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Secondary migration of oil,

LY However, these molecular indicators have encountered some limitations. The
Reservoir filling model,

Geochemical characteristics,  alternative solution is using crude oil maturity parameters. The reservoir filling model
Migration molecular
indicators.

implies that the early oils that entered the reservoir had lower thermal maturity than
the later ones. Hence, the higher-maturity oils are in the closest location to the source
kitchen, and the level of maturity has a reverse relationship with the distance from
the source kitchen. The signature of maturity differences is also retained after
reaching the reservoir to equilibrium, and the composition becomes homogenized
during geological time scales. This paper assessed the migration pathways and filling
points in the Asmari reservoir from an oil field northeast of the Dezful Embayment.
Four crude oil samples were collected and geochemical analyses were performed
across the field. The similar geochemical signatures of the studied crude oils indicate
that they were sourced from the same source kitchen and belong to the same oil
family. The analyzed samples were originated from a marl source rock deposited in
an open marine setting with anoxic conditions, and marine organic matter. The
oleanane index higher than 20% in the studied samples implies the significant
contribution of the Pabdeh Formation in charging the studied field. The thermal
maturity of samples shows that all samples were generated from the source rock at
the beginning of the oil window. Reconstruction of migration pathways and filling
points was performed by biomarker (4-/1-MDBT) and non-biomarker (C29
afp/(aco+apP)) thermal maturity parameters. The isopleth maps of both maturity
parameters revealed that the Asmari reservoir was charged from the southeast.
Hence, the Pabdeh source rock has a source kitchen in the northeast of the Dezful

Embayment.
Introduction predict the location of the source kitchen for
Determination of migration pathways and future explorations. There is no doubt that
filling orientation is a crucial attempt to geochemistry science plays an essential role in
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the construction of migration pathways
studies. Because of its inherent advantages,
this science has become a successful tool for
these projects (England et al., 1987; Zhang et
al., 2013). The geochemical studies suggested
several molecular indicators for determining
filling points in the oil fields (Peters et al.,
2005).  Routinely,  pyrrolic  nitrogen
compounds such as carbazole, alkyl carbazole,
and benzo-carbazoles are used to obtain
information about the charging history of an
oil field (Krooss et al., 1991; Li et al., 2014).
Despite the many inherent benefits of these
compounds, they suffer from some drawbacks.
The concentration of pyrrolic nitrogen
compounds is very slight in condensates or
high-maturity oils. So, the separation and
analysis of these compounds bear considerable
errors in condensates or high-maturity oils. In
addition, other factors such as organic matter
input, sedimentary environment,
biodegradation, and thermal maturity have a
significant influence on the distribution of
pyrrolic nitrogen compounds (Zhang et al.,
2013).

Thiophenes are  important  sulfur-
containing heterocyclic aromatic compounds
in crude oils. These compounds include
alkylated benzothiophenes (BTs),
dibenzothiophene (DBT), and C1-C3 alkyl
substitutions of dibenzothiophenes (DBTS).
GC-MS analysis can easily detect these sulfur-
containing compounds in the aromatic fraction
of crude oil (Li et al., 2014). The alkyl
substitution at different positions of the DBT
carbon skeleton caused different isomers to
provide distinct molecular thermodynamic
stability. Thus, these compounds are useful for
measuring thermal maturity (Chakhmakhchev
et al., 1997). The molecular skeleton of DBTs
is similar to that of carbazole, which has sulfur
instead of nitrogen (Li et al., 2014).

The molecular fractionation occurs due to
adsorption during migration in the carrier bed.
This fractionation is called
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geochromatography and is similar to routine
liquid-solid chromatography (Krooss et al.,
1991). The hydrocarbon compounds are
fractionated in the migration pathway by
forming dipole-dipole and hydrogen bonding
with the surface of minerals (Van Duin and
Larter, 2001). In carbazoles, hydrogen
bonding is formed between the N-H functional
group and oxygen atoms present in organic
matter or hydroxyl groups on the surface of the
clay minerals. This interaction between
carbazoles and carrier bed minerals causes
fractionation into different isomers of the
carbazole and provides a valuable tool for
measuring migration distance and pathways
(Wang et al.,, 2004). Zhang et al. (2013)
challenged the use of the pyrrolic nitrogen
compounds as migration indicators due to the
influence of other factors on the fractionation
of these compounds during migration, such as
organic facies, thermal maturity, and
biodegradation.

