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Abstract: In a comprehensive geochemical study, the genetic relationship among 14 samples of gas condensates from the Persian 

Gulf was investigated for evaluating the respective source rocks in terms of age and sedimentary paleoenvironment. 

Chemometric analysis was used for categorization and determination of a certitude range to determine the genetic type of the 

condensate families in the studied basin. The samples were collected from Late Permian – Triassic reservoirs (Dalan and Kangan 

formations) located in 6 gasfields (gas condensate) hosting some of Iran’s most important gas/gas condensate reserves. Obtained 

from gas chromatography-mass spectrometry (GC-MS), a total of 16 biomarker parameters (10 maturity-related parameters and 6 

sedimentary environment-related parameters) were used to evaluate the samples in terms of thermal maturity (and hence their 

positions in the maturity chart), the sedimentary environment of the source rock, and lithology. Application of Hierarchical 

Clustering Analysis (HCA) and Principal Component Analysis (PCA) on the collected data led to the categorization of the 

samples into three main genetic groups, namely Groups I – III. Groups I and III were found to be located in the east and the west 

of the Persian Gulf, respectively, while Group II was developed in between the two other groups. 
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1. Introduction 

Being among the richest hydrocarbon production zones in the world, the Persian Gulf contains some 57% (715 

billion barrels) and 45% (2.462 TCF) of the proven crude oil and natural gas reserves of the world, respectively 

(Rabbani, 2008). More than 51% of the world’s recoverable liquid hydrocarbon is trapped in the Cretaceous strata, 

while more than 50% of the world’s gaseous hydrocarbon has been discovered in the Permo-Triassic strata.  

Dealing with a large number of samples, different analyses, and a wide variety of calculations, geochemical 

matching can be extensively time-consuming and even lead to far-reaching perceptions due to structural and 

inherent complexity of the encountered data. Accordingly, various researchers have used statistical methods to 

simplify such studies and reduce possible errors (Sofer, Zumberge and Lay, 1986; Telnaes and Dahl, 1986; Curiale, 

1987). Among others, Hierarchical Clustering Analysis (HCA) and Principal Component Analysis (PCA) have been 

most frequently used by geochemical experts for data clustering and categorization purposes (Waples and Curial, 

1999; Peters, Walters and Moldowan, 2005). For the most part, these methods have been used for analyzing and 

determining relationships among samples with many variables, identifying complex structures, and data indexing 

and dimension reduction. 

The objective of the present geochemical study was to use high-resolution geochemical analysis and statistical 

methods (HCA and PCA) to evaluate the studied source rock in terms of genetic relationship, age, lithology, 

paleoenvironment, and relative thermal maturity based on 14 gas condensate samples collected from Late-Permian 

to Triassic reservoirs hosted by 6 gasfields in the Persian Gulf and Coastal Fars. 

 

 
This article is protected by copyright. All rights reserved. 

This article has been accepted for publication and undergone full peer review but has not been 

through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1111/1755-6724.14380. 

https://doi.org/10.1111/1755-6724.14380
https://doi.org/10.1111/1755-6724.14380
https://doi.org/10.1111/1755-6724.14380


The results of the analysis on the available biomarker data led to the recognition of three gas families exhibiting an 

increasing order of maturity and clear location distinction sedimentary environment of the respective source rock. 

2. Geological setting 

The Persian Gulf Basin has been developed along the northern margin of the Arabian Peninsula and adjoins the 

Arabian Shield in the south and west and the Zagros Orogeny in the north and the east.  

By the end of Paleozoic, several structural features developed in the Persian Gulf, including Gotnia Trough in the 

north (Iraq and Syria), Arabian Trough in the central part (Saudi Arabia, northern branch of the Persian Gulf and 

Bahrain), and Rub-Al-Khali Trough (United Arabian Emirates) (Fig. 1). These restricted intra-shelf basins are 

important due to their impacts on the regional petroleum systems. Most of the hydrocarbon reserves in the Persian 

Gulf are sourced from the cyclically bedded Jurassic shales and carbonates accumulated in the basins formed on the 

passive-margin platform of the Tethys Sea (Ayres,  et al., 1982). During the Turonian, a series of events led to the 

formation of the Mesopotamian Foredeep, including the Zagros Basin (Lurestan, Dezful, and Khuzestan provinces 

in Iran)(Konyuhov and Maleki, 2006). 

