
Abstract

This study examines the various diagenetic controls of the Neogene Surma Group reservoir sandstones encountered in the Shah-

bazpur-1 petroleum exploration well from the southern part of the Bengal Basin, Bangladesh. The principal diagenetic minerals in 

the Surma Group sandstones are quartz overgrowths, Fe-carbonates (mainly Fe-calcite) and authigenic clay minerals dominantly 

chlorite, illite-smectite and mnor kaolinite. Compaction played a more extensive role than cementation in destroying primary poro-

sity. Cementation was important in drastically reducing porosity and permeability in sandstones at depths of 1796.5, 2015.5 and 

3019 m and is typically poikilotopic, pore-filling blocky Fe-calcite cement. Illite-smectite and chlorite occur as pore-filling and pore-

lining authigenic phases. Sandstones having good porosities (20% to 30%) and high permeabilities (20 mD to 415 mD) are well 

sorted, and tend to be relatively coarse grained and more loosely packed with better rounded grains. They are typically found at 

depths ranging from ~2290 m to 3411 m. These high quality reservoir rocks are, however, not uniformly distributed resulting in 

compartmentalization of the reservoir-quality units, which are interbedded with sandstone layers showing low to moderate porosity 

(1 to <20%) and low permeability (0.6 to 4.5 mD). These sandstones are typically poorly sorted, strongly compacted and contain 

significant higher proportions of cements.

Diese Arbeit untersucht die unterschiedliche diagenetische Kontrolle von Reservoirqualitäten der Sandsteine der neogenen Surma-

Gruppe aus der Shahbazpur-1 Explorationsbohrung im südlichen Teil des Bengal Beckens in Bangladesh. Die prinzipiellen diagene-

tischen Minerale in den Sandsteinen der Surma-Gruppe sind Quarz-Anwachssäume, eisenführende Karbonate (vor allem Fe-Calcit) 

und authigene Tonminerale, vor allem Chlorit, Illit-Smectit und Kaolinit. Kompaktion spielte die Hauptrolle in der Reduktion der pri-

mären Porositäten. Zementation reduzierte Sandstein-Porositäten und -Permeabilitäten drastisch in Tiefen von 1796,5, 2015,5 und 

3019 m, typischerweise als poikolotopischer, porenfüllender Fe-Calcit-Blockzement ausgebildet. Illit-Smectit und Chlorit treten als 

porenfüllende und porenauskleidende authigene Phasen auf. Sandsteine mit guten Porositäten (20 bis 30%) und hohen Permeabi-

litäten (20 md bis 415 mD) sind gut sortiert und vor allem grobkörnig, nicht dicht gepackt mit besser gerundeten Körner. Sie finden 

sich typischerweise in Tiefen von ~2290 m bis ~3411 m. Diese hochqualitativen Reservoirgesteine sind allerdings nicht durchge-

hend ausgebildet, die Reservoirqualitäten sind durch Kompartimentierungen eingeschränkt. Diese Sandsteinzwischenlagen zeigen 

geringe bis mäßige Porositäten (1 bis <20%) und geringe Permeabilitäten (0.6 bis 4.5 mD). Diese Sandsteine sind typischerweise 

schlecht sortiert, stark kompaktiert und beinhalten signifikant höhere Anteile an Zementphasen.
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1. Introduction

The Bengal Basin lies in the north-eastern part of the Indian 

subcontinent and contains a ±22 km thick sedimentary suc-

cession of the Cretaceous to Holocene (Fig. 1). The Neogene 

deposits attain a thickness of > 6 km within the basin of which 

the Surma Group contains the most important sandstone reser-

voirs. Most of the hydrocarbons discovered so far in the Ben-

gal Basin are located in reservoir sands of this group (Table 1). 

Of 22 discovered gas fields in Bangladesh, three are located 

in the southern petroleum province of which the Shahbazpur 

gas field is one of the three commercial gas fields discovered 

in this province (Fig. 1).

Reservoir quality is one of the key controls in petroleum ex-

ploration and, therefore, it is important to have a detailed un-

derstanding of the various diagenetic controls and their effects. 

Several workers (e.g. Lietz and Kabir, 1982; Hiller and Elahi,

______________________________

1984; Khan et al., 1988; Johnson and Alam, 1991; Shamsud-

din et al., 2001; Rahman et al., 2009) have made significant 

contributions towards understanding of the regional geology, 

sedimentology, tectonic evolution and petroleum prospectivity 

of the Surma Basin in Bangladesh, especially for the north eas-

tern petroleum province. Only a few publications (Imam and 

Shaw, 1987; Islam, 2009) exist on the diagenetic history and 

its effects on reservoir quality of the Surma Group sandstones 

from the central part of the Bengal Basin. However, there is yet 

no published work on the diagenetic history of this important 

reservoir sandstone in the southern delta and offshore areas, 

the southern petroleum province in the Bengal Basin.

