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Abstract

Reservoir rocks have been characterized by the pore scale measurements and mineralogical analysis on
core samples, drill cuttings or crushed samples collected from Upper Assam and Mizoramn of North-
Eastern India. The mineralogical composition and pore types are investigated by various laboratory
techniques, like petrography under transmitted light microscope, field emission scanning electron
microscopy (FE-SEM), X-ray diffraction (XRD) and nitrogen (N2) gas adsorption. The variation of
porosity and permeability is related to different factors such as rock composition, cementing, textural
parameters, grain size and sorting, pores and pore throats. Mapping of pore attributes like pore structure,
surface area, pore size distribution, pore orientation, connectivity and pore volume regulate the fluid
flow through the pore network, which provide significant variations in the reservoir properties. Pores
are analysed from the image processing of FE-SEM photographs, which are used to estimate porosity
and topology map. This information is further used to visualize the pore connectivity in a 3D pore
network model. Pore characterization from N, adsorption analysis infer the pore structure, pore volume,
and pore size distribution (PSD) in the reservoir rocks. The studied samples have excellent meso to

macro pore network that is also supplemented by the pore network derived.
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Introduction

Petrophysics deals with the characterisation of reservoirs for its hydrocarbon potential which is achieved
through the evaluation of rock properties both qualitative and quantitatively. The pore structures play a
crucial role in controlling the physical properties of porous rocks. Suitability, potentiality, performance
and economics of the reservoir are dependent on the pore connectivity, pore openings, pore structure
and gas diffusion characteristics. Pores can be classified based on their diameters as micropore (< 2

nm), mesopores (2-50 nm) and macropores (>50 nm) according to International Union of Pure and



Applied Chemistry (IUPAC) classification®. The type of pores and pore structure have significant
importance in micro to macro scale evaluation of reservoir. This paper deals with the pore scale
characterisation of the reservoir rocks by estimating the surface area, pore size distribution (PSD), pore
volumes, pore structures, pore connectivity, orientations and mineralogical composition. These
properties have a major impact on hydrocarbon storage capacity and transport mechanism in reservoir
rocks®. The rock samples have been examined through optical microscope, field emission scanning
electron microscopy (FE-SEM), low pressure nitrogen (N2) adsorption technique, and X-ray diffraction
(XRD).

Study Area: Geological settings

The study area of this work is distributed in parts of Mizoram state and Upper Assam of North-East
India, which belongs to the Assam and Assam-Arakan basin. Figure 1 displays these two study areas
along with the well locations used for this study. The Upper Assam basin and The Assam-Arakan thrust
belt, hold a similar Tertiary stratigraphy with slight variations®. The Assam Basin is bounded in the
northwest by the Eastern Himalayan fold belt, in the southeast by the Naga-Schuppen belt, and in the
southwest by the Mikir Hills**. The Barail group of Oligocene age is the main producing reservoir in
Upper Assam Basin, which is further divided as the Lower Barail Arenaceous formation and the coal-
shale unit of Upper Barail Argillaceous formation®. The Neogene sediments of Surma Group cover the
entire Mizoram state. Sediments of marine siliciclastic deposits dominated by sandstones and a silty
shale succession from the Late Oligocene to Late Miocene age belongs to the Surma Group’. The Surma
Group has been subdivided into Bhuban Subgroup (Lower, Middle and Upper Bhuban Formations) and

Bokabil formation mainly on the basis of relative abundance of shale and sandstone®®.
Materials and methods

Total 10 core samples have been collected within a depth interval of 4059-4069 m from Well B1,
situated in a sub-thrust zone and 2681.8-2690.0 m from Well M5, situated in normal faulted region.
These two depth intervals lie in the Lower Barail formation of Oligocene age in Upper Assam. Log
responses of Wells M5 and B1 (Figs. 2a and b) show that the target depth intervals are mainly comprises
of sandstone with few bands of shale. Drill cutting of shaly sand samples have been collected from two
wells (A and K) of Mizoram belonging to the Bhuban formation of early to middle Miocene age. These
samples are crushed and prepared according to the standard specification of individual analysis

techniques as described below.
Petrographic study

Thin sections have been prepared for 8 samples of Upper Assam and examined under Leica MPV I

microscope. The identification of different minerals, rock texture, secondary infillings in pores and



cementing material are carreid out. Microscopic photographs representing the distinct identified

features are taken using the attached camera under resolution of 5 mega pixels.
Field emission scanning electron microscopy (FE-SEM) analysis

