
1 Introduction 
 

Application of geochemistry for solving engineering 
problems such as reservoir compartmentalization has been 
well documented in recent years (Kaufman et al., 1990; 
England et al., 1995, England, 2007). Light hydrocarbon 
components  of  petroleum  have  been  used  to  assess 
reservoir continuity. Comparing inter-paraffin peak ratios 
from  C5-C9  n-alkanes  on  a  low-molecular  weight 
hydrocarbon chromatogram has been seen to contribute to 
delineation of reservoir continuity (Márquez et al., 2016). 
Another tool for identifying different reservoir segments is 
gas geochemistry. Typically, continuous reservoirs exhibit 

similar gas compositions and isotopic signatures (Schoell 
et  al.,  1993; Márquez et  al.,  2013),  so that  reservoir 
compartmentalization can be indicated using differences in 
composition and isotopic signatures of gas samples within 
a reservoir. Alongside the mentioned methods, formation 
pressure  measurements  are  helpful  in  identifying 
horizontal and vertical reservoir continuities (Páez et al., 
2010). Faults or reservoir pinchouts may only bound three 
sides of a compartment. In some cases, oil may become 
separated across a fault and a separate gas-oil contact 
(GOC) and/or water-oil contact (WOC) may develop, thus 
defining two different compartments (Vrolijk et al., 2005) 

Different authors have presented a variety of methods 
for  assessing  reservoir  continuity,  e.g.,  geochemical 
fingerprinting (Kaufman et al., 1990; Hwang and Baskin, 
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1994;  Smalley  and  Hale,  1996),  gas  geochemistry 
(Beeunas et al., 1999; Levaché et al., 2000; Rein and 
Schulz,  2007; Márquez et  al.,  2013),  formation water 
analysis (Gill et al., 2010), structural and stratigraphic 
continuity (Hovadik and Larue, 2010), formation pressure 
test (Páez et al., 2010) and FTIR and SUVF spectroscopy 
(Permanyer  et  al.,  2002;  Permanyer  et  al.,  2007). 
However,  to  the  best  of  our  knowledge,  integrated 
approaches  for  assessing  reservoir  continuity  using  a 
combination  of  organic  geochemistry  tools  (e.g.  gas 
geochemistry,  high-resolution GC, and bulk petroleum 
properties) with reservoir engineering evidence, is yet to 
be introduced. 

The first objective of this study was to assess reservoir 
continuity by combining low-cost yet quick geochemical 
techniques  with  reservoir  engineering  data  within  the 
Yammama Reservoir in Foroozan Oilfield (Persian Gulf). 
The  second  objective  was  to  define  reservoir-filling 
direction based on geochemical data, so as to help future 

well-emplacement and reservoir production management. 
Trying to accomplish the objectives, gas fingerprinting 
data (composition and isotopic signatures of different gas 
components),  high-resolution  GC  results  and  bulk 
petroleum properties (API gravity, asphaltene content and 
V/Ni  ratio)  were  analyzed  on  a  total  of  11  oil  and 
associated  gas  samples  taken  from  the  reservoir.  In 
addition, water-oil contact (WOC) and reservoir type were 
determined based on pressure measurements at different 
parts  of  the  Yammama  Reservoir,  with  the  results 
compared to those derived from geochemical analysis. 

 
2 Geological Setting   
 

Discovered in 1966, Foroozan Oilfield lies about 100 
km to the southwest of Kharg Island in the Persian Gulf, 
straddling  the  sea  border  with  Saudi  Arabia.  As  an 
extension of Saudi Arabia’s Marjan Field (Fig. 1a), this 
field has been in production since 1974.  

 

Fig. 1. (a), Location map of the Foroozan Oilfield in the Persian Gulf, Iran; (b), sampled wells with respect to fault distribution, 
and (c) stratigraphic column.  
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The field lies on the northeastern flank of a very large 
domal anticline. Similar to other large domal anticlines in 
the Persian Gulf region, Foroozan structure is known to be 
formed by halokinesis of the underlying Hormoz Salt 
during early Cenozoic. The salt movement has developed 
very gentle anticlines with intervening salt withdrawals 
and fault-collapsed synclines. 