The unshared pairs of electrons in the
sulfur atom of the thiophene ring cause a
hydrogen bonding with hydrogen atoms in the
organic matter of carrier beds. This interaction
results in fractionation during migration. The
selective adsorption of different isomers is not
similar for DBTs and carbazoles. The isomers
with uncoupled electron-exposed molecules
(e.g., 4-MDBT) tend to form hydrogen bonds
more than uncoupled electron-shielded
molecules (e.g., 1-MDBT). Hence, the 4-/1-
MDBT ratio decreases as the migration
distance increases. On the other hand, the 4-
MDBT has higher thermodynamic stability
than the 1-MDBT, and the 4-/1-MDBT ratio

increases with thermal maturity
(Chakhmakhchev et al., 1997; Wang et al.,
2004).

England et al. (1987) proposed a reservoir-
filling model for the first time. This model
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provides a scientific theory for reconstructing
filling directions and migration pathways,
determination of filling points, and location of
source kitchen based on the thermal maturity
of crude oils, gas/oil ratio, and physical
properties of crude oils. The first crude oil that
arrived in a reservoir had a lower maturity, and
the subsequent crude oil had relatively higher
maturity. Hence, the higher-maturity crude
oils are located the shortest distance from the
source kitchen. The history of thermal
maturity differences is also retained after the
reservoir composition reaches equilibrium and
the fluids are homogenized.

Wang et al. (2004) employed the 4-/1-
MDBT, 2,4-/1,4-DMDBT, and 4,6-1,4-
DMDBT thermal maturity ratios for the first
time to determine migration pathways and
filling points. Subsequently, other thermal
maturity parameters were also utilized for
determining migration pathways. Asemani et
al. (2021) used saturate and aromatic maturity
parameters for the first time in Iran to assess
migration pathways and filling points in the
Shadegan oil fields, central parts of the Dezful
Embayment.

The main aim of this paper is to employ
biomarker and non-biomarker thermal
maturity parameters measured by GC-MS
analysis of saturate and aromatic fractions of
crude oil to determine migration pathways and
filling points in the Asmari reservoir from an
oil field located in the northeast of the Dezful
Embayment.  First, the  geochemical
characteristics of the crude oils are
investigated to reveal the oil families in the
studied reservoir. Then the isopleth maps are
plotted to determine filling points in the
studied field.

Geological setting

The petroliferous region of the Zagros

Fold-Thrust Belt (ZFTB) was formed due to

171

the oblique collision of the Arabian plate and
the Central Iranian plate in the Late
Cretaceous to Pliocene (Noori et al., 2019).
The oil fields in the ZFTB are concentrated in
a depression named Dezful Embayment. This
region has a 60,000 km? surface area,
comprising more than 8% of the world’s oil
reserves. About 75% of the crude oils in the
Dezful Embayment were accumulated in the
Asmari reservoir and 23% in the Bangestan
reservoir (i.e., llam and Sarvak formations)
(Bordenave and Hegre, 2010). The Kazhdumi
and Pabdeh formations are the primary source
rocks in this area and have charged the upper
reservoirs. The Kazhdumi Formation is an
organic-rich and mature source rock in the
central parts of the Dezful Embayment.
Although the Pabdeh Formation is organic-
rich, this source rock is immature in most areas
of the Dezful Embayment. This source rock
has become mature in the northeast of the
Dezful Embayment. The relative contribution
of these two source rocks causes the
occurrence of different oil families in the
Dezful Embayment (Bordenave and Hegre,
2010).
Materials and Methods

Four crude oil samples were collected from
the wellhead across the Asmari reservoir. API
analysis was performed on the crude oil
sample. The SARA analysis was performed on
crude oil samples prior to the subsequent
analyses. Asphaltenes were first removed
from the crude oil by adding n-hexane
according to the ASTM D6560 standard
method (ASTM D6560-17). The other
fractions were separated with column
chromatography. The GC analysis was
performed on saturate fraction by an HP 5890
Series 1l GC chromatograph. A Shimadzu
QP2010SE GC-MS was used to measure the
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saturate biomarker and aromatic
hydrocarbons.
Results and discussion
Bulk characteristics of the samples

The API values and SARA analysis results
are summarized in Table 1. The APA values

vary from 28.15° to 29.44°, and the studied

Table 1. The bulk characteristics of the studied samples.

samples are classified as intermediate oils
based on the API values. The saturate fraction
is the dominant fraction in all oil samples. The
average values of saturates, aromatics, resins,
and asphaltenes is 42.85%, 37.06%, 14.54%,
and 5.55%, respectively.