 

Fig. 1. The Persian Gulf region. Compiled after (M. A. Ziegler, 2001) and (Konyuhov and Maleki, 2006) 

 

Several Petroleum generation and accumulation systems with various geological properties have been developed in 

the Persian Gulf, making this area the most prolific hydrocarbon region in the world (Rabbani, 2013). The 

stratigraphic column of the studied area is composed of 36 formations dated back to Cambrian to Quaternary. This 

study is focused on the Paleozoic petroleum systems and corresponding formations (Fig. 2).  

Being a piece of the Arabian Plate, the Persian Gulf has its current configuration developed following the formation 

of the Zagros Mountains back in the Late Miocene. In terms of tectonics, the Persian Gulf represents a foreland 
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basin on the edge of the Zagros Mountains (Mashhadi et al., 2015). Tectonic and geodynamic evolution of the 

Arabic Plate during the Paleozoic is explained in the following. 

The Zagros Orogeny Belt has extended over some 2000 km in the north-east of the Arabian Plate along a northwest-

southeast direction from Turkey to the Strait of Hormuz (Fig. 1). 

As shown in Fig. 1, the dominant structures in the region can be divided into two groups: (1) the older basement 

faults-associated structures exhibiting north-south trends, and (2) the Zagros folding-associated structures showing 

northwest-southeast trends (Middle Miocene).       

 

Fig. 2. (a) Persian Gulf Stratigraphy Column. Compiled after (Al-Husseini, 2008) (b) Paleozoic Stratigraphy Column. Compiled 

after (Saberi and Rabbani, 2015)    

The thick sedimentary series in Zagros (12-6 km) retains records of the tectonic history of the area, representing 

different stages of the evolution of the basin from passive terrestrial setting to rifting and, finally, deformations 

associated with the absorption of ophiolites and continental collisions. 

3. Material and methods 

In this study, gas chromatography (GC), and gas chromatography-mass spectrometry (GC-MS) were utilized for 

biomarker analysis. Moreover, chemometric methods (i.e. hierarchical clustering analysis (HCA), and principal 

component analysis (PCA)) were used for clustering the gas condensate samples. 

Measurement and analysis of standard operating data on gas-bearing pore space during the drilling operation and 

recent advances in the gas extraction technology have provided for reliable geochemical interpretation of methane 
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and other natural gases from the samples collected at the wellhead. In this study, a number of gas samples were 

collected from Dalan and Kangan reservoirs in Salman, Khayyam, Madar, Tabnak, Golshan and South Pars fields. 

Given that gas condensate often forms upon excessive maturity of the organic matter content of the source rock, it 

contains almost no heavy polar compound (resin and asphaltenes) (Killops and Killops, 2013). Accordingly, the 

samples were collected, without any separation process, into different hydrocarbon cuttings and the non-

hydrocarbon fractions were tested. 

In this study, GC was used to analyze the samples. For this purpose, 1 μL of each sample was introduced into the 

splitless injector of an HP-5890 series II, where it was subjected to the analysis by a flame ionization detector (FID) 

at 325℃. The sample was then passed through a 50 m × 0.2 mm Ag-DB column under a flow of hydrogen as the 

carrier gas at 0.3 ml/min. The system temperature was programmed to increase to 320˚C at 3˚C/min, at which point 

it was held for 20 min. 

In order to determine the hydrocarbon composition in terms of alkanes and Pristane and Phytane isoprenoids, 

saturated bituminous components of the sample were analyzed by GC. Furthermore, saturated and aromatic 

components were analyzed by GC-MS. 

Chemometrics refers to the use of multivariate statistics to recognize potential patterns and extract useful 

information from measured data (Bhargava, 2012). The method can be applied to identify and remove noise from 

data, show affinities among samples or variables, and make accurate predictions at unseen points. The chemometrics 

is well suited for regional geochemical correlations that commonly involve large numbers of samples and huge data 

(John Zumberge, 2016; Panteleyko et al., 2017). 

In this study, HCA and PCA were used to categorize the samples into homogeneous groups based on particular 

parameters of the samples. 