The aim of this study is to present a detailed diagenetic ana-

lysis of the sandstones in the southern petroleum province of 

the Bengal Basin in order to narrow the gap between our un-

_______
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derstanding of diagenesis and its effects on the reservoir pro-

perties. In particular, we examined sandstones from the Neo-

gene clastic succession encountered in the Shahbazpur-1 well 

(Shahbazpur anticlinal structure) in the southern Bengal Basin 

(Fig. 1). Sandstones (core material) ranging from depths 997 to

Figure 1: Major tectonic elements of the Bengal Basin (Alam et al., 2003); the map also shows 

the location of the Shahbazpur well-1._________________________________________________

Table 1: Overview on the Cenozoic succession of the Bengal Basin, Bangladesh (modified after 

Imam and Shaw, 1987).______________________________________________________________

3411 m including Surma Group re-

servoir sandstones from ~2016 m 

to 3411 m were used in this study 

(Fig. 2). This study is based on ear-

lier works (Imam and Shaw, 1987; 

Islam, 2009) by including petrogra-

phic data as well as reports on the 

diagenetic controls of the Neogene 

Surma Group sandstones from the 

southern petroleum province in the 

Bengal Basin.

The Bengal Basin lies on the eas-

tern side of the Indian subcontinent 

between the Shillong Plateau to the 

north and the Indo-Burman Ranges 

to the east and occupies most of 

Bangladesh and West Bengal (India) 

as well as part of the Bay of Bengal 

(Fig. 1). The Dauki Fault system re-

presents the contact between the 

Surma Basin and the Shillong Pla-

teau.The basin had its origin during 

the collision of India with Eurasia 

and Burma, building the extensive 

Himalayan and Indo-Burman Ran-

ges and, thereby, loading the lithos-

phere to form flanking sedimentary 

basins (Uddin and Lundberg, 1998). 

The basin-fill of the onshore part of 

the basin has traditionally been divi-

ded into platform or shelf, slope or 

‘hinge’, and basinal facies (Fig. 1) 

(Evans, 1964).

The Shahbazpur-1 well in the Ha-

tia Trough is located in the eastern 

folded belt of the Bengal Basin (Fig. 

1) and has been drilled by BAPEX 

(Bangladesh Petroleum Exploration 

Company) to a depth of 3750 m.

Tectonically, the area is gently de-

formed; existing structures are main-

ly large and gentle NNW-SSE tren-

ding anticlinal forms. The estimated 

recoverable reserve is < 0.5 TCF. 

The gases are dry and composed 

mainly of methane. The age of the 

reservoirs extends from Late Mio-

cene to Early Pliocene.

__________________

_________________

__

__________

2. Geological setting

The sediments of the Neogene Surma Group, with a thick-

ness of 4 to 5 km, are subdivided into the Bhuban and Boka 

Bil formations and were deposited under marine-deltaic to 

fluvial-deltaic conditions. The lower Bhuban Formation con-

sists of fine grained, well indurated, massive to thick-bedded
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sandstones, shales, claystones and siltstones. The upper Bo-

ka Bil Formation is composed of fine- to medium- grained mo-

derately indurated sandstones with shales, silty shales and siltstones. Characteristic lithofa-

cies include ripple-laminated sandstones, partly with flaser bedding, parallel-laminated sand-

stones, cross-bedded sandstones, cross-bedded sandstones with lags of mud clasts and 

apparently massive sandstones. The gas-bearing sandstones were encountered between 

2600 m and 3300 m. Five gas zones in total have been recorded at 2578 - 2590 m, 3154 - 

3212 m, 3217 - 3229 m, 3332 - 3377 m and 3379 - 3433 m. The borehole temperature in 

the Shahbazpur well-1 at 1000 and 3400 m depth was measured as 48°C and 130°C, res-

pectively. The gas discovery within the Shahbazpur structure indicates that hydrocarbon 

accumulations are confined in the gently-folded structure of the outer margin of the folded 

belt, thus extending the hydrocarbon potentiality to the west of the area. The R  (vitrinite re-o

flectance) value (0.5-0.7%) suggests early maturation of the hydrocarbon encountered in the 

Shahbazpur well (Fig. 3).

Thin section petrographic analysis was performed on a total of 24 samples (21 for Surma 

Group) taken from drill cores of different depths. Samples selected for thin-section study 

were impregnated with blue epoxy under vacuum in order to highlight the porosity. The mo-

dal compositions were determined by counting 600 points per thin section. A Cam Scan MV 

2300 scanning electron microscope (SEM) fitted with an energy dispersive X-ray spectra 

(EDX) was used to observe authigenic minerals, cements, pore geometry and paragenetic 

relationships in 20 selected sandstones. The samples were gold coated and examined un-

der an acceleration voltage of 20 kV and a beam current of 33 microA.

