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Abstract
　The distribution and behavior of tri-aromatic hydrocarbons (especially alkylphenanthrenes) have been investi-
gated in twenty-four mudstones from the Tertiary succession in the Sylhet Basin of Bangladesh. Phenanthrene (P) 
and methylphenanthrenes (MP) were abundant in most samples, whereas anthracene and methylanthracene (MA) 
were detected only in some samples. Abundances of the 1,7-dimethylphenanthrene (DMP) isomer are signifi cant 
relative to other DMP isomers. Overall correlation between the methylphenanthrene index 3 (MPI 3) and Tmax 
(426 – 449 °C) is poor in this basin.  Abundances of MA, pimanthrene (1,7-DMP) and 1-MP are relatively high 
in the lower part of the succession. Higher plant organic matter is abundant in the lower part of the succession 
(middle Eocene to early Miocene), whereas planktonic organic matter is relatively abundant in the middle and 
upper parts (middle Miocene to Pleistocene). These alkyl-isomers thus originated from terrigenous sources. High 
phenanthrene/alkylphenanthrene ratios in the mudstones can be related to oxic environmental conditions. Based on 
detailed aromatic distribution patterns and their isomer ratios, we conclude that the compositions of P, MP and DMP 
isomers in the Sylhet Basin were probably controlled by organic matter sources, rather than by thermal maturity in 
the early stage of the oil window.  
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1. Introduction

The distributions of phenanthrene and alkylphen-
anthrenes in ancient sediments and crude oils are of 
special interest in many organic geochemical studies 
because these distributions change with increasing 
maturity (Radke et al., 1982a, 1982b; Radke and Welte, 
1983; Angelin et al., 1983; Radke, 1987; Garrigues et 
al., 1988; Sampei et al., 1994; Budzinski et al., 1995; 
Kaneko and Takeda, 1995). This indicator covers a 
wide range of organic maturity, from the beginning of 
the oil window to the condensate stage. Indices for these 
compounds such as methylphenanthrene ratio (MPR), 
methylphenanthrene index (MPI), methylphenanthrene 

distribution fraction (MPDF) and dimethylphenan-
threne ratio (DMPR) were developed in the 1980’s 
(Radke et al., 1982a, 1982b; Radke and Welte, 1983; 
Angelin et al., 1983). Generally, these aromatic indices 
have linear correlations with vitrinite refl ectance (Ro) 
over a wide range of maturity, in contrast to aliphatic 
biomarker indices such as steranes and hopanes, which 
correlate only at maturities below the oil window. The 
quantitative relationships between the phenanthrene 
homologue indices and Ro differ between individual 
sedimentary basins, due to differences in kerogen 
type in the sediments. However, the infl uences of the 
differing types of organic matter on the distribution of 
phenanthrene homologues are not well known, because 
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few basins have the appropriate combination of a nar-
row maturity range and wide variation of kerogen type. 
Consequently, research on this issue has been quite 
limited. 

Hossain et al. (2009) reported that organic matter 
in mudstones in the Sylhet Basin of Bangladesh was 
deposited in three different stages, and also that the 
range of maturity in the succession was relatively nar-
row (Ro, ~0.5 – 0.7%). We here further investigate the 
phenanthrene homologues in this basin to determine the 
infl uence of kerogen type on the methylphenanthrene 
indices. We report data obtained from GC–MS for 
phenanthrene (P), anthracene (A), methylphenanthrene 
(MP), methylanthracene (MA), ethylphenanthrene (EP) 
and dimethylphenanthrene (DMP) isomers extracts. 
These are the principal compounds in aromatic frac-
tions from Tertiary mudstones in the Sylhet Basin. The 
methylphenanthrene isomer ratios, especially MPR, 
MPDF and DMPR, are commonly used as indicators 
of thermal maturity in sedimentary rocks (Radke et 
al., 1982a, 1982b). Structures of phenanthrene and 
anthracene, and defi nition of parameters are shown in 
Appendix A.

2. Geological setting

The Bengal Basin is located between the Precambrian 
Indian Shield Platform to the west and the Mesozoic-
Tertiary Indo-Burman Folded System to the east (Fig. 1). 
It is bounded to the north by the Precambrian Shillong 
Massif, and to the south it plunges into the Bay of Bengal. 
The Sylhet Basin, a sub-basin in this system, is located 
within the Bengal Foredeep, a tectonically complex 
province of the Bengal Basin, and lies at the confl uence 
of Ganges and Brahmaputra rivers originating from the 
Himalayas. The Sylhet Basin is important for its hy-
drocarbon reserves, and contains numerous subsurface 
synclinal and anticlinal structures. The synclines were 
fi lled with late Neogene to recent sediments. Anticlinal 
structures include the Atgram, Sylhet, Chattak, Kailas 
Tila, Beani Bazar, Patharia, Fenchuganj, Rasidpur and 
Habiganj anticlines (Fig. 2). These anticlines are faulted, 
but usually contain hydrocarbons. 