4. Studied fields 

A total of 6 fields were considered in this study (Fig.3. 

Located in the Persian Gulf, between territorial waters of Iran and Qatar, South Pars Gasfield is the largest of the 

kind in the world. It is shared between Iran and Qatar where it is called the North Dome Gasfield. Extended over an 

area of 9700 km
2
, the gasfield has some 38% of its area secured under Iranian waters, while the rest is administered 

by Qatar. 

Discovered in Iranian territories in 1967, Tabnak Gasfield (Iran) contains natural gas and gas condensate and has 

been producing since 1980. With an estimated total gas in place of 30 TCF, Tabnak Gasfield is producing at about 

1.5 billion cubic feet per day. 

Khayyam Gasfield is known to extend in the east of Asalouyeh Port along the margin of the Persian Gulf, 30 km to 

the west of Bandar-e-Posht in Bushehr Province, Iran, over an area of about 21.5 km in length and 4.5 km in width. 

Geographically located 144 km to the south of Lavan Island in Hormozgan Province, Salman Gasfield is shared 

between Iran and UAE where it is referred to as Abolqkhosh Field. The field is structured as an 11 km-by-14 km 

asymmetrical anticline.  

With an estimated gas in place of 42 – 56 TCF, Golshan Gasfield is located 180 km to the southeast of Bushehr, 65 

km away from the coastline of the Persian Gulf.  

Maddar Gasfield is located under an area 15 km to the east of Asalouyeh Port, Hormozgan Province. It contains 

some 17.5 TCF of natural gas and 658 million barrels of gas condensate.  
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Fig. 3. Location of studied fields in the Persian Gulf  

5. Used Parameters  

Saturated and aromatic constituents of 14 samples from Salman (2 samples), Khayam (5 samples), Maddar (2 

samples), Tabnak (2 samples), Golshan (2 samples), and South Pars gasfields (1 sample) were studied using GC-

MS. Table 1 presents some of the calculated biomarker ratios, which were used to evaluate the source rock in terms 

of sedimentary environment, lithology, thermal maturation, and structural trend. 

Table 1 The Biomarker parameters table obtained from the chromatographic analysis of the studied fields samples 
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Salman Dalan 1.32 0.5 0.5 1.2 1.571 0.926 1.64 1.3 0.93 0 0.53 0 8.29 

Salman Kangan 1.32 0.53 0.5 1.18 1.464 0.995 1.63 1.26 0.9 0 0.5 0 7.3 
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Khayyam L.Dalan 1.04 0.67 1.01 1.16 1.004 1.112 0 0.35 0.76 0.79 0.32 0.48 0.12 

Khayyam L.Dalan 0.97 0.4 0.65 1.15 2.578 0.642 0 0 1.01 0.96 0.5 0.78 0.98 

Khayyam U.Dalan 0.9 0.5 0.97 1.05 1.496 0.501 0 0.24 0.66 0.72 0.27 0.48 0.14 

Khayyam U.Dalan 1.04 0.67 1.01 1.15 1.004 1.112 0 0.35 0.76 0.79 0.32 0.48 0.12 
Khayyam Kangan 1.06 0.5 0.76 1.03 1.407 0.788 0 0.22 0.76 0.74 0.27 0.45 0.13 

Maddar U.Dalan 1.31 0.82 0.86 1.18 3.184 0.639 0 2.21 0.55 0.84 0.35 0.75 0.31 

Maddar Kangan 1.31 0.82 0.86 1.18 3.184 0.639 0.44 1.78 0.31 0.91 0.4 1.23 0.45 

Tabnak U.Dalan 1.09 0.67 1.13 1.3 4.881 0.583 0.36 0.33 0.57 0.58 0.09 0.26 0.14 

Tabnak Kangan 1.03 0.67 1.15 1.66 2.531 0.552 0.64 0.6 0.56 0.71 0.09 0.3 0.33 

Golshan L.Dalan 1.04 0.43 0.64 1.16 1.205 0.748 0 0 0.45 0.66 0.14 0.75 0.44 

Golshan Kangan 1.01 0.43 0.71 1.12 1.646 0.732 0.32 0.68 0.57 0.52 0.08 0.29 0.15 

South Pars L.Dalan 1.11 0.67 0.87 1.17 2.185 0.609 0 0 0.78 0.85 0.16 0.43 0.21 

 

Using the chromatograms acquired per the first-stage experiments (Fig. 5) on the 14 samples, the odd-to-even alkane 

ratios (C7 to C18) were calculated. Further evaluated were the Acyclic Isoprenoid biomarkers, e.g. Pristane (C19) 

and Phytane (C20) and their ratios (Table 2). 