The Foroozan Oilfield is well-known for its particular 
complexities,  making  it  very  difficult  to  determine 
reservoir-filling  history  for  such  a  complex  field. 
Structural/stratigraphic  barriers  have  divided  Foroozan 
Oilfield into five different segments (F1, F2, F3, F5 and 
F8), which are producing from seven different reservoirs. 
The distribution of faults across the Yammama Reservoir 
is shown in Figure 1b. 

The Azadegan sandstone, a member of the Kazhdumi 
Formation (equivalent to Burgan Member), and Fahliyan 
Formation (equivalent to the Yammama Formation) form 
two  main  reservoirs  in  the  Foroozan  Oilfield.  The 
Azadegan  sandstone  is  divided  into  a  lower  massive 
sandstone unit (designated as Burgan B) and an upper unit 
with higher shale content (designated as Burgan A). Dated 
back to Neocomian stage and exhibiting a clean limestone 
succession,  the  Yammama  Formation  is  the  oldest 
Cretaceous oil-bearing reservoir in Foroozan Oilfield. 

Additional  reservoirs  in  Foroozan  Oilfield  include 
carbonates of the Lower Cretaceous Dariyan (equivalent 
to Shuaiba), and the Upper Jurassic Manifa Member and 
Surmeh Formation (equivalent to Arab Members) (Fig. 
1c). 

 
3 Material and Methods 

 
A total of 11 oil samples were collected from 11 wells 

drilling  into  the  Yammama  Reservoir  in  Foroozan 
Oilfield. Moreover, 11 samples of associated gas were 
further taken from the 11 wells in IsoTube containers by 
means of a pressure regulator connected to a surface 
separator at well-head. All of the sampled wells were in 
production from the Yammama Reservoir, a saturated oil 
reservoir. Figure 1b shows the sampled wells in the field 
with respect to fault distributions throughout the entire 
reservoir. The methods used in this study are described in 
the following sections. 

 
3.1 Gas composition analysis  

The associated gas samples were analyzed for their 
hydrocarbon composition in terms of C1-C6 contents by a 
GC 8000 series equipped with split/splitless injector and 
flame ionization detector (GC-FID) with a PORAPLOT N 
capillary column, and their permanent gas composition 
(H2S, N2, O2, CO2, CO, H2 and He) by GC-TCD with 

MOLSIEVE and PORAPLOT N capillary columns on a 
Shimadzu GC-2014 machine.  Measurement uncertainty 
associated with the determination of the gas compounds 
was found to range from 5 to 10 relative %, depending on 
the absolute value of the compound in question. 

 
3.2 Low molecular weight hydrocarbon analysis 

Analysis of low molecular weight hydrocarbons C5 to 
C9 was performed utilizing a Fisons Instrument GC 8000 
series equipped with split/splitless injector and flame 
ionization detector (FID) equipped with a Zebron ZB-1 
HT Inferno fused silica column (Phenomenex®, length: 30 
m, internal diameter: 0.25 mm, film thickness: 0.25 µ). 
GC analysis was initiated with an injector temperature of 
270ºC; split injection was then performed at 80ºC, 
increasing the temperature to 150ºC at 2 ºC/min and then 
to 310ºC at 3 ºC/min, where it was held for 20 minutes. 
Hydrogen was used as a carrier gas at a velocity of about 
40 cm/s. 

 
3.3 Continuous flow isotope ratio analysis (CF-IRMS) 
13C/12C, 15N/14N and D/H 

Continuing with the research, 13C/12C, 15N/14N and D/H 
isotope analyses were performed by a PDZ EUROPA 
2020 CF-IRMS. The gas chromatographic system used in 
the isotopic analyses was a Hewlett-Packard HP 9890 
Series II equipped with a 10 m-long 16” SS-tube filled 
with Shin Carbon, with helium 6.0 serving as a carrier gas. 
In  each  round  of  the  analyses,  the  temperature  was 
programmed to be held at 70°C for 5 min and then 
increased to 320°C at 22°C, where it was held for 20 min. 
According to the results,  uncertainties associated with 
δ13C and δ15N values were found to be better than ±0.3‰. 
The reproducibility of the δD values was around ±2‰. 

