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The Upper Palaeocene–Lower Eocene rocks in Nahor-
katiya oilfield of Upper Assam consist of sandstones 
with variable colours, compactness, particle size,  
porosity and permeability alternating with shales. 
Diagenesis has played a major role in determining the 
reservoir quality of these sandstones. The thickness of 
these sandstones is less (2–3 m in certain cases), but 
their productivity is high. These sandstones contain 
large secondary pores and intragranular fractures 
which have developed mainly due to the activity of  
interstitial solutions and tectonic effects. Authigenic 
growth of secondary minerals in the intergranular 
spaces and in certain cases the development of over-
growth cause reduction in permeability, which finally 
leads to the significant loss in production. Permeabi-
lity is also lost due to the presence of clay minerals 
such as kaolinite, illite and chlorite, which tend to 
swell significantly in the presence of water. All of 
these clays are present in varying proportions within 
the Upper Palaeocene–Lower Eocene reservoir sand-
stones. 
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THE Upper Assam basin is a well-known petroliferous 
sedimentary basin of India. It is bounded in the north by 
the Eastern Himalayas, in the east by the Misimi Massif, 
in the south by the Naga–Patkai Hills and in the west by 
the Mikir Hills and Shillong Plateau (Figure 1)2. A thick 
pile of sediment ranging in age from Cretaceous to Pleis-
tocene has been deposited in the basin. Since the success-
ful completion of Digboi oilfield in 1989, extensive 
exploration activities have been carried out by two  
national companies, Oil and Natural Gas Corporation 
Limited and Oil India Limited, within the Upper Assam 
basin, which has resulted in the discovery of a large 
number of new structures with potential hydrocarbon  
reserves. Major success was achieved in 1953, when the 
Nahorkatiya structure was encountered with commercial 
oil deposit. Till 1990, most of the production in this basin 
was coming from Oligocene and Miocene formations. A 
major breakthrough came in 1990, when for the first time

commercial oil was discovered in the Early Eocene rocks 
in Upper Assam. In spite of having lower thickness, the 
productivity from these sandstones is high. 
 The modal analysis data are presented in Table 1. The 
sandstones are rich in quartz, with concentration varying 
from 75% to 80%. It occurs chiefly as monocrystalline 
quartz, although polycrystalline grains have also been  
recorded. The > 3 crystal units of polycrystalline quartz 
are dominant over the 2–3 crystal units per grain variety. 
The thin-section study indicates the rock to be mainly 
quartz arenite to sublitharenite and less commonly 
quartzwacke type (Figure 2)2. The grains are sub-angular 
to sub-rounded and show inclusions in certain samples. 
Feldspars are few in the sandstone. In certain cases the 
sandstones are reported to be devoid of feldspar. It may 
be assumed that this is because of prolonged abrasion or a 
high rate of weathering of the source sediments. More-
over, the source area constitutes middle and upper rank 
metamorphic rocks, which contribute little or no feldspar 
to the sandstone in the present study. Chert is chiefly 
composed of microcrystalline and chalcedonic quartz, 
with subordinate mega quartz and minor impurities of 
clay, silt and pyrite. Mica makes up to 2–4% of the detri-
tal fraction and includes both muscovite and biotite. The 
authigenic micas are developed at the expense of argilla-
ceous cement and matrix in the sandstone. The metamor-
phic rock fragments are dominant over the igneous and 
sedimentary varieties. They are variable in size and 
shape. Majority of the metamorphic rock fragments are 
identified as schist and gneiss. The matrix consists of 
both detrital as well as authigenic grains of siliceous and 
argillaceous materials. Cements are mainly siliceous, fer-
ruginous and calcareous, along with other cementing  
materials like glauconite and dead hydrocarbons. The 
dead hydrocarbon as cementing material is occasionally  
observed. It consists of completely dried-up residual  
hydrocarbons which tend to bind mineral particles  
together (Figure 3 a). Glauconites are reported mainly in 
the upper part of the sequence. In certain cases it is  
recorded in compressed and flattened form occurring as 
cementing material (Figure 3 b). Presence of glauconite 
indicates a shallow marine environment of deposition. 
The calcareous cements are reported mainly in the upper 
part of the rock sequence, resembling a carbonate-
producing area of deposition. 
 Mineral compositional data of the sandstones are plot-
ted in Figure 4 a and b, following from Dickinson et al.3. 
It appears from Figure 3 that all the sediments are the 
products of craton interior, recycled orogen and quartzose 
recycled sources. The sediments derived from cratonic in-
terior provenance are characterized by the dominance of 
quartz and minor presence of feldspar, and it indicates 
probable low relief cratonic sources that had undergone 
prolonged transport across continental surfaces having 
low gradients. High quartz-to-feldspar ratio represents 
collision-derived fold thrust belt and distant uplifted 
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Figure 1. Geological map of Upper Assam with major tectonic elements (after Mallick1). 
 