 

Fig. 4. The spectrum obtained from gas chromatography analysis on the initial samples of gas condensate 

Table 2 The results of gas chromatography on gas condensate samples and the ratio of odd-to-even alkanes and pristine to 

phytane isoprenoids 
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C7/C8 0.84 0.83 0.86 0.88 0.4 0.9 0.86 0.86 0.77 0.89 0.89 0.83 0.86 0.88 

C9/C10 0.8 0.78 0.78 0.77 0.74 0.82 0.75 0.82 0.81 0.81 0.8 0.77 0.78 0.78 

C11/C12 0.78 0.76 0.76 0.76 0.76 0.75 0.75 0.74 0.76 0.77 0.75 0.78 0.78 0.77 

C13/C14 0.82 0.82 0.81 0.82 0.82 0.81 0.81 0.8 0.81 0.82 0.82 0.81 0.82 0.81 

C15/C16 0.87 0.87 0.87 0.87 0.88 0.88 0.87 0.88 0.87 0.87 0.87 0.87 0.87 0.88 

Pr/nC17 0.5 0.53 0.67 0.4 0.5 0.67 0.5 0.82 0.82 0.67 0.67 0.43 0.43 0.67 

Ph/nC18 0.5 0.5 1.01 0.65 0.97 1.01 0.76 0.86 0.86 1.13 1.15 0.64 0.71 0.87 
Pr/Ph 1.33 1.33 1.04 0.97 0.9 1.04 1.06 1.31 1.31 1.09 1.03 1.04 1.01 1.11 
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6. Discussion 

6.1. Source rock properties 

In order to correlate characteristics of the gas condensate samples withdrawn from reservoir horizons in different 

fields and evaluate the respective source rock(s), firstly, the star diagram was plotted for normal alkanes C17 to C18 

based on the acquired GC spectra (Table 2, Fig. 4). 

As can be seen from Fig. 5, distributions of the desired parameters overlap clearly, although there are differences in 

C13/C14 and C15/C16 ratios (Schuler et al., 2015). In general, identical distributions on the star diagram may 

signify the same source rock for both samples. Accordingly, Fig. 6 shows that Dalan and Kangan horizons have 

been charged by the same source rock. 

 

Fig. 5. Star diagram for comparing the distribution of normal alkanes ratio and Acyclic isoprenoids 

Oil family of a source rock can be identified according to the Tissot and Welte’s diagram which is based on 

saturated, aromatic, and polar contents (resin and asphaltene) of the samples. Moreover, this diagram helps evaluate 

the samples in terms of maturity given that more mature samples exhibit higher contents of saturated compounds 

and lower contents of aromatic and polar compounds (Tissot and Welte, 1978) (Fig. 6). 

 

Fig. 6. Tissot and Welte triangular diagram for the studied samples and determination of the oil family 

As is clear from the Tissot and Welte’s diagram, all samples were thermally well-matured as those fell in the 

paraffinic region and exhibited high amounts of saturated compounds. The highest maturity was observed on the 

 

 
This article is protected by copyright. All rights reserved. 



samples taken from Salman Gasfield, while the samples taken from Upper Dalan in the Khayyam Gasfield were of 

the lowest maturity. 

6.2. Source rock age 

Particular biomarkers (e.g. steranes, hopanes, and aromatics) have been used to determine the source rock in terms 

of age. The C28 / C29 sterane ratio provides a measure of biological evolution throughout the geological history. 

This ratio was first used by Grantham and Wakefield to estimate the age of a source rock (Grantham and Wakefield, 

1988). 

According to Grantham and Wakefield (1988), the C28 / C29 ratios lower than 0.5 characterize Paleozoic source 

rocks, while the Late Paleozoic to the Early Jurassic source rocks are known to exhibit ratios in the range of 0.4 to 

0.7, and the ratios higher than 0.7 refer to source rocks of the Late Jurassic to Miocene in age.  