The FE-SEM is being used by several researchers to recognize the minerals, texture, pore geometry,
pore size, clay types and influence of diagenetic effects on reservoir rocks'®. A focused beam of high
energy electron interaction with the sample produces signals which unveil information about the
external morphology, mineral grains, and structure of composing materials. FE-SEM studies are carried
out on 10 core samples (5 from Well B1 and 5 from Well M5) of Upper Assam and 14 drill cutting
samples (5 from Well A and 9 from Well K) of Mizoram. About 1mm chips of the each samples are
separated and dried overnight in a low-temperature (<60 °C) drying oven to avoid the moisture effects
on FE-SEM analysis. The dried sample chips are then coated with a conductive metal like gold. The
Supra 55 Carl Zeiss-Scanning Electron Microscope system is used for the analyses. The samples are
scanned and the corresponding photomicrographs are collected under magnifications ranging from
5,000x-50,000x.

Powder X-Ray diffraction (XRD) analysis

In an X-ray diffractometer, the sample rotates at an angle 6 in the path of a collimated X-ray beam, and
the intensity of the reflected X-rays records a peak when there is a constructive interference of incident
X-rays. These signals are converted to a count rate. An international organization, the Joint Committee
on Powder Diffraction Standards (JCPDS) has compiled the pattern of intensity peak of minerals at
specified angle (26). Mineral identification has been carried out by plotting the XRD counts against 26
angle and comparing the peaks with the standard set of JCPDS. XRD analyses have been carried out on
10 core samples (5 each from Wells M5 and B1) of Upper Assam and 56 rock cutting samples (47 from
Well A and 9 from Well K) of Mizoram. The crushed samples are passed through a 72-mesh size (212
) sieve and dried in the oven for about 1-2 hours at a temerature (< 60°C) before XRD analysis. A
Panalytical X’PERT PRO X-ray diffractometer equipped with a ceramic Copper X-ray tube are used

for XRD analyses of the samples.
Low pressure nitrogen (N2) adsorption analysis

Low pressure N, adsorption and desorption isotherms are determined using a Micromeritics system
(model: 3FLEX 3500). 10 samples from Upper Assam and 12 samples from Mizoram are selected for
N adsorption analysis. Part of the core samples are crushed manually and sieved through a 1.0-1.2 mm
sieve screen. Nearly 1-2 grams of these samples are dried to remove the surface moisture at 105 °C +
5 °C for 2-4 hours in a vacuum oven. Subsequently, sample is placed in a sample cell and degassed

under vacuum at 200 °C. The pressure maintain during adsorption was less than 760 mmHg. Quantity



of nitrogen adsorbed is recorded with pressure indicated by isotherm curve®. The surface area is
calculated from the adsorption curve following Brunauer-Emmet-Teller (BET) theory'?. The
adsorption data are interpreted using Barrett, Joyner and Halenda (BJH) inversion®** method for

acquiring pore size distributions and pore volume.
Results and Discussion

On the basis of the above mentioned laboratory experiments, characteristics of the reservoir rocks have
been evaluated. Pore structure and mineralogy have a major control on hydrocarbon storage capacity

and transport mechanism in reservoir rocks®.
Petrographical and mineralogical characterization

The petrographical study has been carried out to identify the grain size, sorting, contact type, roundness,
matrix minerals and pore filling minerals (Table 1). The grain distribution in samples of Well B1 are
very fine to medium grains and poorly sorted, whereas moderately sorted fine to medium grains are
visible in samples of Well M5. The main mineral constituents are quartz, feldspar, muscovite, clay
minerals, rock fragments and framboidal pyrite. Microscopic photographs of some of the samples in
Figure 3 show quartz-rich reservoir rocks and the pores are partially filled with clay minerals (fine
brown coloured). Most of the grains are irregular and rectangular in shape, indicating that the sediments

travel a short distance under low energy conditions.