 

 
 

Figure 2. Classification of the Lakadong sandstone in the study area 
(after Dott2). 

cratonic blocks as their sources. To discriminate the 
provenance of quartz, the percentages of monocrystalline 
quartz together with those of polycrystalline quartz are 
plotted on the diamond diagram of Basu et al.4. It is 
found that the sediments are derived from plutonic to 
middle rank metamorphic sources (Figure 5)4. 
 The important diagenetic changes that have been  
observed are grain compaction leading to pressure solu-
tion effect, authigenic development of minerals and over-
growths, alteration and replacement of framework grains, 
precipitation of cement, development of intragranular 
fracture due to differential compaction, etc. The point and 
tangential grain contacts suggest early burial stage of 
diagenesis that on increased overburden load under deep 
burial stage comes into closer contacts along long and 
concavo-convex grain boundaries and finally forms  
sutured contacts (Figure 3 c). Mechanical compaction is 
witnessed by bending of detrital mica-flakes (Figure 3 d) 
and fracturing of quartz grains (Figure 3 e). The long and 
concavo-convex contacts (Figure 3 f ) together with pre-
cipitation of secondary chert (Figure 3 g) represent the  
intermediate stage of diagenesis. Silica cement in the 
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Figure 3. a, Residual hydrocarbons; b, Glauconites as cementing material; c, Sutured contact between quartz 
grains; d, Bending of detrital mica-flakes; e, Fracturing of quartz grain; f, Concavo-convex contact between 
quartz grains; g, Precipitation of secondary chert; h, Silica as quartz overgrowth; i, Argillaceous materials within 
the framework grain; j, Development of authigenic mica; k, Corrosion in quartz grains; l, Partial dissolution of quartz 
grains; m, Overgrowth on quartz; n, Dissolution of feldspar; o, Framboidal pyrite; p, Inter-granular pore; q, Intragranu-
lar micro-fractures; r, Stacking of books pattern of kaolinite. (Magnification = 100×). 
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form of quartz overgrowth (Figure 3 h), precipitation of 
glauconites between the framework grains, infiltration of 
ferruginous cement throughout the sandstone and post-
depositional accumulation of patches of argillaceous  
materials within the framework grains (Figure 3 i) have 
significantly reduced the reservoir quality of the sand-
stone. The low-grade metamorphic rock fragments are 
squeezed to generate dispersed pseudo matrix. Authigenic 
development of mica (Figure 3 j) at the expense of argil-
laceous cement and recrystallization of chert to quartz 
may reduce porosity as well as permeability, indicating 
phyllomorphic or late stage of diagenesis. On the con-
trary, corrosion (Figure 3 k), partial dissolution and  
replacement of quartz, feldspar and mica grains by the 
cementing material enhance the porosity and permeability 
in sandstone (Figure 3 l). Quartz replacement proceeds 
along the boundary of the grains. As a result, the replaced 
parts of the grains are occupied by the replacing fronts. 
The SEM study reveals that many of the feldspar grains 
have undergone partial dissolution resulting in the forma-
tion of secondary pores (Figure 3 m), whereas some of them 
are observed to have been partly altered to clay. Such  
replacement processes enhance the reservoir quality. 
 