As shown in Fig. 7, the source rock was estimated to be formed in the Silurian, indicating that Sarchahan Formation 

has served as source rock for the studied reservoirs. 

 

Fig. 7. Determining the age of source rock using Grantham & Wakefield diagram 

6.3. Sedimentary environment 

Geochemical evidence indicates that most of the studied samples in the Persian Gulf were sourced from marine 

carbonates containing type II and type II-S kerogens deposited under dysoxic to anoxic and normal salinity 

conditions. 

Drawing the crossplot of Pr/nC18 versus Ph/nC17, the studied fields were found to be deposited in a marine 

environment under reductive conditions. It was further identified that the hydrocarbons were derived from a mixture 

of type II and type III kerogens (Huang and Meinschein, 1979) (Fig. 8). No evidence was found to indicate the 

presence of organic matter degrading processes, e.g. microbial degradation, leaching, cold phenomena reservoir, etc.  
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Fig. 8. phytane to C18-normal alkane ratio digram versus pristane to C17-normal alkane 

Based on this diagram, the samples taken from Khayyam Gasfield showed larger tendencies toward algae-derived 

marine kerogen. According to the identified trends, Salman and Khayyam (Upper Dalan) fields exhibited the highest 

and lowest degrees of maturity, respectively.  

In general, a triangular pattern on the diagram of mono-aromatics distinguishes between non-marine sources and 

marine shale sources. Indeed, given that the oil produced from the marine shale sources contain lower amounts of 

the C29 mono-aromatic steroid, as compared to the hydrocarbons produced from non-marine sources, the non-

marine organic matter will exhibit larger amounts of the C29 monoaromatic steroid. On the other hand,  terrestrial 

sediments are known to contain lower amounts of mono-aromatic C27 and C28 components, as compared to marine 

deposits. making the C29/(C27+C28) ratio larger (> 0.5) for the non-marine sources. A high C27 value for a non-

marine source rock may signify a lacustrine environment with a small amount of terrestrial matter (Grantham and 

Wakefield, 1988). These diagrams are known to remain relatively consistent throughout the oil window.  

The fact that most of the samples exhibited marine shales and carbonates indicated that those were originated from 

some marine shale source rocks (Fig. 9). 

 

Fig. 9. Use of MonoAromatic setroids in determining the characteristic of source rock 

The plot of Dibenzothiophene-to-Phenanthrene ratio versus Pristane-to-phytane ratio provides a measure of changes 

in the sedimentary environment and source rock lithology. Based on this plot, the samples were categorized into four 

groups: (Zone 1) marine carbonate (1A) and marine carbonate, marl, and the sulfate-rich lacustrine environment 

(1B), (Zone 2) poor-sulfate lacustrine, (Zone 3) marine shale and other lacustrine environment, and (Zone 4) delta 

and alluvial environment (Fleck et al., 2002).  
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Considering that the samples were taken from an area between Zone 2 and Zone 3, the respective hydrocarbons were 

found to be sourced from a poor-sulfate lacustrine environment. In terms of lithology, the source rocks were also 

found to source marine shale and lacustrine environments (Fig. 10). 

 

Fig. 10. Use of  Pr/Ph versus DBT/P to investigate the source rock 

 

6.4. Maturity 

Thermal maturation reflects the heat-induced reactions that make the sedimentary organic matter into oil. The initial 

processes of diagenesis make the plant and bacterial residue in the sediments to convert into kerogen and bitumen. 

The thermal processes are generally dependent on the burial and convert the material into oil, and eventually gas and 

graphite. The potential of source rocks is described based on the concepts of quantity, quality and thermal maturity 

of organic matters (Peters et al., 1989). In general, organic matter is divided into immature, mature, and overmature 

by their relationship to the Oil window (Tissot and Welte, 1984). Various parameters have been used to determine 

the thermal maturity. Some of the special ratios of saturated and aromatic biomarkers are considered to be the most 

important thermal maturity indices.  