FE-SEM photographs of some samples from Barail Arenaceous formation of Upper Assam are shown
in Figure 4. Kaolinite having book like plates, is present as a dominant clay mineral in almost all the
samples. Quartz crystal overgrowths are observed in W2 and W7 which is inhibited by formation of
clay. Pyrite is distinctly visible in W9, which is coated with smectite. Muscovite is present in massive
amount in the studied area. FE-SEM images of samples Al, A3 from Well A and K2, K4, K8 from
Well K belonging to the Bhuban formation of Mizoram are displayed in Figure 5. These micrographs
mostly display clay morphology featuring ragged and fleecy edge, with a large proportion of kaolinite,
illite and chlorite. Petrophysical evaluations with high clay may underestimate the hydrocarbons
saturation. Intergranular pores are dominantly present in these samples. Presence of pyrite crystals are
detected in K2.. Pyrite is distinctly visible in samples W9 and K2. FE-SEM photographs show presence
of quartz overgrowths in most of the samples of Upper Assam (e.g. W2, W7). The predominant clay
type is kaolinite which is present in almost all the samples. Illite is also a dominating clay mineral in
Mizoram. Petrophysical evaluations with high clay may underestimate the hydrocarbons
saturation.Figure 6 typically show an example of interpreting distinct peaks of minerals in the XRD
diffractogram at a depth interval 1260-1262 m (K4) of Well K. The computed mineral contents® from
the 10 samples of Upper Assam are listed in Table 2. Average quartz content is 43.12 % in Upper



Assam. Similarly, the mineral quantification from the cutting samples of Mizoram® show the range of
clay mineral as 2.24%-52.49%, the quartz content as 29.35%-78.33%, the feldspar content as 4.22%-
11.55%. Significant amount of muscovite and heavy minerals are detected with an average of 8.47%
and 5.18% in Upper Assam and 6.68% and 8.53% in Mizoram® respectively. The carbonate content is
low as compared to other minerals. The clay minerals determined by XRD are kaolinite, illite and
chlorite. The total fraction of clay from XRD is plotted on the log predicted volume of shale curve as
black dots in Figure 2. Both the values are well correlated.

Pore structure characterization from FE-SEM image processing

FE-SEM photographs are processed to evaluate pore structure, size, orientation, connectivity, deepness,
and area to determine the flow mechanism. Dark pixels represent lower attenuation i.e. porous regions
and lighter pixels denote highs or peaks in the grey scale photographs®. Images are processed using
Optimas image processing software version 6.51. The pores have been identified and outlined by setting
a threshold value of grey scale in the photographs of W2, W6 from Upper Assam and A2, K4 from
Mizoram (Figure 7a). The center of the pores, pore structure and its orientation are outlined in Figures
7b and c. It can be noticed that most of the pores are oriented in uniform pattern. Pore network model
introduced by Fatt et al.'”, has been extensively used in recent decades, which can account for detailed
pore-scale heterogeneity. The 3D visualization of the FE-SEM images are based on its topographic-
intensity map as a result from image processing®. The length and height (or depth) of pores are
measured and displayed in 3D form. It illustrates the pore surface morphology where the pore deepness
gradually increases from red to blue in colour scale (Figure 7d). All these parameters, the pore
orientation, centroid of pores, pore structure, pore deepness, pore throat are stimulated to model the 3D
pore network (Figure 7e). The 3D visuals indiate the diversified pore distribution in a microscale
considering the pore depth and pore diameter.W2 and W6 show directional pore network of fissility
structure, A2 possess a limited pore network, while K4 shows shallow pore network connected to
cracks/fractures. The pore network model indicates complex connectivity due to pore size, irregular

heights, attributed to the organic and inorganic heterogenic materials.