Samples of a core segment from depths of c. 1005 to 3407 m were selected for determi-

ning porosity and permeability. Three directional cylindrical plugs (diameter = 30 mm, length 

= 20-35 mm) were prepared and the porosity and matrix density of the samples were mea-

sured using the gas compression/expansion method (cf. Tiab and Donaldson, 2004). The 

permeability was measured in a gas-autoclave using the modified pressure transient method. 

Argon gas was used as the permeating medium.

X-ray diffraction analysis of shale layers within the sandstones of the Surma Group was 

carried out in order to identify clay minerals using a BRUKER-AXS D8 ADVANCE with Cukα 

radiation at 40 kV and 20 mA. Clay mineral fractions of less than 2µm were obtained by cen-

trifugation of clay slurries. The samples were run as air-dried, ethylene glycolated and hea-

ted (550 °C).

Carbonate-cemented sandstone samples were selected for carbon and oxygen isotope ana-

lyses. These samples were analyzed using a Finnigan MAT 251 Isotope ratio mass spectro-

meter. Precision was ±0.08 per mil for O and ± 0.06 for C. Oxygen and carbon isotope data 

are presented in the δ notation relative to the Vienna Pee Dee Belemnite (VPDB) standards.

Microthermometrical measurements were performed with a LINKAM THMS 600 heating 

cooling stage attached to a Leitz microscope at RWTH Aachen University.

The petrographic analyses of the detrital constituents of the Surma Group sandstones col-

lected from the Shahbazpur-1 are presented in Table 2. Quartz is the predominant framework 

component and occurs as monocrystalline (av. 31%) and polycrystalline grains (~13%). Feld-

spars constitute c. 5 % of the total detrital grains. Unstable lithic fragments (~11%) are do-

minated by low-grade metamorphic (mainly fine-grained mica schist, quartz-mica schist and 

phyllites, partly graphite-bearing) and sedimentary (mainly chert, shale) rocks, as well as 

rare volcanic rock fragments. Phyllosilicates constitute c. 6% with biotite predominating (4%). 

______________________________________________________

_________________

___________________________________

_______________

3. Methods

4. Results 

4.1 Sandstone composition

Figure 2: Lithology of the Neogene succession in the Shahbazpur 

well-1 (C-1: core 1…..C-6: core 6)._____________________________
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The biotites commonly show varying degrees of alteration to 

chlorite. Matrix content ranges from 2% to 11% (average 5%). 

Calcite and dolomites are occasionally found as detrital grains. 

Iron-bearing carbonates (mainly Fe-calcite, few Fe-dolomites) 

are mainly found as cements.

The Surma Group sandstones have subarkosic to sublithic 

composition (Fig. 4) with abundant low-grade metamorphic 

and sedimentary lithics and rare volcanic fragments.

The most common diagenetic minerals in the Surma Group 

sandstones are ferroan carbonates, quartz, chlorite, illite-

smectite and kaolinite (Table 3). The diagenetic constituents 

are described below in order of their abundance.

Diagenetic carbonates in the sandstones occur in varying 

amounts (trace to 34%; av. 4%) as microcrystalline to coarse 

crystalline poikilotopic, pore-filling blocky or mosaic aggregates 

(Fig. 5A), which occur both as partial and/or total replacement 

of detrital grains, as well as isolated pore- filling cements; sug-

gesting precipitation in various diagenetic regimes. Fe-calcite 

has been found partly altered to Fe-dolomite. The poikilotopic, 

pore-filling blocky Fe-calcite cements were observed at depths 

of 1796.5, 2015.5 and 3019 m in the Shahbazpur structure 

and appear to have a syncompactional to mesogenetic origin. 

In the case of pervasive carbonate cements, the pores have 

been drastically reduced.

The isotopic composition of the carbonate-cement revealed 
18a narrow range of δ O values (-10.3‰ to -13.4‰) and a wide 

13range of δ C values (-1.4‰ to -11.1‰) (Table 4). In compari-

son to the north-eastern Bengal Basin (Surma Basin), the car-

bon isotope results are less negative but the oxygen isotopes 

show no significant variation (Fig. 6).