 
3.4 S-34 isotope analysis by EA-IRMS 

The sulfur isotopic composition of the associated gas 
samples were measured using a Flash HT 2000 Elemental 
Analyzer (Thermo Scientific) equipped with combustion 
and  pyrolysis  furnaces  and  coupled  with  a  Delta  V 
Advantage IRMS (Thermo Scientific) ion source, which 
was capable of performing GC analysis. The value of δ34S 
for each sample was measured twice and the mean value 
was reported. 

 
3.5 Elemental composition (Ni, V) 

The Ni and V measurements were performed through 
application of an ICP-MS system. The system consisted of 
a Metrohm 709 IC pump, a Metrosep® C4/4.0 250 mm 
cation exchange column with a C4 GC/4.0 guard column, 
and a PerkinElmer DRC equadrupole ICP-MS with a 
quartz  glass  cyclone spray chamber  combined with a 
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Meinhard nebuliser. 
 

3.6 API measurement 
Applying  ASTM D-4052  standard  method  (ASTM, 

2011), API gravities of the oil samples were measured. 
For this purpose, a small volume (~0.7 ml) of the oil 
sample was introduced into an oscillating sample tube. 
Accordingly, the change in oscillation frequency caused 
by the change in  the  mass  of  the  tube was used in 
combination with calibration data to determine the sample 
density. 
 
4 Results and Discussion 
  
4.1 Gas composition and isotopic signatures 

The composition and isotopic signatures of the gas 
samples  are  given  in  Table  1.  The  concentration  of 
methane, as the main constituent of the gas samples, was 
found to vary from 62-64% in the northwestern part to 75–
77% in the southeastern part of the reservoir, indicating a 
clear  lateral  distinction.  The  contents  of  other  gas 
components, such as ethane, propane and butane, also 
exhibited such a clear distinction. Based on the results, the 
average concentration of ethane over the samples taken 
from the northwestern part of the reservoir was 9.9%, 
while  the  corresponding  concentration  in  the  samples 
taken from the southeastern part of the reservoir was 
3.1%.  The  corresponding  average  concentrations  for 
propane and butane were 2.3% and 1.04%, and 0.65% and 
0.39%, respectively. These clear differences in the gas 
composition  suggest  lateral  heterogeneity  across  the 
reservoir. Non-hydrocarbon gases were found to consist 
mainly of carbon dioxide, hydrogen sulfide and nitrogen. 
Carbon dioxide and nitrogen concentrations showed no 
particular  differences  throughout  the  entire  reservoir. 
Conversely, hydrogen sulfide concentration was found to 
increase as one moved from the north to the south of the 
reservoir (on average, from 0.68% in the north to 2.37% in 
the south), further emphasizing the lack of homogeneity 
throughout  the  Yammama  Reservoir.  Based  on  the 
petroleum  engineering  data,  reservoir  pressure  was 
uniform  across  the  Yammama  Reservoir  (3250  psi). 
Therefore, being dependent on the reservoir pressure, the 
solubility of hydrocarbon gases and hydrogen sulfide in 
the oil  were concluded to be constant throughout the 
reservoir. 

The content of stable isotopes of different components 
of the gas samples are reported in Table 2. With the 
increase in alkane gas carbon number, the stability of its 
carbon isotopes make stronger, which is one of the most 
commonly used and most effective geochemical indexes 
with which to evaluate the genesis type of natural gas, gas 

to gas correlation, and natural gas sources identification 
(Xie et al., 2017). Carbon isotopic composition of methane 
at wells 1 to 3 ranged from −56.5‰ to −58.9‰, while that 
of the remaining wells changed from −46.9‰ to −48.6‰ 
(Table 2). Lighter carbon isotopes were observed in the 
methane  content  of  the  gas  samples  taken  from the 
northwestern  part  of  the  reservoir  rather  than  the 
southeastern part of the reservoir; the same was the case 
for the ethane, propane and butane components of the gas 
samples.  Such  a  difference  in  isotopic  composition 
suggested  that  the  faults  had  the  properties  of  seals, 
preventing  fluid  connectivity  across  the  Yammama 
Reservoir.  Moreover,  δDC1  provided  additional 
information  about  lateral  segmentation  within  the 
Yammama Reservoir. While δDC1 values of the wells 
located in the southeastern part of the reservoir showed a 
narrow range of −194 to −199‰, the well Nos. 1, 2 and 3 
indicated higher values of δDC1 (−281‰ to −304‰). 
These results further supported the previously mentioned 
differences in chemical composition (for methane and 
other components) between the gas samples taken from 
the northwestern and southeastern parts of the reservoir, 
thereby demonstrating the presence of isolated reservoir 
segments. 