A virtual rock porosity has been calculated using the extracted pore area from FE-SEM images. The
porosity can be calculated by quantifying the dark and light pixels of FE-SEM images using area

proportion® as,

Area occupied by pores

Porosity from image = .
Y f 9 Total area of the image

The outcome of this 2D porosity from FE-SEM photography is shown in Figure 8. The porosity varies
from 8 to 19 % in the two wells of Upper Assam and from 9 to 35 % in the two wells of Mizoram.Pore

size distribution (PSD) from low pressure N2 adsorption analysis



Distribution of pore volume with respect to pore size is called pore size distribution (PSD). Gas
adsorption provides a quantitative technique to determine pore type, pore size, pore volume, and pore
size distribution from specific surface area, which helps in the reservoir quality estimation. The shape
of the isotherm and its hysteresis pattern are related to underlying adsorption mechanism i.e., the
interactions of solid and gas, and provide useful information about the types of pore structure present
in the adsorbent®. The adsorption isotherms are classified into six types: Type | to VI Type IV
isotherms are given by dominantly meso to macroporous materials. Type IV isotherm is associated with
hysteresis loop which are categorized in four hysteresis patterns (types H1 to H4) by IUPAC!. Each of
these hysteresis patterns are characteristic of different shapes of mesopore. Figure 9 indicates type IV
isotherm associated with hysteresis pattern H3 for the studied samples. The micropores are filled at low
relative pressures, whereas the adsorption isotherm rises rapidly near P/Po =1 due to the presence of
macropores in the samples. The size and shape of the hysteresis loop can be used to understand details
about the pore types encountered by N2 during a sorption experiment. Pore network with narrow pore
openings are represented by broader plateau region of hysteresis loop at higher P/P,. Slit-shaped pores
are characterized by a very narrow hysteresis loop. The loops shown in Figure 9 are associated with slit
shape and cylindrical open pores®’. The PSD of the micropores, mesopores and part of macropores
obtained from the gas adsorption analysis using incremental pore volume are displayed in Figure 10 for
the samples of Wells B1, M5, A and K. B1 shows larger amplitude first at small micropore range
(<10nm) and then near big mesopores and macropores range (=50nm). Whereas, M5 shows slight
increase in amplitude near 2-3nm and follows the same pattern for all the 5 samples. Table 3 summarizes
the collected results from low pressure adsorption measurements including BET surface area, total
cumulative pore volume, calculated average pore width. The adsorption results indicate an inverse
relationship between surface area and pore size. Thus, small pore sizes i.e., high surface area may
correspond to high irreducible water saturation. Considering the importance of surface area, flow

mechanism supported by mesopores are very important for reservoir characterisation.

Conclusions

Pore structures play a crucial role in controlling the physical properties of rocks and stored fluids. Pore
scale study will guide for future exploration and production strategies in unexploited tight sands and
mature oil fields of Assam-Arakan basin. The pore scale evaluation of reservoir rocks of Barail
Arenaceous formation of Oligocene age and Bhuban formation of Early Miocene age is discussed in
this study considering the mineralogical composition, pore structures and pore distribution and the

following observations are drawn:

a) Petrography study helps in understanding the mineral composition of rocks, cementation, and
environment of deposition by observing the sorting pattern. Most of the samples are medium

to fine grained and poorly sorted. The shape, size and sorting of grains from petrographic study



b)

d)

have a direct impact on porosity and permeability of a reservoir. These properties are dependent
on the connectivity and structure of the pore spaces.

Quiartz, feldspar, muscovite, pyrite, clay minerals mainly kaolinite and illite are identified from
petrography, FE-SEM and XRD analyses. Presence of intergranular pores indicate that the
samples have excellent porosity and interconnected pores which may support in flow
mechanism. However, the partially filled macropores with books of kaolinite sometimes
reduces the permeability in porous media.

In order to visualize the pore connectivity, which in turn contributed to fluid flow, 3D pore
network model is simulated. It illustrates the pore surface morphology with spatial distribution
of pores. The micro, meso and macro pores are well connected with moderate to excellent pore
network which may be helpful for flow mechanism.

PSD from N, adsorption analysis reveals that the study area is dominated by mesopores and
macropores. The shapes of the adsorption-desorption isotherms curve indicate type IV with H3

hysteresis loop, which are associated with plate-like particles e.g., some clays.
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Tables:

Table 1. Petrographic study in Barail formation of Upper Assam.