The Sylhet Basin forms a large elongated trough (Figs. 
1 and 2), and contains a very thick pile of sedimentary 
sequences mainly of Tertiary age. The Tertiary Sylhet 
succession consists of alternating beds of sandstone, 
siltstone and mudstone (Khan, 1991; Reimann, 1993; 

Fig. 1.  Map showing major geographic features of the Bengal Basin and adjoining areas and location of the 
study area (modifi ed from Uddin and Lundberg, 1998).  
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Najman et al., 2008) and is successively divided into 
the Jaintia, Barail, Surma, Tipam and Dupitila Groups in 
ascending order. These groups range from Paleocene to 
Pleistocene in age, as summarized in Table 1. 

3. Samples and Analytical Methods

Twenty-four representative mudstones from the 
Sylhet succession were investigated in this study. 
Locations of the sample sites and drill core positions 
are illustrated in Fig. 2. The ages of the samples 
range from late Eocene (Jaintia Group) to Pleistocene 
(Dupitila Group), with most samples taken from the 
Miocene part of the sequence (11 samples; Surma 
Group). Powdered samples approximately 35 g in 
weight were subjected to extraction using a mixture of 
9:1 DCM (dichloromethane) and MeOH in a Soxhlet 
apparatus for 72 h. Elemental sulfur was removed using 

Cu granules. The aliphatic and aromatic hydrocarbon 
fractions were separated directly, using activated thin 
layer chromatography (Kiselgel 60 PF254, Merck). 
The aromatic hydrocarbon fractions were analyzed 
using a Shimadzu QP2010 instrument, equipped with a 
automatic temperature-programmable injection system 
and fused silica column (30 m × 0.25 mm i.d.). Helium 
was used as the carrier gas, and oven temperature was 
programmed from 50 to 300 °C at a rate of 8 °C/min. 
The mass spectrometer was operated in electron ioniza-
tion mode at 70 ev. Full scan spectra were recorded 
over a range m/z 50 to 850 at a scan rate of 0.5 s. 

The P, A, MP, MA, EP and DMP isomers were identi-
fi ed by multiple ion chromatograms (m/z 178, 192 and 
206).  

Fig. 2.  Geological map of the Sylhet Basin and surrounding areas, showing location of the surface outcrop 
sampled and major hydrocarbon exploration wells (modifi ed from Hiller and Elahi, 1984). Drill core 
samples were taken from the Rasidpur, Fenchuganj, Patharia and Atgram wells.
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4. Results

The analytical data (percentages) and isomer ratios 
for the Sylhet mudstones (10 drill core and 14 surface 
samples) are listed in Tables 2 and 3 respectively. 
Representative distributions of P, A, MP, MA, EP and 
DMP are shown in Fig. 3. Most samples in the succes-
sion contain high proportions of P, but those in the Barail 
and Jaintia Groups are lower than those at the top.  3-MP, 
2-MP, 9-MP and 1-MP isomers were detected in all 
samples, but 9-MP and 1-MP are abundant in the lower 
part of the succession  (Table 2). Distributions of A and 
MA are irregular, with both often below the detection 
limit in the middle and upper parts of the sequence. 
However, both are persistently present (A, 2.10 – 21.44; 
MA, 0.58 – 15.34) at the base of the sequence in the 
Jaintia and Barail Groups, and in the lowermost sample 
in the Surma Group (Table 2).

Among the EP isomers, 9- + 1-EP (average 5.62) has 
the highest relative abundance, even though it was not 
detected in eight of the 24 samples analyzed. Signifi cant 
amounts of the 3-EP (av. 2.96) and 2-EP (av. 3.09) 
isomers are also present, and both were detected in all 
samples. 

 The DMP in the succession is characterized by 
relatively high abundances of the 1,7-DMP isomer, 
with signifi cant amounts of 2,7- and 3,6-DMP (Fig. 

3), consistent with the presence of pimanthrene. The 
summed distribution of 1,3- + 2,10 + 3,9- + 3,10-DMP is 
higher than other summed distributions in most samples 
(Table 2).  

Alkylphenanthrene ratios (MPR, MPDF and DMPR) 
range from 0.66 to 2.14, 0.25 to 0.62 and 0.18 to 0.78 
respectively (Table 3).  