The sulfur  isotopic  composition  of  the  studied  gas 
samples  also  supported  the  model  of  such  a 
compartmentalization in the Yammama Reservoir. Gas 
samples from the northern sector demonstrated negative 

 

Table 2 δ13C (‰), δD (‰), δ15N and δ34S (‰) values in 
different components of the gas samples taken from 
Yammama Reservoir 

Well No. δ13C1 δ13C2 δ13C3 δ13iC4 δ13nC4 δDC1 δ13CO2 δ15N δ34S
1 −58.9 −43.6 −32.6 −32.2 −28.2 −304 −3.4 −2.1 −11.1
2 −56.2 −44.1 −33.4 −32.7 −28.4 −281 −4 −3.5 −10
3 −56.5 −44.1 −33.4 −31 −28.6 −287 −3.6 −2.8 −10
4 −47.4 −34.9 −29.4 −28.1 −25.1 −198 −3.6 −3.7 11
5 −47.7 −34.9 −29.3 −28.5 −24.6 −197 −2.5 −2.5 11.6
6 −47.3 −35.2 −29.9 −30.6 −25.9 −196 −3.8 −3.2 11.2
7 −48.6 −34.4 −29.3 −27.3 −25.1 −194 −2.9 −3.5 11.3
8 −47.5 −33.7 −29 −28.9 −25.3 −197 −2.9 −3.3 10.2
9 −47.1 −34.4 −29.5 −26.9 −25.6 −196 −2.8 −3.9 10.1

10 −47.7 −34.3 −29.4 −29.1 −25.6 −199 −3.3 −2.8 10.3
11 −46.9 −35 −29 −28.1 −25.7 −199 −3 −2.9 12

 

Table 1 Gas composition (%) of the samples taken from 
the Yammama Reservoir in the Foroozan Oilfield 
Well No. C1 C2 C3 nC4 iC4 Wetness N2 CO2 H2S

1 62 17 9.2 2 0.59 31.7 0.6 4.5 1.3 
2 64 17 9.5 2.3 0.61 31.5 0.8 3.5 0.43
3 62 17 11 2.3 0.74 33.6 0.7 3.3 0.32
4 77 7.3 3 1 0.39 13.2 0.8 5.3 2.4 
5 75 7.9 3 1.1 0.37 14.2 0.7 5.3 3 
6 76 7.3 3 1.1 0.38 13.4 0.6 5.3 3 
7 77 7.2 3 0.98 0.4 13.1 0.7 4.9 1.9 
8 76 8.1 3.3 1.1 0.41 14.5 0.7 5.4 2.2 
9 77 7.2 3 1 0.38 13.1 0.8 5 1.9

10 76 8 3.3 0.95 0.42 14.6 1.1 4.4 1.6 
11 75 7.6 3.1 1.1 0.4 14 0.8 5.2 3 
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values of sulfur isotopes ranging from −10‰ to −11.1‰, 
whereas positive values were observed in the southern 
sector,  across the  range 10.1‰–12‰. In  a  carbonate 
reservoir, H2S gas can be produced via thermochemical 
sulfate reduction (TSR) and is controlled by the reservoir 
temperature and the form of anhydrite present (Worden et 
al., 1995, 2000). Recent studies have shown that the TSR 
process starts at temperatures between 127 and 14 ºC, 
depending on the type of hydrocarbons in the reservoir, 
and that higher temperatures are required to initiate TSR 
for methane, rather than heavier hydrocarbons (Machel et 
al., 1995; Worden et al., 1995; Rooney, 1996). During the 
TSR process, 32S is firstly produced, due to the requisite 
bond energy (Zhu et al., 2005). Then, the generated H2S 
becomes progressively heavier isotopically as the process 
goes on. Regarding the reservoir temperature at different 
wells in the Yammama Reservoir (96.8 to 103ºC) and the 
results  of  burial  history  modeling,  which  revealed  a 
maximum paleotemperature of 110ºC (Internal Report of 
the  Exploration  Directorate  of  the  NIOC,  2017),  a 
thermochemical  sulfate  reduction  process  (TSR)  was 
unlikely to occur in the Yammama Reservoir. In addition, 
being  mainly  composed  of  carbonates,  the  reservoir 
lithology was poor in evaporates. Therefore, the required 
conditions for the TSR process to occur were found to be 
absent in the Yammama Reservoir. 