Quartz cements occur as euhedral, syntaxial overgrowths 

around detrital quartz grains (Fig. 5B, C, D; Fig. 7A, D) ran-

ging from trace to 7.3 % with an av. of 2.7 %. Quartz over-

growths are common near sites of intergranular crystals. In 

some cases, the boundaries between the detrital quartz and 

the quartz overgrowths are marked by clay coatings and dust 

lines. Quartz overgrowths often enclosed chlorites interlock-

ing pore throats (Fig. 7D). Quartz overgrowths are also com-

mon where the chlorite cements are rare or present in small 

amounts. In some cases, quartz overgrowth was inhibited by 

the presence of chlorite rims as recorded by the presence of 

small/incomplete quartz overgrowths (Fig. 7D). The presence 

of quartz cement as a syntaxial overgrowth near sites of inter-

granular dissolution and around tightly packed detrital quartz 

grains indicates a mesogenetic origin (e.g. McBride, 1989; 

Worden and Morad, 2000). SEM observations revealed that in 

some cases, microquartz coats occur (Fig. 7E).

Most of the overgrowths are inclusion free. At some places 

two phases (LV) fluid inclusions can be seen, which are main-

__________________________

_______

__________

_____________________________

____________________

___________

4.2 Diagenetic minerals

4.2.1 Carbonate cements

4.2.2 Silica cements

Figure 3: Burial history diagram of Shahbazpur gas field (BAPEX, 

1996), southern Bengal Basin, Bangladesh; R – 15, R – 14 and R – 13 

are the reflectors of the top of seismic sub-sequences: R – 15, R – 14 

and R - 13 interpreted as shale at 2060m, sandstone with occasional 

thinly laminated shale at 2756 and sandstone with frequent interbed-

ded shale at 2998m respectively.______________________________

Table 2: Average composition of the detrital constituents of the 

Neogene Surma Group sandstones in vol-% from the Shahbazpur well-

1 (n=21)._________________________________________________

Figure 4: Triangular diagram (Folk, 1974) showing the modal 

composition and classification of the Surma Group sandstones in the 

Shahbazpur well-1._________________________________________
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Figure 5: Photomicrographs of sandstones from the Shahbazpur well-1: A (ppl). Poikilotopic pore-filling Fe-calcite cement (Fe-C)-depth 3019m; 

B. Secondary porosity (SP), Quartz overgrowth (Q), decomposition of feldspar (F) - depth 3020 m; C. grain-coating chlorite (Gch), chlorite rim (ch rim), 

pore-filling chlorite cement (Ch), clay cement (Cl), pseudomatrix (Pm), partial dissolution (D)-depth 3021; D. Partial dissolution in chert (Ct) and un-

stable grains-depth 2291 m; E. chert (ct) coated with chlorite; chlorite cement (Ch); carbonate bio-clast (BC)-depth 3017.5 m; F. Secondary porosity, 

molds outlined by clay rim (SP), carbonate clast (C) and dissolution (D) of carbonates-depth 3021.5 m. In all photomicrographs (ppl), porosities are 

marked as blue stained._____________________________________________________________________________________________________

ly too small to measure (Fig. 9 A, B). These low-saline inclu-

sions appear to be primary in the overgrowths (e.g. Fig. 9 C) 

and a low formation temperature can be assumed. Exact mel-

ting temperatures (T ) and homogenization temperatures (T ) m h

could be determined only from one fluid inclusion. The T  atm

-3.5°C indicates a low salinity (about 5.71 mass% NaCl, (Bod-

nar, 1993) NaCl-H O fluid. The T  (LV→L) was measured at 2 h

113° C.

 identified in the Surma Group reservoir sand-

stones include mainly chlorite, illite-smectite and a small amount

Clay cements

of kaolinite.

 occurs in the Surma Group reservoir in 

three different forms: grain coating (pore-lining), rims and pore-

filling up to 6% (av. 1.5%). The chlorite rims are generally thin 

and discontinuous (Fig. 5 C). Chlorite consists of small irre-

gular to pseudo hexagonal platelets, 2-3 µm in length, aligned 

in grain-perpendicular form (Fig. 7 D; Fig. 8 B, C), occasio-

nally enclosed by quartz overgrowths (Fig. 7 D). Chlorite has 

been often found partly replacing biotite. Many chert grains 

are found to be coated with chlorite (Fig. 5 E). In some cases,

Authigenic chlorite
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Figure 6: 18 13 δ O versus C for carbonate cements of the Surma 

Group sandstones from Shahbazpur, southern Bengal Basin (open 

circle) and northeastern Bengal Basin (Surma Basin) (closed circle) 

(For location see Fig. 1).

δ

____________________________________

Table 3: Abundance of cements and porosities of the Neogene 

succession with Surma Group sandstones (depth from 2015.5 m – 

3411 m) with depth of burial from the Shahbazpur well-1.__________

Table 4: Stable isotope analysis of carbonate cements of the 

Neogene Surma Group sandstones in the Shahbazpur (For well loca-

tion, see Fig. 1).___________________________________________

chlorite has been found overgrown on quartz overgrowths 

(Fig. 7 A).

 occurs as a grain coating (pore-lining) (Fig. 8 

A) and also as a grain replacement of coating clays and mi-

cas. Pore-filling and pore-bridging illites (Fig. 7 B) also occur. 

