gathered at this stage had high colloidal asphaltene content
and a high density of crude oil (Figure 8a).

With the settlement and burial depth of the formation, the hydrocarbon source rock
enters the hydrocarbon generation window. It starts the main hydrocarbon generation
and discharge period, while, at this time, the tectonic evolution and tectonic trap closures
expand. These normal crude oils accumulate throughout the trap closure while diluting
the high asphaltene crude oils that were gathered earlier. Since the east-central area is the
early high asphaltene enrichment area, the asphaltene content of the diluted crude oils still
retains relatively high values in these areas. Therefore, the crude oil in the southeastern
part of the work zone shows high asphaltene content and high density. The central part
is the medium. The northwestern part has the lowest asphaltene content and low density
(Figure 8b).

Neotectonic movement continues to modify the whole structure further. The magni-
tude of confinement has increased to a certain extent. However, the overall pattern has not
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changed, so the distribution characteristics of high asphaltene content and density in the
southeast and low asphaltene content and density in the northwest of the block are still
maintained (Figure 8c).
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5. Conclusions

1. The data on research and oil and gas characteristics show that the crude oil of Ahdeb
oil field in Iraq mainly comes from the hydrocarbon source rocks of the Upper Jurassic
Chia Gara Formation. This set of hydrocarbon source rocks entered the unripe–low-
ripe oil generation period in the middle Late Cretaceous, the main generation period
of low-ripe oil in the late Late Cretaceous, and the peak hydrocarbon generation and
discharge period of the source rocks in the Paleocene.

2. Tectonic evolution shows that the Ahdeb oil field formed a palaeohigh in the east-
central area when the Dammam layer was deposited in the late Cretaceous, and a
complete tectonic trap was formed in the work area before the Fars deposition.

3. The fluorescence of liquid organic inclusions shows the highest blue-green maturity
and slightly lower bright yellow maturity, which indicates that at least two phases
of oil and gas filling occurred in the block. The uniform temperature and salinity
of brine inclusions simultaneously with organic inclusions also obviously have two
phases: The first peak temperature was concentrated in the range of 60~100 ◦C, and
the average salinity was 22.56wt.%NaCl. The peak temperature of the second phase
was 120~140 ◦C, and the average salinity was 20 wt.%NaCl. It was proved that there
are two phases of oil charging in this area.

4. The formation process of Ahdeb oil field is as follows: at the end of Cretaceous, the
hydrocarbon source rocks of Yamama entered the hydrocarbon generation window,
and the crude oil produced at this time was uncooked and low-cooked oil with high
asphaltene content, and these uncooked and low cooked oils moved to the reservoir
and gathered in the southeastern trap, and at the end of the Paleocene and early
Neoproterozoic, the hydrocarbon source rocks continued to be buried deeply and
entered the peak hydrocarbon generation period, producing a large amount of normal
crude oil. These crude oils were transported into the traps formed by neotectonic
movements and mixed with the unripe and low-ripe oils gathered in the early period
to form the paleosol. Then the tectonics continued to evolve and adjust to form the
present-day tectonics. The oil and gas also adjusted again to form the present-day oil
and gas distribution pattern.
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