The temperature of the Dehram gas reservoir (Permo-
Triassic) was found to vary from 136.6 to 153.3ºC in the 
field. Separating upper Dalan from lower Dalan in the 
Dehram Group, the Nar Member exhibited a variable 
sulfur isotopic signature changing over 11.3‰ to 12.2‰ 
at  different  wells  across  the  Persian  Gulf,  closely 
resembling  the  values  for  the  analyzed  gas  samples 
(Internal  Report  of the Exploration Directorate of the 
NIOC, 2012). Combining all of the available evidence, the 
TSR process was found to occur in Dehram Reservoir 
before gas migrates from the Permo-Triassic reservoir to 
the shallower Yammama Reservoir in the southern part of 

the field, via faults acting as conduits. Thus, the larger 
content  of  methane  and  the  heavier  carbon  isotopic 
composition of the gas components in this part of the field 
can be attributed to the migration of dryer gas from the 
Dehram reservoir to the southeastern part of the field. The 
presently  occurring  H2S  in  the  northern  part  of  the 
Yammama Reservoir was most probably generated as a 
result of kerogen decay. 

Regarding methane concentrations and δ13C1 values in 
different gases (Schoell,  1983), all of the studied gas 
samples were classified under thermal oil and exhibited 
two different groups in terms of degree of maturity and 
wetness ratio (Fig. 2a). Including well Nos. 1, 2 and 3 (the 
northwestern part of the reservoir), the first group showed 
lower maturity, with wetness ratios ranging between 31.5 
and 33.6%; whereas the second group  encompassed other 
wells located in the southeastern part of the reservoir with 
further maturity, and wetness ratios ranging from 13.1 to 
14.6%. According to Whiticar et al. (1986) and Hill et al. 
(2007), the heavier δ13C values obtained for the well No. 4 
to 11 might be due to an increase in the degree of maturity 
of the source rock. Moreover, application of natural gas 
plots suggested by Chung et al. (1988) approved the two 
groups of gases in the Yammama Reservoir (Fig. 2b). 
Differences in the average carbon isotopic signatures of 
methane, ethane, propane and butane contents between the 
gas samples taken from the northwestern and southeastern 
parts of the field were 10.3‰, 9.3‰, 3.65‰, and 3.03‰ 
respectively,  indicating  the  presence  of  different 
compartments within the Yammama Reservoir. 

According to Prinzhofer et al. (2000), a total of 11 
chemical and isotopic ratios (C1/C2, C2/C3, iC4/nC4, δ13C1, 
δ13C2, δ13C3, δ13iC4, δ13nC4, δ13C3-δ13C2, δ13nC4-δ13iC4, and 
δ13C2-δ13C1) were investigated. All of the parameters were 
found to be positively correlated to maturity; three of the 
11  parameters  considered  herein,  namely  δ13C3-δ13C2, 
δ13nC4-δ13iC4, and δ13C2-δ13C1, were positively correlated 
to the accumulation efficiency, and segregative migration 

 

Fig. 2. Plots of δ13C1 versus methane concentration  
(a), δ13C versus inverse Cnumber; (b), for each of the n-alkanes C1-C4 for two different groups of gas samples.  
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might strongly affect the parameters involving methane 
(positive correlations to C1/C2 and δ13C2-δ13C1, inverse 
correlation to δ13C1). The star diagram (also known as a 
Gastar  diagram)  shown  in  Fig.  3  reveals  obvious 
differences among the gas samples to study the mentioned 
processes. Two groups of gas samples can be identified 
based on the Gaster diagram. As expected, the well Nos. 4 
through 11 are in the same group, indicating a higher 
maturity than that observed among the wells located in the 
northwestern part of the reservoir. A comparison between 
the two groups of gas samples taken from the Yammama 
Reservoir shows an increase in accumulation efficiency in 
a northward direction. These attributes are sufficient to 

specify two distinct reservoir segments. As a result, it was 
concluded that the heterogeneities recognized in the star 
diagrams are signs of geological features that prevent fluid 
mixing within the Yammama Reservoir. 
 