NO  Samples API (°) Saturate (wt%) Aromatic (wt%) Resin (wt%) Asphaltene (wt%)
1 W-1 29.44 44.07 35.85 14.10 5.98
2 W-2 28.15 39.52 39.52 15.11 5.85
3 W-3 28.59 46.14 35.82 12.75 5.29
4 W-4 29.17 41.67 37.04 16.21 5.08

Geochemical characteristics of the samples

The use of thermal maturity for the
determination of filling orientation and
migration pathways should be investigated
distinctly for each oil family. Because every
oil family has originated from a distinct source
rock or source kitchen. In each oil family, the
molecular fractionations are related to the
migration history and geochromatographic
effect during migration from the source rock
to the reservoir rock. Hence, the geochemical
characteristics of the studied oil should be
investigated to determine the oil families, and
then migration pathways are revealed for each
family.

172

Determination of oil family or families in
the studied oil field

Figure 1 illustrates the chromatograms of
M/Z 191 and 217 for two selected samples,
and the biomarker ratios are listed in Table 2.
The source-related biomarker ratios were
plotted in a star diagram (Fig. 2). The
similarity of the pattern implies that the
studied samples are genetically related. The
similar geochemical characteristics of the
studied samples reveal that all samples were
generated from the same source rock or source
kitchen and belong to the same oil family.
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Fig. 1. The GC-MS chromatograms of M/Z 191 and 217 for two selected samples from the Asmari reservoir
in the studied field.

Table 2. The GC and GC-MS parameters for the studied samples in the studied field.

Samples Parameters W-1 W-2 W-3 W-4
CPI 0.93 0.92 0.98 0.97
Pr/C17 0.49 0.44 0.45 0.56
Ph/C18 0.69 0.67 0.62 0.68
Pr/Ph 0.72 0.64 0.78 0.78
TAR 0.20 0.18 0.25 0.25
C22t/C21t 0.35 0.39 0.44 0.30
C24t/C23t 0.69 0.62 0.69 0.65
C29H/C30H 0.73 0.87 0.93 0.76
Diasterane/sterane 0.21 0.25 0.26 0.28
Gam/C31HR 0.18 0.17 0.18 0.17
% C27 sterane 58.84 53.35 52.49 55.02
% C28 sterane 16.10 20.57 22.34 19.29
% C29 sterane 25.05 26.08 25.17 25.70
Hopanes/Steranes 6.89 4.67 4.69 4.21
%0l 25.24 22.94 26.62 2251
Ts/(Ts+Tm) 0.43 0.48 0.50 0.52
C27 Dia/(Dia+Reg) 0.24 0.25 0.26 0.27
C29 app/(aco+afp) 0.55 0.50 0.55 0.52
C29 aao 20S/(S+R) 0.48 0.50 0.48 0.48
C31 Homohopanes 31.79 32.89 34.52 34.80
C32 Homohopanes 22.47 23.51 22.96 22.42
C33 Homohopanes 16.47 17.98 17.74 17.33
C34 Homohopanes 11.70 11.31 10.90 12.23
C35 Homohopanes 17.57 14.30 13.88 13.21
C35/C34 Homohopanes 15 1.26 1.27 1.08
Homohopane Index 0.18 0.14 0.14 0.13
4-/1-MDBT 2.60 2.46 2.50 2.44
DBT/Phenanthrene 2.82 2.61 4.04 247
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C19t/C23t

C22t/C21t

C26t/C25t

C24Tet/C23t

Depositional environment, organic matter
input and lithology

Organic  matter input, depositional
environment, lithology, age, and maturity of
source rock affect the biomarker fingerprints
of source rock and crude oil (Peters et al.,
2005). Hence, the relative concentration of
different  biomarkers provides helpful
information about these factors. Phytol is the
side chain of o- and [-chlorophyll of
phototroph  organisms.  Oxidation  and
reduction of the phytol produce pristane and
phytane, respectively. The Pr/Ph ratio is useful
to obtain information about the oxidation-
reduction condition of the source rock upon
sedimentation. Although the Pr/Ph <1
indicates a reduction environment, the
Pr/Ph >1 represents an oxidation environment.
The Pr/C17 vs. Ph/C18 for studied samples