To determine the maturity of the condensate samples as well as the time they formed from source rock, a standard 

diagram of changes in C32 hopane 22S/(22S+22R) ratio versus C29 sterane 20S/(20S+20R) can be used 

(Schidlowski, 2012). According to Figure 11, the maturity of the samples shows maturity in the range of early oil 

window and late gas window, which indicates the degree of maturity is interpreted in other charts. The highest 

maturity in the sample is related to Upper Dalan in Maddar field (Mdr-U.D) and lowest maturity Upper Dalan 

Khayyam field (Khm-U.D4) (Fig. 11). 

 

Fig. 11. Changes in the values of C32 Hopane 22S/22S+22R versus C29 Sterane 20S/20S+20R to determine the thermal maturity 

of the samples 
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By using the paraffinic index versus the ratio of phytane to C18-normal alkane, it is possible to decide on maturation 

and leaching of samples.  

According to this diagram, it can be said that almost no leaching in the reservoir has occurred and, given the 

increasing trend of maturity for samples, it can be said that these samples are in the range of the late oil window and 

early gas window, where the rate of evolution in terms of maturity parameters is high (Fig. 12). 

 

Fig. 12. Paraffinic index diagram versus phytane to C18-normal alkane ratio to investigate maturity6.5. Statistical study 

The samples were grouped using the HCA, with the PCA utilized to visualize and correlate the observations (10 

maturity-related parameters and 6 sedimentary environment-related parameters, see Table 3) in a two- or three-

dimensional space. Parameter selection was based on the relationship between maturity and sedimentary 

environment of the source rock. In other words, different sets of parameters were selected for maturity and 

sedimentary environment, and the statistical techniques were used for each data set separately, so as to analyze the 

study area correspondingly. For the purpose of HCA, 16 biomarker parameters of the source rock were analyzed. 

Attempts were made to select the parameters that were not significantly affected by biodegradation, thermal 

maturation, and migration processes. The parameters included 10 maturity-related ratios, namely 

C29ααα20S/(S+R), C29ββ/(αα+ββ), Moretane/C30H, Ts/Ts+Tm, C32Hopane22S/22S+22R, Tri/(Tri+17αHopane), 

TAS(C20+C21)/All, TAS/(TAS+MAS), and C27Dia/(Dia+Reg), and 6 sedimentary environment-related ratios, 

namely C26t/C25t, TotalC29 Str/Total Str, Pr/Ph, Gamaccerane/C31H, DBT/P, and Pr/nC17. The hierarchical 

cluster analysis was accomplished by automated-scale processing. For this purpose, the Euclidean distance and 

incremental correlation calculations were performed using XLSTAT Ver. 2016.04.32525 (Ward, 1963). According 

to the results, the samples in one of the groups exhibited a genetic relationship, indicating their origination from the 

same source rock or different source rocks originated from the organic matter of the same species. Figs. 13 and 14 

represent the results of statistical analyses in the form of dendrograms for maturity and sedimentary environment 

parameters, respectively, indicating clear distinctions between the three major families (Ι - ΙΠ). These families 

correspond to well-separated areas. Accordingly, Groups I and III correspond to the east and the west of the Persian 

Gulf, respectively, while group II occurred in the area in between them.  

Group I: This family includes the samples from Dalan and Kangan reservoirs in the Salman Gasfield, east of the 

studied area. 

Group II: This family consists of the samples of Upper Dalan and Kangan in the Tabnak Gasfield, Dalan in the 

South Pars Field, Upper and Lower Dalan and Kangan in the Khayyam Gasfield, Upper Dalan and Kangan in the 

Maddar Gasfield, and Kangan in the Golshan Gasfield midway across the studied area. 

Group III: This family is made up of the samples taken from Khayyam and Golshan gasfields in the west of the 

studied area. 
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Fig. 13. Show dendrogram for the maturity parameters of the studied area 

 

Fig. 14. Show dendrogram for sedimentation environment of the studied are 

Table 3 Used Parameters in statistical methods 

 

Used Parameters for Depositional Environment Used Parameter for maturity 

C26t/C25t C29 ααα 20S/(S+R) 

Total C29 Str/Total Str C29 ββ/(αα+ββ) 

Pristane/Phytane Moretane/C30H 

Gam/C31H Ts/(Ts+Tm) 

DBT/P C32 Hopane 22S/22S+22R 

 
Tric/(Tric+17αHopane) 

 
TAS (C20+C21)/All 

 
MAS (C21+C22)/All 
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TAS/(TAS+MAS) 

 C27 Dia/(Dia+Reg) 

 

Consistent with the results of HCA, the results of PCA indicated three groups of gas condensate (Figs. 15 and 16). 