4.2 A review on biomarkers  

From the results of the gas composition analysis, which 
showed differences in degree of maturity among different 
gas samples in the northwestern and southeastern parts of 
the Yammama Reservoir,  it  was deemed necessary to 
investigate  source  rock  maturity  based  on  biomarker 
studies. In addition, source-related biomarker parameters 
were studied to determine whether one source rock has 
charged  the  whole  Yammama  Reservoir,  or  different 
source rocks have provided different parts of the reservoir 
with hydrocarbons. The m/z 191 and 217 fragmentograms 
of the oil samples are plotted in Fig. 4. Maturity increases 
with  increasing  C29Ts/C29Ts+C29  hopane,  C29  αββ/
(ααα+ αββ) and C27 Dia/(Dia+reg) ratios (Peters et al., 
2005; Volkman et al., 1983; Zumberge, 1987). Moreover, 
during the maturation process, the ratios of C32 22S/
(22S+22R) and C29 20S/(20S+20R) sterane rise from 0 to 
0.6 and 0 to 0.55, respectively (Peters et al., 2005). In 
comparison  to  these  ratios  (Table  3),  the  Yammama 
Reservoir oil samples show a similar level of maturity and 
are in the early oil window (Fig. 5). The fact that the 
values  of  these  five  maturity-related  biomarker  ratios 
varied within the ranges of 0.12–0.16, 0.54–0.56, 0.12–
0.2, 0.59–0.62, and 0.40–0.44, respectively, suggested a 
similar thermal maturity for different wells (Table 3). The 

 

Fig. 3. Normalized Gastar diagram for different gas sam-
ples taken from the Yammama Reservoir. The scales are 
the same for all 11 axes of each Gaster diagram.  

 

Fig. 4. (a) and (b) M/z 217 and 191 fragmentograms of two different oil samples showing the distribution of steranes and terpanes, 
respectively, the Yammama Reservoir in the Foroozan Oilfield. 
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gammacerane/C30  hopane  (G/30H),  C35/C34 
homohopane (35HH/34HH), C29/C30 hopane (29H/30H), 
24/23 tricyclic terpanes (24TT/23TT) and C24 tetracyclic 
terpane/C26 tricyclic terpanes (24TET/26TT) ratios are 
commonly used as source-related parameters (Volkman et 
al., 1983; Zumberge, 1987; Azevedo et al., 1992; Gürgey, 
1999; Holba et al., 2003, 2001; Peters et al., 2005). The 
source-related  biomarker  parameters  also  showed  an 
identical source rock for different oil samples (Table 3). 
Figure  6  shows  the  same  source  rock  and  a  similar 
maturity level based on these aforementioned biomarker 
parameters of the oil samples. 
 
4.3 Low-molecular weight hydrocarbons 

Another  technique  used  in  reservoir  continuity 
assessment  is  the  high-resolution  gas  chromatography 
method (Kaufman et al., 1990; Smalley and Hale, 1996; 
Márquez et al., 2016). The ratios of small peaks between 
normal  alkanes  can  be  used  to  evaluate  reservoir 
continuity.  Patterns  of  low-molecular  weight 
hydrocarbons were studied in the oil samples taken from 
the Yammama Reservoir, using the method suggested by 
Kaufman et al. (1990). Figure 7 shows the i-C5 to n-C9 
high-resolution gas chromatograms of the oil well Nos. 3 
and  6  as  representative  of  the  northwestern  and 

southeastern  parts  of  the  Yammama  Reservoir, 
respectively. Calculated in the next step were the whole oil 
gas chromatogram and six minor peak ratios including n-
C7/toluene,  benzene/1,1-dimethylcyclopentane,  n-C7/
methylcyclohexane,  2t-ethylmethylcyclopentane/1t,2-
dimethylcyclohexane,  2,6-dimethylheptane/1,1,3-
trimethylcyclohexane and m-xylene/4-methyloctane. 