C35HS/C34HS

Gam/C31HR

C30DiaH/C30H

C29H/C30H

C28BNH/C30H

Fig. 2. The star diagram based on source-related biomarker parameters for studied samples.
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illustrates that they were sourced from kerogen
type Il in a reduction environment (Didyk et
al.,, 1978) (Fig. 3. a). The distribution of
homohopanes also confirms that the source
rocks of the studied samples were deposited in
a reduction environment. The C35
homohopane is higher than the C34
homohopane in the reduction environment
(Peters and Moldowan, 1991) (Fig. 3. b). The
higher concentration of gammacerane is
related to the stratification of the water column
during source rock deposition. The stratified
water column helps to develop reduction
conditions and results in the better
preservation of organic matter (Damsté et al.,
1995). The average gammacerane index
(Gam/C31HR) is 0.17 for the studied samples
and implies stratification of the water column
upon deposition of source rock.
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Tricyclic  terpanes are  significant
compounds for determining the lithology of
source rock (Zumberge, 1981) . The shaly
source rocks have high C24t/C23t and low
C22t/C21t. The plot of these ratios shows marl

lithology for the studied samples (Peters and
Moldowan, 1993) (Fig. 4 a). The C29H/C30H
is lower than 1 for the studied samples and
averages 0.83. This value also confirms the
marl lithology for the source rock. The DBT/P
is higher than 1, and the low value of
diasteranes/steranes  implies a  lower
contribution of clay in the source rock of the
studied samples (Hughes et al., 1995).

Organic matter input is another crucial
geochemical characteristic. The studied
samples show the dominant low to
intermediate normal alkane distribution,
which is the signature of marine organic
matter. The TAR<1, CPI<1, and low value of
C19t/C23t also corroborated previous results
that studied samples originating from marine
organic matter. The sterane patterns of
analyzed samples are in the order of
C27>C29>C28. The domination of C27
steranes implies a higher contribution of
marine organic matter in the source rock and
the source rock deposited in an open marine
environment (Peters et al., 2005) (Fig. 4).
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Fig.4. a) Plot of C24t/C23t vs. C22t/C21t (adopted from Peters et al., 2005), and b) ternary diagram of C27,
C28 and C29 steranes (adopted from Huang and Meinschein (1979) for the studied samples.
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Probable and candidate source rock(s) for
the studied oils

The Pabdeh and Kazhdumi formations are
essential source rocks in the Dezful
Embayment. The Pabdeh source rock is
immature in the central parts and became
mature in the northeast of the Dezful
Embayment. The oleanane index
(%OI/(Ol+hopane)) is a helpful parameter to
distinguish  Kazhdumi-sourced oils from
Pabdeh-sourced oils  (Bordenave and
Burwood, 1995). The value of %0l ranges
from 22.51% to 25.24%, averaging 24.33% for
the studied samples. These values imply that
the source rock of the studied samples has a
Cretaceous and younger age. Hence, the
Pabdeh, with an age of middle Eocene-
Oligocene, is the primary source rock for
charging of the studied field, and insignificant
contribution from other source rocks may be
occurred.

Migration pathways and filling points of the
Asmari reservoir in the studied field

The geochemical characteristics disclosed
that all studied samples belong to the same oil
family. Hence, the maturity parameters can be
used for determining migration pathways and
filling points in the studied field.

The important  biomarker — maturity
parameters are C29 aaa 20S/(S+R), C29
afp/(aactapp), Dia/(Dia + Reg) C27 and
Ts/Ts+Tm. The non-biomarker maturity
parameters include CPI and 4-/1-MDBT. The

biomarker parameters (e.g., C29 oaao
20S/(S+R), C29  opp/(ccatapp) and
Ts/(Ts+tTm) and the  non-biomarker

parameters (e.g., CPl and 4-/1-MDBT)
indicate that all studied samples were
generated from the source rock at the
beginnings of the oil window (Peters et al.,
2005) .
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The C29 opp/(acotaBB) biomarker
maturity parameter was selected for the
determination of migration pathways due to
higher thermal stability. The 4-/1-MDBT (i.e.,
MDR) non-biomarker parameter was also
used for the reconstruction of filling directions
(Chakhmakhchev et al., 1997; Wang et al.,
2004). The isopleth maps based on C29
afp/(aaot+app) and MDR parameters for the
studied field are shown in Fig. 5. The
migration orientation is from higher maturity
to lower maturity. Both parameters show that
the studied field was charged from the
southeast. Hence, the possible source kitchen
of the Pabdeh Formation is located in the
northeast of the Dezful Embayment.