5. Discussion

The tri-aromatic hydrocarbons in the Sylhet mudstones 
are characterized by higher P distribution with signifi cant 
inputs of MP and DMP isomers. Methylphenanthrenes 
are generally used as maturity parameters based on the 
thermodynamic stability of isomers. Generally, substitu-
tion of methylphenanthrene isomers compounds with 
α-positions is lesser thermal stability over related isomers 
with β-positions (Radke et al., 1982a, 1982b; Radke et 
al., 1986; Budzinski et al., 1995). In the present study, 
MPI 3 (Angelin et al., 1983) shows a good correlation 
with MPR (r = 0.89). Therefore, interference by possible 
coelution of 4-MP and 1-MP with 9-MP may not affect 
MPI 3 in the Sylhet mudstones. However, MPI 3 and 
MPR show very weak correlation with a representative 
maturity indicator, Tmax (Fig. 4a and 4b). This suggests 
that in this basin MPI 3 is not precise as a maturity indi-
cator, according to the infl uence of other factors. 

Tmax and vitrinite refl ectances (Ro) have limited ranges 

Table 1.  Stratigraphy of the Sylhet Basin, Bangladesh (after Khan, 1991; Reimann, 1993; Najman et al., 2008).
Age Group Formation Lithology

Recent Alluvium Alluvium Sand, silt and clay

Late Pleistocene Dihing Dihing Sandstone with interbedded shale

Pliocene–Pleistocene Dupitila Dupitila Pebbly sandstone and sandstone with subordinate siltstone

Late Miocene–Pliocene Tipam
Girujan Clay Mottled clay with subordinate sandy clay and sandstone

Tipam Sandstone Massive sandstone with subordinate shale

Middle–late Miocene Surma
Bokabil Shale with interbedded sandstone and siltstone

Bhuban Alternation of sandstone, sandy shale and siltstone

Late Eocene–early Miocene Barail
Renji Yellowish brown sandstone, shale and coal lenses

Jenam Grey to brownish siltstone, silty shale and sandstone

Late Eocene

Jaintia

Kopili Shale Shale with subordinate sandstone and thin limestone

Early–middle Eocene Sylhet Limestone Grey fossiliferous limestone

Paleocene–early Eocene Tura Sandstone Alternation of sandstone and limestone, with shale and 
coal seams
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Fig. 3.  Partial m/z 178, 192 and 206 mass chromatograms for aromatic hydrocarbons of the Sylhet 
mudstones, showing the distribution of phenanthrene (P), anthracene (A), methylphenanthrenes 
(MP), methylanthracene (MA), ethylphenanthrenes (EP) and dimethylphenanthrenes (DMP). 
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of 426 – 449 °C (n = 21; Table 3), and 0.51 – 0.66 % 
(n = 4; Hossain et al., 2009), respectively. There is 
a good correlation between Tmax and Ro (Ro = 0.00807 
Tmax – 2.929, r = 0.88, n = 4).  Tmax does not show a sys-
tematic increasing trend downward in the sedimentary 
column (Fig. 5), because the samples in this study were 
taken from four different wells and surface outcrops. 
Tmax values (Table 3) indicate that the maturity of these 
mudstones is confi ned to a narrow range in the early 
stage of the oil window. The stratigraphic profi le of MPI 
3 shows no similar variation with Tmax (Fig. 5). Although 
the maturity is restricted to a narrow range, compositions 
of some phenanthrene homologues show signifi cant 
variations. 

Relative abundances of MA, pimanthrene and 1-MP 
are high in the lower part of the Sylhet succession 
(Table 2 and Figs. 5 and 6). These trends are likely to 
be due to the origin of the organic matter. Anthracene 
and alkylanthracenes are commonly abundant in coals 
(Hughes and Dzou, 1995; Yunker et al., 2002) and in car-
bonaceous sediments rich in Type-III kerogens (Radke et 
al., 1982b; Garrigues et al., 1988). Anthracenes are less 
stable than phenanthrene during diagenesis (Stout and 
Emsbo-Mattingly, 2008), and are absent from petroleum 
(Yunker et al., 2002). In sedimentary rocks, alkylan-
thracenes are less abundant than alkylphenanthrenes 
(Garrigues et al., 1988). Alkylphenanthrenes are par-
tially derived from terpenoids and steroids in biological 
source materials (Mair, 1964; Streibl and Herout, 1969). 