Illite-smectite is often represented by lath-, hair-like crystals 

oriented perpendicular to the detrital grain surfaces. A fibrous 

variety of illite occurs rarely in these sandstones. Mixed layer 

clay minerals, such as illite-smectite (I/S) are common. Under 

SEM, I/S show either corn flake morphology with short honey-

comb-like crystals/ or lath-like form. The hair-like, lath-like 

and honeycombs-like habit of illites is more observed in these 

sandstones than the fibrous variety, indicating that illite is 

mixed with some smectite.

 occurs as thin stacks of pseudo-hexagonal plates 

or books. Kaolinite crystals formed in primary pore spaces, 

partially entrapped in chlorite (Fig. 8 C) and mica flakes.

Three types of porosity were revealed from thin section and 

SEM analysis: (1) primary intergranular pores, which are the 

most abundant form, comprising 69 to 99% (av. 84%) of the 

total porosity; (2) secondary porosity (1% to 31%; av. 16%) 

and (3) micro pores. Secondary porosities are associated with 

the dissolution of unstable rock fragments, feldspars and car-

bonates cements and clasts. Secondary pores are also found 

in cherts. Micro porosity is associated with clays. Measured 

core porosities range from 18% to 24%. Point-count thin sec-

tion porosities (~20%) are broadly in agreement with those of 

the core plug porosities. The permeability of the studied sand-

stones shows a wide range of < 0.6 to 415 mD. The degree 

of mechanical compaction and cementation are the major 

controls on porosity and permeability in the Surma Group re-

servoirs. Sandstones with minor amounts of cement are cha-

racterized by permeability ranging from 20 to 415 mD, while 

carbonate- and clay-cemented sandstones show permeabili-

ties in the range of 0.6 to 4.6 mD.

Grain-coating clays are observed in the investigated sand-

stones that occur as platelets, tangentially arranged around 

detrital grain surfaces, and are typically formed by mechanical 

infiltration immediately subsequent to deposition (c.f. Matlack 

et al., 1989, Moraes and De Ros, 1992). With increasing depth, 

the sandstones suffered moderate degree of compaction as 

grain contacts changed from point to long and concavo-con-

vex types. In moderately to deep burial zones, mechanical 

compaction in the sandstones is evidenced by the fracturing

of quartz, feldspars, micas and labile lithic fragments. The 

shale fragments in some cases are found deformed which

may lead to formation of pseudomatrix (Fig. 5 C).

 Authigenic chlorite has been noted throughout a depth range 

from 997 to 3411 m. Authigenic chlorite rims have been repor-

ted in the sandstones of the overlying Tipam Group at depths 

as shallow as 500 m in the central part of the Bengal Basin,

Illite-smectite

Kaolinite

4.2 Porosity and Permeability

5. Discussion

____________________________

____

______________________

_________
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Figure 7: Scanning electron micrographs of sandstones from the Shahbazpur well-1: A. Quartz overgrowths (Q) partly occludated pore-throats - 

depth 3016.5 m; B. Illite-smectite (ill-sm) tends to bridge pore-throats - depth 3021 m; C. Pore-filling kaolinite (K)-depth 2290 m; D. Incomplete quartz 

overgrowth (Q) inhibited by chlorite platelets (Ch)-depth 3021.5 m; E. Microquartz (MQ)-depth 3016 m; F. Grain-coating chlorite (Gch), dissolution of 

feldspar (F) - depth 3017 m.__________________________________________________________________________________________________

corresponding to an estimated temperature of approximately

40°C (Imam and Shaw, 1987). Chlorite can have a number of 

origins but typically develops at temperatures of > 60-70°C 

(Worden and Morad, 2003). Chlorite may form in deltaic depo-

sits by the transformation of eogenetic, grain-coating berthie-

rine or odinite during deep burial to temperatures of >90-100°C 

(Galloway, 1979; Ehrenberg, 1993; Gringsby, 1999; Worden 

and Morad, 2003) but no evidence of berthierine and/or odi-
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nite have been found as a possible precursor. Petrographic 

observations revealed that authigenic chlorite is often associa-

ted with altered biotite and, consequently, higher authigenic 

chlorite abundances are associated with biotite-rich sand-

stones. SEM observations imply that chlorites were also likely 

derived from the replacement of kaolinite (Fig. 7C). The authi-

genic chlorites were Fe-rich chamosites as suggested by (Imam 

and Shaw, 1987). The presence of Fe-rich chlorite may inhibit 

quartz overgrowth and preserve porosity, and tends to attract 

the polar compounds in liquid petroleum, encouraging oil wet-

ting and preventing the access of water to grain surfaces, thus 

stopping aqueous geochemical processes such as quartz ce-

mentation (Al-Ramadan et al., 2004).