Sample | depth (m) | Petrography
Well B1
w1 4068.1- Laminated features; very fine grained; poorly sorted; tightly packed;
4068.2 subrounded; line contact; quartz, feldspar, clay, pyrite, rock fragments, clay
cement
W2 4060.4- Medium to fine grained; poorly sorted; moderately packed; subrounded,;
4060.5 point and line contact; quartz, feldspar, muscovite, rock fragments, clay,
ferruginous cement
W3 4059.8- Very fine grained; poorly sorted; tightly packed; subrounded; line contact;
4059.9 quartz, feldspar, rock fragments, clay, ferruginous cement
W5 4064.6- Coarse to medium and fine to very fine grained bands presents; moderately
4064.7 packed; angular & subrounded; line contact, concavo convex and point
contact; quartz, feldspar, rock fragments, muscovite, pyrite, magnetite,
clay, siliceous cement
Well M5
W6 2681.8- Medium to fine grained; poorly sorted; moderately packed; subrounded,;
2682.0 point, line, concavo convex and sutured contact; quartz, feldspar, rock
fragments, muscovite, pyrite, clay
w7 2689.7- Fine grained; moderate to well sorted; moderate to loosely packing;
2689.8 angular; line and point contact; quartz, muscovite, feldspar (plagioclase),
rock fragment, clay, siliceous cement
w8 2686.3- Fine to medium grained; poor to moderately sorted; poorly packed;
2686.4 subangular; point contact; quartz, feldspar, clay, heavy minerals, pyrite;
ferruginous cement
W9 2686.8- Fine to medium grained; moderately packing; subrounded; line and point
2686.9 contact; quartz, feldspar, rock fragments, pyrite, muscovite, clay,
ferruginous cement
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Table 2: Mineral abundances determined by X-ray diffraction (XRD) in samples of Upper Assam.

(Qtz—quartz, Alb—albite, Carb—carbonate, Mus—muscovite, HM-heavy mineral, Ch—chlorite).

Sample Depth (m) Mineralogical composition relative percentage Clay minerals (%)
(%)
Qtz Alb | Orthoc | Carb | Mus | HM | lllite | Ch | Kaoli
lase nite
Well B1
w1 4068.1-4068.2 | 46.0 13.0 143 - - 3.9 18.4 2.1 2.2
W2 4060.4-4060.5 | 55.7 14.7 6.20 - 4.9 8.0 6.6 - 3.9
W3 4059.8-4059.9 | 35.9 13.9 11.4 - 10.6 9.1 - - 19.1
W4 4061.4-4061.5 | 415 11.4 3.5 4.9 34 7.9 4.2 - 23.2
W5 4064.6-4064.7 | 29.9 23.4 - - 7.2 7.0 - 19.0 | 13.6
Well M5
W6 2681.8-2682.0 | 49.5 20.1 - 5.2 6.8 2.8 24 - 13.3
w7 2689.7-2689.8 | 42.7 5.8 147 - 14 2.1 13.3 - 5.5
W8 2686.3-2686.4 | 46.3 | 13.7 - - 145 | 6.3 - - 19.2
W9 2686.8-2686.9 | 50.2 | 20.7 - 8.7 9.0 2.3 3.7 - 53
W10 2683.7-2683.8 | 31.8 26.4 14.8 7.6 5.8 2.4 17.9 - 9.0
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Table 3: Results of N, adsorption measurement in Upper Assam and Mizoram.

Sample Depth (m) BET BJH cumulative | BJH adsorption
surface area | adsorption pore average pore
(m2/g) volume (cm3/100g) width (nm)
Well B1
w1 4068.1-4068.2 5.4551 1.270484 11.318
W2 4060.4-4060.5 1.0050 0.875125 30.421
W3 4059.8-4059.9 4.0290 1.080608 12.435
w4 4061.4-4061.5 1.7677 0.913176 18.300
W5 4064.6-4064.7 4.3680 0.871697 12.058
Well M5
W6 2681.8-2682.0 1.3671 1.782376 35.054
W7 2689.7-2689.8 1.2742 1.006066 23.795
W8 2686.3-2686.4 1.4434 0.776452 17.774
W9 | 2686.8-2686.9 1.0731 0.794919 24.700
W10 | 2683.7-2683.8 1.6017 0.625512 17.231
Well A
Al 1340-1344 5.4659 0.613489 9.410
A2 1405-1406 4.6814 1.212297 14.657
A3 1745-1750 2.8025 0.804312 15.552
Ad 2102-2104 2.8510 0.617725 13.222
A5 35863588 2.5858 0.840316 14.258
A6 3160-3162 4.0625 2.100319 23.422
Well K
K1 545-550 2.9123 0.577990 11.071
K2 730-735 4.0151 0.543329 9.224
K3 1100-1102 2.0145 0.545477 14.763
K4 1260-1262 7.4043 3.234985 19.568
K5 1460-1462 4.3959 2.093641 21.179
K6 2108-2110 4.1328 1.725544 18.614
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Figure Legends:

Figure 1. Map showing the study area (black rectangle) from Upper Assam and Mizoram of North-East
India. The well locations (Wells M5, B1, A and K) are marked by red circles. (M.B.T., Main boundary
thrust, M.C.T., Main central thrust, T.F.B., Tripura fold belt, EBT, Eastern boundary thrust)

Figure 2. Well log responses for specific depth intervals of Wells (a) M5, and (b) B1 along with the
photograph of core samples. The core plugs are perpendicular to bedding/laminations. Black dots show
fraction of clay minerals from rock samples. The red and green ellipses indicate signatures of
hydrocarbon and water bearing sands. GR, Gamma ray, LLD, laterolog deep, LLS, laterolog shallow,
MSFL, microspherically focused log, Phi_d, density porosity, Phi_n, neutron porosity, Vs, volume of

shale and Sy, water saturation.

Figure 3. Thin-section photomicrograph of samples from Upper Assam. (Q, quartz, F, feldspar, M,

muscovite, P-F, plagioclase feldspar, RF, rock fragments)

Figure 4. FE-SEM photomicrographs from Upper Assam showing (a) muscovite (M) and clay, (b)
Interlayer pores in fissile plains of kaolinite, (c) cluster of quartz crystal overgrowths (5 to 10 micro m)
associated with clay formation, (d) quartz overgrowth associated with kaolinite platelet, (¢) honeycomb
structure (black ellipse) associated with platy chlorite (ch), irregular, individual books of blocky
Kaolinite (K), (f) flake-like illite platelets and kaolinite oriented parallel to each other in fractures, (g)
quartz crystals covered with clay, (h) fissility book structure of kaolinite filled in macropore, (i) well
developed quartz crystal overgrowths, (j) partially altered dissolved pores, (k) Flakes and books of
kaolinite (K) partially covering the altered feldspar grains, (I) pore filling kaolinite, (m) chlorite, (n)
framboidal pyrite with smectite coating, and (o) leached grains of K-feldspar associated with formation

of smectite.

Figure 5. FE-SEM photomicrographs from Mizoram display mainly (a) intergranular pores, (b)
partially altered dissolved pores, (c) organic matter showing pores evolution due to thermal cracking,
(d) framboidal pyrite (Py) in macropores, (e) illite in shallow pores and fractures, and (f) presence of

sericite (S) features derived from altered orthoclase feldspar.

Figure 6: Typical example of interpreted XRD diffractograms of sample K4 illustrating mineral

composition.

Figure 7. (a) FE-SEM photograph with marked pores, (b) centroid of the pores, and (c) pore structure
and orientation, (d) 3 D visualization for pore connectivity (from red to blue, the colour scale gradually
shows increasing depth of pore), and (e) pore network of samples from Upper Assam (W2, W6) and
Mizoram (A2, K4).

13



Figure 8: Porosities obtained from FE-SEM image digitization.

Figure 9: Ny isotherms hysteresis loop for the samples of Upper Assam and Mizoram, which are

resembled to Type IV isotherms with H3 hysterosis loop.

Figure 10: The PSD of the micropores, mesopores and part of macropores obtained from the gas
adsorption analysis using incremental pore volume for the (a) Well B1 & (b) Well M5 in Upper Assam
and (c) Well A & (d) Well K in Mizoram. N2 PSD spectra are color coded separately for each samples
of specific depths.
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