Alkylphenanthrene compounds, especially pimanthrene 
(1,7-DMP), may therefore originate from aromatization 
of tricyclic diterpenoids and from abietic acid of terres-
trial higher plants; the latter is common in pine resin and 
Type-III kerogen (Wakeham et al., 1980; Radke et al., 
1982b; Simoneit et al., 1986; Budzinski et al., 1995). 
Garrigues et al. (1985) suggested that concentrations of 
phenanthrene in deltaic sediments could be commonly 
derived from higher plant terpenoids of the α-amyrin 
or β-amyrin types. 1,7-DMP becomes enriched due to 
potential loss of retene (Simoneit et al., 1986; Armstroff 
et al., 2006). Similarly 1-MP is originally abundant in 
mudstones which contain terrestrial organic matter 
(Garrigues et al., 1990; Heppenheimer et al., 1992; 
Budzinski et al., 1995). Among the MP distributions, 
9- and 1-MP isomers are often enriched in immature 
sediments (Radke et al., 1982a), with predominance of 
the 9-MP isomer, whereas 2-MP and 3-MP are predomi-
nant in Type-II or Type-I organic matter (Radke et al., 
1986). The trends shown by MA, pimanthrene and 1-MP 
in our present study (Figs. 5 and 6) are all consistent 
with the terrestrial biomarker distribution of abundant 
oleanane, C29 sterane and pristane in the lower part of the 
Sylhet succession (Hossain et al., 2009). The differences 
in alkylphenanthrene ratios are responses to source ef-
fects, particularly in the lower maturity stage (Radke et 
al., 1986).  

Hossain et al. (2009) reported that terrestrial or-
ganic matter was abundant in the lower part of the Sylhet 

Fig. 4.  (a) Relationship between Tmax (°C) and methylphenanthrene index 3 (MPI 3); (b) Relationship 
between Tmax (°C) and MPR. MPI 3 and Tmax values from Hossain et al. (2009).
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sequence, and that the depositional environment could 
be divided into three stages. In the fi rst stage (lower 
part of the succession, middle Eocene to early Miocene 
Jaintia and Barail Groups), higher plant organic matter 
with abundant angiosperm material was deposited in 
seawater-dominated oxic environmental conditions. In 
the second stage (middle part, middle to late Miocene 
Surma Group), planktonic organic matter was deposited 
mainly in seawater-infl uenced, oxygen-poor freshwater 
conditions, with some transitions between anoxic and 
oxic environments. In the third stage (upper part, late 
Miocene to Pleistocene Tipam and Dupitila Groups) 
planktonic organic matter with a small angiosperm 
input was deposited in oxygen-poor freshwater condi-
tions (Hossain et al., 2009). These variations in organic 

source and depositional environment could cause the 
observed abundances and stratigraphic variations of 
MA, pimanthrene and 1-MP. In the early stage of the oil 
window, data sets of MA, pimanthrene and 1-MP can be 
good indicators of the contribution of terrestrial organic 
matter, rather than of organic maturity.

In addition, P/MP and MP/DMP ratios increase in 
the lower part of the succession, and there is a good 
correlation between Pr/Ph (pristane/phytane) and MP/
DMP ratios (Fig. 7). This could depend on supply of 
abundant terrestrial organic matter and deposition under 
oxic environmental conditions. High Pr/Ph ratios (>3) 
signify high input of terrestrial organic matter, and are 
characteristic of oxic environments (Didyk et al., 1978; 
Powell, 1988). Pr/Ph ratios in the Jaintia and Barail 

Fig. 6.  Vertical distribution of 1-MP, 1MP/9MP and 1,7-DMP (pimanthrene) in the Sylhet mudstones. 
Abbreviations as in Fig. 3.
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Group mudstone suggest oxic environmental conditions 
with high infl ux of terrestrial organic matter (Hossain 
et al., 2009). Progressive aerial oxidation may increase 
phenanthrene/alkylphenanthrene values (Ahmed and 
Smith, 2001).

In this way variability in the P, MP and DMP values 
(Table 2 and 3) is probably controlled by the sources of 
the organic matter rather than by thermal maturity. 

6. Conclusions

The overall distributions of tri-aromatic hydrocarbons 
investigated in the Sylhet mudstones are characterized 
by higher abundances of P relative to MP and DMP in 
most samples. MA and A were also present in small 
amounts. In this sedimentary succession Tmax and Ro are 
restricted to a range of 426 – 449 °C  and 0.51 – 0.66%, 
respectively, and MPI 3 shows poor correlation with 
Tmax. This suggests MPI 3 was infl uenced by organic 
matter type, rather than by thermal maturity. Relative 
abundances of MA, pimanthrene and 1-MP are high in 
the lower part of the Sylhet succession, implying that 
data set of MA, pimanthrene and 1-MP are good indica-
tors for terrestrial organic matter in the early stage of the 
oil window. High relative concentrations of the 1,7-DMP 
isomer suggests biogenic sources such as pimaric acids. 
High ratios of phenanthrene/alkylphenanthrenes may be 
due to oxic depositional environment. The variability in 

P, MP and DMP values is probably controlled by organic 
matter sources, rather than by thermal maturity in the 
early stage of the oil window.
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