Kaolinite is predominant at depths of 997 to 1006 m and is 

less abundant at a depth of 2200 m and its absence is noted 

in deeper burial sandstones. The lower abundance of kaoli-

nite in the samples implies that pore waters may have been 

depleted in Si and Al ions and/or transformed into chlorite and 

illite in the late diagenetic environment. As evidenced from 

the occurrence of thin chlorite plates on surfaces of kaolinite 

at depth ~2290 m (Fig. 7 C), it is possible that kaolinite might 

have been altered to chlorite during progressive burial.

Early carbonate cement, typically poikilotopic, was observed 

at a depth of 1796.5 m (Plio-Pleistocene) and its growth pre-

cedes that of quartz cements. This early Fe-calcite dominant 

cement fills relatively large pores between loosely packed 

framework grains as well as the partial replacement of grains, 

and it is interpreted to have formed prior to any significant 

compaction. Fe-calcite (partly altered to Fe-dolomite) has also 

been noted. The Fe-calcite cement was also formed at a gre-

ater depth (3019 m), and occur as pore-filling blocky, fracture 

filling cements as well as isolated pore-filling cements. They 

would appear to have a syncompactional to mesogenetic ori-

gin. The second mode of generation of Fe-calcite as an isola-

ted pore filling cement impedes the phase of quartz cementa-

tion and formed within more compacted sandstones.
18Using the δ O VPDB values (-10.3‰ to -13.4‰) of the car-

bonate cements, the fractionation equation of (Friedman and 
18O’Neil, 1977), and assuming a δ O SMOW value for the evol-

ved pore water of between ~-6‰ and 0‰ relative to the mixed 

marine-meteoric waters (-6‰ and -4‰), would suggest that 

the precipitation of carbonate occurred at temperatures of 

85°-115°C (see El-ghali et al., 2009). These temperatures are 

in agreement with the present borehole temperatures (BHT

~75°C-108°C) at the depth of cement occurrence encounte-

red in the well. Temperatures up to 44-67°C are required if
18calcite cements were derived from marine (δ O=0) or mixed 

13marine-meteoric waters (Salem et al., 2005). The δ C VPDB 

values of the carbonate cements (-1.4‰ to -11.1‰) reflect 

that carbon was most likely derived from the thermal matura-

tion of organic matter during burial (Morad, 1998), as well as 

from the dissolution of isolated carbonate clasts. Introducing
2+Fe  bicarbonate and hydroxyl ions into pore waters from ad-

jacent shales (Curtis, 1983) could have contributed signifi-

cantly to the formation of the poikilotopic, pore-filling blocky

____________________

_____

_______

cements. Carbonate cements from the southern part of the 
13Bengal Basin have lower δ C negative values compared to 

those of the Surma Basin (north-eastern Bengal Basin) (Fig. 

6), suggesting that dissolved carbon in the Bengal Basin was 

derived from multiple sources, such as the thermal alteration

Figure 8: Scanning electron micrographs of sandstones from the 

Shahbazpur well-1: A. Pore-lining illite/smectite (ill-sm)-depth 1006 m; 

B. Pore-filling as well as grain-coating (pore-lining) chlorite - depth 997 

m; C. Pore-filling kaolinite (K) as well as grain-coating (pore-lining) 

chlorite (Ch) -depth 997 m.__________________________________
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filling, late calcite cements in these sandstones are most pro-

bably associated with the dissolution of plagioclase as revea-

led by petrographic observations. This would support the idea 

that the typically isolated pore-filling late calcite cements were 

precipitated during the dissolution of plagioclase and were 

formed during the emplacement of hydrocarbons (cf. Boles, 

1998).

The noticeable presence of quartz overgrowth has been no-

ted in the studied sandstones having numerous long inter-

granular concavo-convex contacts and some suture contacts. 

The presence of quartz cement as a syntaxial overgrowth 

near the sites of intergranular dissolution and around tightly-

packed detrital quartz grains indicates a mesogenetic origin 

(cf. McBride, 1989; Worden and Morad, 2000). Quartz ce-

ments have multiple sources (Worden and Morad, 2000). Va-

rious internal sources of silica have been proposed, including 

intergranular pressure, the dissolution/transformation of smec-

tite to illite and the solution reaction of detrital feldspars. Quartz 

cements are notably scare in samples from shallow depths. In-

deed, its presence is more significant in samples from deeper 

burial depths. Quartz overgrowths (> 1%) have been found 

mainly at depths of 2000 m to 3400 m (Fig. 10). It would, there-

fore, appear that in situ pressure solution can account for the 

bulk of the cement present, although other internal sources 

such as the partial dissolution of K-feldspar and the progres-

sive transformation of smectite to illite could provide additio-

nal sources (McKinley et al., 2003). The occurrence of micro-

quartz could be originated from highly silica-saturated pore 

(Bloch et al., 2002).