The star diagrams shown in Fig. 8 indicate two oil 
groups with significantly different values of n-C7/toluene, 
2,6-dimethylC7/1,1,3-trimethylcycloC6  and  m-xylene/4-
methylC8 parameters: (1) the oil wells in the northwestern 
part  of  the  field,  and  (2)  the  wells  located  in  the 
southeastern part of the Yammama Reservoir. The two 
groups  were  separated  by  the  fault  system  which 
prevented further fluid communication between the groups 
(Fig.1b).  The  results  of  high-resolution  gas 
chromatography  were  consistent  with  other  gas 
geochemistry results, as mentioned earlier, all of which 
indicated two separate compartments in the Yammama 
Reservoir. 
  
4.4 Petroleum bulk properties 

The values of the sulfur and asphaltene content, V/Ni 
ratios, and API gravities of the oil samples are given in 
Table 4. Despite an insignificant difference in the sulfur 

Table 3 Maturity and source-related biomarker parameters at different wells drilled into theYammama Reservoir, Foroozan 
Oilfield 

Well 
No. 

29Ts/ 
(29Ts+29H) 

C29 αββ/ 
(ααα+ αββ) 

C27 Dia/ 
(Dia+Reg) G/30H 35HH/ 

34HH 
C29H/ 
C30H 

24TT/ 
23TT 

C24TET/ 
C26TT 

C32 22S/ 
(22S+22R) 

C29 20S/ 
(20S+20R) 

1 0.16 0.54 0.16 0.09 1.3 1.52 0.29 7.1 0.59 0.41 
2 0.13 0.55 0.12 0.08 1.29 1.63 0.25 7.16 0.61 0.4 
3 0.14 0.55 0.13 0.09 1.32 1.65 0.26 7.53 0.59 0.4 
4 0.12 0.55 0.15 0.07 1.22 1.57 0.29 6.07 0.6 0.43 
5 0.13 0.55 0.14 0.10 1.16 1.66 0.27 6.7 0.6 0.45 
6 0.13 0.56 0.2 0.05 1.06 1.62 0.25 4.22 0.61 0.45
7 0.13 0.55 0.18 0.08 0.99 1.48 0.28 5.32 0.62 0.43 
8 0.12 0.55 0.16 0.07 1.10 1.53 0.3 6 0.6 0.43 
9 0.12 0.56 0.17 0.06 1.25 1.61 0.26 5.38 0.62 0.44 
10 0.13 0.55 0.17 0.08 1.28 1.42 0.29 6.05 0.6 0.43 
11 0.12 0.55 0.16 0.08 1.25 1.52 0.29 4.77 0.61 0.42   

Fig.  5.  Plots  of  C29  20S/(20S+20R)  versus  C32  22S/
(22S+22R) sterane ratios in the Yammama Reservoir oil sam-
ples.  

 

Fig. 6. Star diagram of the oil samples based on source and 
maturity-related biomarker parameters.  
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content between different oil samples (on average, 2.3% in 
the southeastern part and 2.9% in the northwestern part of 
the reservoir), the asphaltene content, V/Ni ratios and API 
gravity of the oil samples suggested lateral heterogeneity 
in petroleum bulk properties. 

Average  API  gravity  values  of  the  oil  samples 
decreased  from 38.4  in  the  southeastern  part  of  the 
reservoir to 31.6 in the northwestern part of the reservoir. 
Also, the average Ni/V ratio of the oil samples decreased 
in a similar way from 2.3 to 1.52. Moreover, the average 
asphaltene content of the oil samples increased along a 
northward  direction  from  36.4  to  63.3.  Trends  of 
variations observed in the asphaltene content, V/Ni ratios 

and API gravity of the oil samples suggest a northward 
decrease in maturity. In addition to the northward decrease 
in maturity, there is a slight northward increase in the 
sulfur content of the oil samples, which was probably 
related  to  higher  concentrations  of  polar  compounds 
(Peters et al., 2005). 