 
 

Figure 4. Q–F–L (a) and Qm–F–Lt (b) triangular plots for the Laka-
dong Member of the study area for tectonic set-up discrimination (after 
Dickinson et al.3). 

Overgrowths on quartz (Figure 3 n) grains are developed 
in open primary and secondary pore spaces, thus reducing 
porosity and permeability, as well as cementing mineral 
particles together. Opaque pyrite crystals are generally 
identified as black patches in thin sections of rocks. 
Moreover, SEM study also suggests the presence of 
framboidal pyrites occurring individually or in clusters 
(Figure 3 o). Some of these framboids are observed to be 
partly broken, with their euhedral crystallites dispersed 
within the rock. When pyrite crystals occur in clusters, 
they are observed to partly or wholly occupy pore spaces 
in the sandstone. Haematite occurring as cementing mate-
rial is seen to partly or wholly occupy pore spaces. 
Quartz grains showing intergranular pore geometry of 
various shapes and sizes (Figure 3 p) enhance porosity 
and permeability to make the sandstones highly produc-
tive. On the other hand, some of the intragranular micro-
fractures (Figure 3 q) in the sandstones are observed to be 
completely healed by clay minerals. 
 The commonly occurring clay minerals in the sand-
stone are kaolinite, illite, chlorite and minor smectite. 
SEM study shows wide occurrences of kaolinite in stack-
ing of books pattern (Figure 3 r). This may be allochtho-
nous or autochthonous in origin. Irregular surfaces 
observed in the feldspar grains may represent stages of 
growth of authigenic kaolinite. In most cases the chemi-
cal elements needed for kaolinite formation, namely sili-
con and aluminium are possibly derived from leaching of 
some pre-existing minerals. Kaolinization that develops 
at the expense of extremely deformed and crushed feld-
spar clearly signifies post-date compaction and belongs to 
 
 

 
 

Figure 5. Diamond diagram showing provenance of the sub-surface 
Lakadong Member of Upper Assam shelf (after Basu et al.4). 
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the late diagenetic history. Authigenic growth of kaolin-
ites reduces the permeability/porosity ratio. Flaky and  
fibrous illites are found to grow in pore spaces offering 
resistance to fluid flow through the sandstone and thereby 
reduce permeability. Presence of hairy illite in sandstone 
pores increases the micro porosity and pore tortuosity, 
and thereby decreases permeability. 
 The sandstones of the present study are mainly quartz 
arenite to sublitharenite and less commonly study. Petro-
graphic associated with SEM study investigation that cer-
tain diagenetic changes like precipitation of secondary 
minerals, quartz overgrowth and precipitation of various 
cementing materials are some of the important factors re-
sponsible for porosity reduction in certain oil-producing 
horizons of the Upper Palaeocene–Lower Eocene rocks 
of Nahorkatiya oilfield. Moreover, presence of kaolinites 
and fibrous nature of illite in the pore throats also reduces 
porosity and permeability. Conversely, development of 
intra-particle microfractures, dissolution and partial  
replacement of the framework grains by cementing mate-
rials are some of the important diagenetic changes which 
contribute towards development and preservation of sec-
ondary porosity. So, these diagenetic changes may be  
responsible for making certain oil-bearing horizons 
highly productive, whereas others are less productive in 
spite having good reserves. Also, the sandstones of the 
present study are found to be the products of craton inte-
rior, recycled orogen and quartzose recycled sources, and 
are mainly derived from plutonic to middle rank meta-
morphic sources. 
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Phylogenetic relationships within and among three 
genera of the family Acroporidae, namely Acropora, 
Montipora and Astreopora were examined based on 
mitochondrial cytochrome b (690 bp) gene sequences 
with special emphasis on Indian scleractinian corals. 
Analyses using mitochondrial DNA sequences high-
light the usefulness of a molecular approach for exam-
ining the phylogenetics, evolution and diversity of 
corals. The analysis based on various algorithms, in-
cluding neighbour joining and maximum parsimony 
along with network analysis clearly establishes the 
monophyly of Acropora and Montipora. The average 