Hair-like, lath-like and honeycomblike illite (rather than the 

fibrous variety) are observed in the sandstones, indicating that 

illite, where present, is mixed with some smectite. The pre-

sence of grain coating, hair-like and honeycomb-like crystals 

with spiny terminations indicates a diagenetic origin (Morad et

__________________________________

of organic matter in adjacent shales, the dissolution of plagio-

clase feldspars as well as the formation of early eogenetic 

carbonate cements.

The generation of early poikilotopic cements in the Surma 

Group sandstones of the Bengal Basin is thought to be as a 

result of the recrystallization of the significant amounts of ske-

letal debris present within the sand bodies (Imam and Shaw, 

1987). However, the present study suggests that the sand-

stones contain only few biogenic clasts (Fig. 5 E) and detrital 

carbonate fragments are very rare. Thus, the isolated pore-

__________________________________

Figure 9: Photomicrograph of some fluid inclusions on quartz/ 

quartz overgrowths in sandstones at a depth of around 3000 m. A. 

Large detrital quartz grain with primary fluid inclusions B. Secondary 

fluid inclusions in quartz with contact to the cement phase (Q), C. De-

trital quartz grain with an overgrowth (Q) and low temperature fluid 

inclusions.________________________________________________

Figure 10: Distribution of quartz cement vs. depth in the Surma 

Group sandstones in the Shahbazpur well-1.____________________
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meability by occluding pore throats (Fig. 7A, D). Quartz over-

growths are an important reservoir quality deteriorating me-

chanism in many deep hydrocarbon reservoirs (Worden and

Morad, 2000). Quartz cementation, specifically syntaxial quartz 

overgrowth, is a major cause of porosity–loss in many petro-

leum reservoirs in both moderately to deeply buried reservoirs 

(Imam and Shaw, 1987; Worden and Morad, 2003). Mixed 

layer illite-smectite and quartz cements are also associated 

with pore-filling and pore-lining chlorites. The presence of Fe-

al., 2000; Lemon and Cubitt, 2003). 

Illite which typically forms during pro-

gressive burial (mesodiagenetic) 

through the transformation of infilte-

red clays (smectites via mixed layer 

illite-smectite) (Keller et al., 1986; 

Morad et al., 2000) under high tem-

peratures (90°-130°C) requires high 
+ +K /H  ratios in pore waters (Keller et 

al., 1986; Ehrenberg, 1993; Morad 

and De Ros, 1994). Shale lamina 

within the sandstone facies of the 

Surma Group in the Shahbazpur 

have the same clay mineral compo-

sition, with illite/smectite-chlorite be-

ing the dominant clay mineral in the 

interbedded shale facies. The gradu-

al decrease of smectite in the shale 

lamina within the sandstones during 

progressive burial (Fig. 11) reflects 

the gradual transformation into illite. 

Based on the dominant diagenetic 

features of the sandstones of the 

Surma Group, as determined from 

the mutual textural relationships in 

thin section and SEM analysis, a 

sequence of diagenetic processes 

can be presented (Fig. 12)._______

5.1 Reservoir Implica-

tions

Figure 11: Characteristic X-ray diffraction diagrams (glycolated) of clay minerals from shale 

lamina within sandstones of the Surma Group from the Shahbazpur well-1.____________________

Figure 12: Relative succession of the diagenetic processes with-

in the sandstones of the Neogene succession from the Shahbazpur 

well-1.

Regarding reservoir quality, compaction played the major 

role in destroying primary porosity. Grain contacts, with long 

and concavo-convex types, dominate in these sandstones, 

suggesting a moderate degree of compaction. In moderately 

to deeper burial zones, micas and labile lithic fragments are 

often deformed. The changes in grain contacts reduced pri-

mary intergranular porosity and pore throat radii.

Quartz and clay cements have been observed in the Surma 

Group sandstones in trace amounts up to 7%, with generally 

small amounts of carbonate cement. Thus, authigenic pha-

ses have a secondary control on the reservoir quality of these

sandstones. In sandstones of the Surma Group encountered 

at depths of 2015.5, 3017 and 3019 m, porosity and permea-

bility was significantly reduced as a result of pore-filling chlo-

rites, quartz cements and pore-filling blocky, poikilotopic car-

bonate cements. Carbonate cementation was important in 

drastically reducing porosity and permeability in sandstones 

at a depth of 1796.5 m  (Plio-Pleistocene section), 2015.5 m 

and in areas of deeper burial at 3019 m in the Surma Group. 