Conclusions

Four oil samples from the Asmari reservoir
in an oil field northeast of the Dezful
Embayment were collected to determine
migration pathways and filling directions. The
geochemical signatures of the studied samples
were similar and indicated that all samples
originated from the same source rock/source
kitchen. The source rock of the analyzed
samples was deposited in an open marine
environment and reduction conditions. The
source rock had a marl lithology and was
dominated by marine organic matter. All
biomarker and non-biomarker parameters
showed that the studied samples were
generated from the source rock at the
beginning of the oil window. The Pabdeh
Formation is the primary candidate source
rock for charging the studied field. The
isopleth maps of the C29 ofjp/(aao+app) and
MDR revealed that the Asmari reservoir was
charged from the southeast. The Pabdeh
source rocks probably have a source kitchen in
the northeast of the Dezful Embayment. The
results of this paper showed that the biomarker
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and non-biomarker maturity parameters are
straightforward and efficient for the

reconstruction of migration pathways and
filling points.
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Table 1. The bulk characteristics of the studied samples.
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NO  Samples API (°) Saturate (wt%) Aromatic (wt%) Resin (wt%) Asphaltene (wt%)
1 W-1 29.44 44.07 35.85 14.10 5.98
2 W-2 28.15 39.52 39.52 15.11 5.85
3 W-3 28.59 46.14 35.82 12.75 5.29
4 W-4 29.17 41.67 37.04 16.21 5.08
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Fig. 3. The GC-MS chromatograms of M/Z 191 and 217 for two selected samples from the Asmari reservoir in
the studied field.
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Table 2. The GC and GC-MS parameters for studied samples in the studied field.

Samples Parameters W-1 W-2 W-3 W-4
CPI 0.93 0.92 0.98 0.97
Pr/C17 0.49 0.44 0.45 0.56
Ph/C18 0.69 0.67 0.62 0.68
Pr/Ph 0.72 0.64 0.78 0.78
TAR 0.20 0.18 0.25 0.25
C22t/C21t 0.35 0.39 0.44 0.30
C24t/C23t 0.69 0.62 0.69 0.65
C29H/C30H 0.73 0.87 0.93 0.76
Diasterane/sterane 0.21 0.25 0.26 0.28
Gam/C31HR 0.18 0.17 0.18 0.17
% C27 sterane 58.84 53.35 52.49 55.02
% C28 sterane 16.10 20.57 22.34 19.29
% C29 sterane 25.05 26.08 25.17 25.70
Hopanes/Steranes 6.89 4.67 4.69 421
%0l 25.24 22.94 26.62 2251
Ts/(Ts+Tm) 0.43 0.48 0.50 0.52
C27 Dia/(Dia+Reg) 0.24 0.25 0.26 0.27
C29 ofp/(aaat+afp) 0.55 0.50 0.55 0.52
C29 aao 20S/(S+R) 0.48 0.50 0.48 0.48
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C31 Homohopanes 31.79 32.89 34.52 34.80
C32 Homohopanes 22.47 2351 22.96 22.42
C33 Homohopanes 16.47 17.98 17.74 17.33
C34 Homohopanes 11.70 11.31 10.90 12.23
C35 Homohopanes 1757 14.30 13.88 13.21
C35/C34 Homohopanes 15 1.26 1.27 1.08
Homohopane Index 0.18 0.14 0.14 0.13
4-/1-MDBT 2.60 2.46 2.50 244
DBT/Phenanthrene 2.82 261 4.04 2.47
Steranes/Terpanes —W-1
e\ ]
C19t/C23t 8 C35HS/C34HS E—
1.2
0.9
C22t/C21t Gam/C31HR
C24t/C23t ‘ C30DiaH/C30H

C26t/C25t C29H/C30H

C24Tet/C23t C28BNH/C30H

aslllas 3,90 slotiges (slp Lae b a0 (6,5 Jlagals sloyial b sline 2 (slojlin Jloges —F JSC
Fig. 4. Star diagram based on source-related biomarker parameters for the studied samples.
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Fig. 5. a) Plot of Pr/C17 vs. Ph/C18; b) Distribution of different homologs of homohopanes (Peters et al., 2005).
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