Therefore,  the  Yammama  Reservoir  shows  clear 
compositional changes from the southern part of the field 
to its northern part. Based on the above-presented data, we 
believe that the Yammama Reservoir has been charged 
from the south, i.e. the source rock is deposited in the 
southern part of the field. Accordingly, low-maturity oils 
accumulated in the northern part of the reservoir and 

 

Fig. 7. High-resolution gas chromatograms for well Nos. 3 and 6, representing the northwestern and southeastern parts of 
the Yammama Reservoir, respectively.  
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subsequent  petroleum expulsion  from the  source  rock 
kitchen have accumulated in the southern part  of the 
reservoir. 
 
4.5 Reservoir engineering evidence 

The Foroozan Oilfield is known to be divided into five 
segments by geological barriers, including the F1, F2, F3, 
F5 and F8 segments. Well Nos. 1 to 3 are located in the F2 
segment while all other wells (i.e. Well Nos. 4 to 11) have 
been drilled into the F3 segment. Several lines of reservoir 
engineering evidence support the presence of reservoir 
compartmentalization,  as  described  in  the  following 
paragraphs. 

The  main  piece  of  information  strongly  indicating 
compartmentalization of the Yammama Reservoir in the 
F2  and  F3  segments  is  different  fluid  contacts.  The 
original WOCs used to delineate the Yammama Reservoir 
are –8190 and –8060 ftss in the F2 and F3 segments, 
respectively. 

Different original WOCs in the F2 and F3 segments 

indicate that the reservoir has been separated into two 
probably disconnected compartments within these areas.  

The Yammama Reservoir is thought to be an originally 
saturated reservoir in all segments; however, considering 
the present reservoir pressure in the F2 segment (3250 psi) 
and  the  oil  bubble  point  pressure  (2515  psi),  the 
Yammama  Reservoir  represents  an  under-saturated 
reservoir in the F2 segment. 
 
5 Conclusions 

 
In  order  to  understand the continuity  status  of  the 

Yammama Reservoir, a combination of geochemical and 
reservoir engineering studies were undertaken, and the 
following conclusions were drawn: 

Different  parts  of  the  Yammama  Reservoir  in  the 
Foroozan Oilfield are charged by the same source rock. 

Two  distinct  petroleum  groups  were  found  in  the 
Yammama Reservoir, separated by a fault. Demonstrated 
by various geochemical analyses and reservoir engineering 
evidence, the sealing characteristic of the fault was found 
to have prevented fluid communication between wells in 
the northwestern and southeastern parts of the reservoir.  

Integrating all of the available geochemical parameters, 
it  was  concluded  that  the  Yammama  Reservoir  was 
charged from the south. 

Different original WOCs in the F2 and F3 segments and 
different reservoir types, in terms of saturation, comprised 
the  main  reservoir  engineering  evidence  confirming 
compartmentalization of the Yammama Reservoir.  
 

 

Fig. 8. Star diagrams of the northwestern (a) and southeastern parts (b) of the Yammama Reservoir, based on the peak 
ratios n-C7/toluene, benzene/1,1-dimethylcyclopentane, n-C7/methylcyclohexane, 2t-ethylmethylcyclopentane/1t,2-
dimethylcyclohexane, 2,6-dimethylheptane/1,1,3-trimethylcyclohexane, and m-xylene/4-methyloctane, corresponding to 
the vertices A to F, respectively. 

Table 4 Petroleum bulk geochemical data 
Well No. S Asphaltene V Ni V/Ni API 

1 2.5 89 13.4 5 2.7 35.9 
2 3.1 53 51.4 51.8 0.99 31.5 
3 3 48 16.9 19.4 0.87 27.3 
4 2.3 26 18.7 8.7 2.15 39.5 
5 2.3 41 21.8 9 2.42 36
6 2.1 36 11.4 5.3 2.16 48.8 
7 1.4 27 13.7 6.1 2.25 40.5 
8 2.9 54 22.6 11 2.05 34.5
9 2.7 39 24 10.1 2.38 34.5 

10 3.1 57 28.9 12.3 2.35 31.7 
11 1.9 11 10.2 3.9 2.62 41.4 

Note: S is in percent, V and Ni are in ppm and asphaltene is in mg.
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