The three-dimensional graphs shown in Figs. 15 and 16 are outputs of Pycharm Ver. 3.4.1.  

 

Fig. 15. PCA plot in terms of maturity for 14 gas condensate samples from the Persian Gulf which shows three different group 

 

Fig. 16. PCA plot in terms of Depositional Environment for 14 gas condensate samples from the Persian Gulf which shows three 

different group 

Considering the dendrogram for the maturity-related parameters, the Lower Dalan is expectedly more mature due to 

higher burial depth, as confirmed by the fact that the samples Gol-L.D and Khm-L.D2 were categorized into the 

same group. The fact that the samples taken from the Salman Gasfield ended up being in the same group with those 

withdrawn from the Lower Dalan in Golshan Gasfield implies that the samples from the Salman Gasfield were more 

mature than those of other fields. 

The diagrams presenting the interpretation of the maturity-related biomarker parameters in all samples (Fig.  17) 

point out that, for the most part, the samples from the Salman Gasfield exhibit the highest degrees of maturity, with 

the samples even removed due to over-maturity on some of the diagrams.  
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Fig. 17. Map of studied area and show the trend of maturity 

According to the results, an increasing trend of maturity was observed across the studied area from the Golshan 

Gasfield in the west to the Salman Gasfield in the east of the Persian Gulf (Fig. 18). This is probably due to the flow 

of heat across the region, making the Salman Gasfield warmer and hence more mature. The heat flow is itself a 

result of the tectonic setting of the region. Salman Gasfield in the Persian Gulf represents a square formed upon salt 

dome-related activities, e.g. numerous faults associated with the diapirism. A previous work has shown that the 

compressive stresses caused by the collision between the Arabian and Iranian plates have contributed to the 

diapirism and the formation of the dome of the Salman Gasfield. Therefore, one may argue that the presence of 

numerous faults in this field has contributed to higher temperatures (Musavi Nasab et al., 2016). 

 

Fig.18. Map of studied area and separation of sedimentary environment 
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Considering the presented dendrograms and the fact that the samples from Salman and Golshan fields (group 1), 

Maddar and South Pars fields (group II), and the other samples (group III) were grouped under the same classes, a 

comparison between this classification and the map of the studied area highlights the distinction between the fields 

in the south (Golshan and Salman) and the north (Khayyam, Maddar and Tabnak) of the Persian Gulf in terms of the 

sedimentary environment of the source rock. These interpretations lead us to the conclusion that the sedimentary 

environment and source rock lithology have evolved from carbonates in the south to shale in the north of the Persian 

Gulf, as confirmed by the increase in the percentage of shale as one moves from the south to the north (Fig. 18). 

7. Conclusion 

According to the results of this study, the studied hydrocarbons were found to source from marine organic matter 

with minor terrestrial contaminations. In terms of maturity, the samples were evaluated as being in the late stage of 

petroleum generation and early gas window. The studied gas condensate samples were found to be sourced from 

clastics deposited under reductive environmental conditions (from Type II and Type III kerogens). Based on the 

Tissot and Welte classification, most of the samples were identified to be in the paraffinic region of the oil window, 

i.e. thermally well-mature. Considering the plot of paraffinic index versus the phytane-to-C18 ratio, the reservoir 

was found to suffer from almost no leaching. Using statistical techniques and correlation studies on the source rocks, 

the gas condensate samples were categorized into three main groups based on maturity- and sedimentary 

environment-related biomarker parameters. Interpreting the biomarker diagrams and comparing them to the HCA 

and PCA results, an increasing trend of maturity and separate sedimentary environments were identified across the 

studied fields. Accordingly, the maturity was found to increase from the Golshan Gasfield in the west to the Salman 

Gasfield in the east of the Persian Gulf, with different sedimentary environments characterized in the southern 

(Salman and Golshan fields: marine carbonate) and the northern parts of the Persian Gulf (Khayyam, Tabnak, and 

Maddar fields: marine shale). 
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