Carbonate-cemented sandstones have porosities of 1 to 7% 

and permeabilities of  <0.6 to 4.6 mD.

Although high contents of quartz cement were not observed 

in these sandstones, the small amounts of quartz present may 

have played a subordinate role in reducing porosity and per-

__________
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rich chlorite may inhibit quartz overgrowth and preserve po-

rosity. As revealed from SEM observations, the presence of 

microquartz coats may inhibit the precipitation of pore-filling 

normal quartz overgrowths (Bloch et al., 2002). Microquartz 

crystals may resist pressure solution by solidifying contacts 

between quartz grains (Bloch et al., 2002).

Sandstone porosity is still largely primary and is dependent 

mainly on the textural maturity of the sediments, which in turn 

is largely controlled by the depositional processes and envi-

ronment. Sandstones with good porosities (20% to 30%) and 

high permeabilities (20 to 415 mD) have been observed at 

depth ranges of ~2290 to ~3411m (Fig. 13). Secondary poro-

sity constituting c. 16% of the total porosity is a significant con-

tributor in enhancing reservoir porosity in these sandstones.

Most of the secondary porosity was created by partial to com-

plete dissolution of carbonate cements, feldspars, polycrystal-

line quartz, volcanic rock fragments and other unstable grains 

_______________

(Fig. 5 B, C, D). Secondary pores are also noticed in many 

chert fragments (Fig. 5 D) of the analyzed sandstones. Though 

chert is not labile rock fragment but porosity in chert can be 

formed through differential silica diagenesis of siliceous sedi-

ments (Ruppel and Hovorka, 1995). Secondary porosity is 

also evidenced as molds outlined by clay rim (Fig. 5 F) and 

oversized pores in these sandstones (Fig. 7B). Fracture, shrin-

kage and elongated narrow pores are insignificant but these 

types of secondary porosity may have enhanced permeability. 

Fluids that cause dissolution should be undersaturated with 

respect to the solid phase. Such fluids can either be meteoric 

water (review by Hesse and Abid, 1998) or acidic, generated 

during diagenesis by organic matter degraded reactions and 

clay diagenetic reactions (review by Hesse and Abid, 1998) in 

shales interbedded with sandstones.____________________

6. Conclusions

Figure 13: a) Porosity (%) vs. depth and b) Core plug porosity 

vs. permeability in the Surma Group sandstones in the Shahbazpur 

well-1.

The principal diagenetic minerals in order of abundance in 

the subarkosic to sublithic sandstones from cores of the 

Surma Group are ferroan carbonates, quartz, chlorite, illite-

smectite and kaolinite. The sandstones experienced loss of 

primary porosity mainly due to compaction. However, ce-

mentation played a major role in drastically reducing poro-

sity and permeability with poikilotopic, pore-filling blocky 

cements in sandstone at depth 1796.5 m (Plio-Pleistocene) 

and in areas of intermediate depth of 2015.5 m and deep 
18burial (3019 m) of the Surma Group. The δ O VPDB value 

of the carbonate cements implies that cementation evolved 
18from pore water with δ O SMOW value of ~-6‰ and 0‰ 

and would have been precipitated from mixed marine-me-
13teoric waters. The δ C VPDB values (-1.4‰ to -11.1‰) of 

the carbonate cements indicates that carbon was likely

derived from the thermal maturation of organic matter as-

sociated with adjacent shales during burial and a minor 

amount from the dissolution of isolated carbonate clasts.

The primary porosity of these sandstones is largely con-

trolled by depositional process and textural maturity. Sand-

stones with good porosities (20% to 30%) and high per-

meabilities (20 mD to 415 mD) have been observed at a 

depth range of ~2290m to ~3411m. Secondary porosity 

caused by partial to complete dissolution of carbonate ce-

ments, feldspars, polycrystalline quartz, volcanic rock frag-

ments and other unstable grains is a significant contributor 

in enhancing reservoir porosity in these sandstones.

The reservoir quality of the Surma Group sandstones is 

thus mainly controlled by depositional environments and 

diagenetic processes. The best reservoir sandstones lie at 

a depth of ~2290 m to ~3411 m and show good sorting, 

are relatively coarse grained, more loosely packed and 

with grains which are better rounded. Minor quartz cements 

and authigenic clays have been observed in this area to-

gether with generally small amounts of carbonate cement. 

However, the good quality reservoir rocks are not uniformly 

distributed and are compartmentalized at frequent intervals 

by intervening sandstones of low to moderate porosity, per-

_

_____
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