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Studies on resource potential of unconventional reser-
voirs are drawing the attention of scientific communi-
ty since the last couple of decades. Because of low 
permeability of shale, the production demands hy-
draulic fracturing in shale layers. Brittleness index 
gives an idea on the toughness of shale layers and 
helps in setting the parameters for hydraulic fractur-
ing. Elastic properties such as Young’s modulus are 
important parameters for building geo-mechanical 
models for rock strata which are essential for several 
applications related to mechanical rock failure during 
well drilling, completion and stimulation. The physical 
and geochemical properties of Gondwana shale sam-
ples from Eastern India were analysed for mineralogy, 
pore types and dynamic elastic properties using 
powder X-ray diffraction (XRD), scan electron micro-
scopy (SEM) and ultrasonic velocity measurements 
respectively. The measured P- and S-wave velocities 
and the estimated elastic parameters of Gondwana 
shale samples show an increase in magnitude with 
depth indicating the effect of hardness and compac-
tion. The effect of hardness on velocity and elastic  
parameter is also supported by the increase in quartz 
percentage in shale with depth. An empirical relation-
ship between P- and S-wave velocity is proposed for 
Gondwana shale. The XRD experiments reveal the 
dominance of clay minerals over non-clay minerals in 
the samples lower the shear strength of South-
Karanpura field, at shallow depth, supported by 
measured elastic properties. The presence of flaky 
clay texture/topography and abundant micro 
(>0.75 μm) and nano (<0.75 μm) pores of various 
shapes in the samples with organic matter in the SEM 
images suggests that formations are of high shale gas 
prospecting zones. 
 
Keywords: Gondwana shale, SEM, shale gas, ultra-
sonic, XRD. 

THERE has been systematic effort in the last few decades 
to characterize unconventional reservoirs such as shale 
rock due to ever-increasing demand for energy across the 
globe. Significant development in unconventional re-
source has been achieved in countries like US; however 
in India, where consumption of fuel is increasing steadily, 
intensive study on this topic has started only recently. At 
the moment, there is a lot of emphasis on estimating the 
shale gas potential of the Indian subcontinent1. Therefore, 
the estimation of shale gas potential of a sedimentary ba-
sin requires the measurements and analysis of a set of 
physical properties of shale rock. The significant proper-
ties are mineralogy, organic matter abundance, type of 
maturity, elastic properties, pore types and sizes, porosity 
and permeability2. A systematic analysis of physical 
properties of rock requires a set of carefully designed  
laboratory experiments. The laboratory measured petro-
physical properties of rock serve as input parameters for 
predicting variables, constructing a petrophysical model 
and are used for decision making in many areas of reser-
voir engineering and petrophysics. To assess the shale 
gas potential of Gondwana shale and to be able to utilize 
the properties of shale during production, it is important 
to characterize the shale samples from ultrasonic P- and 
S-wave, powdered XRD and SEM experiments. 
 The modulus of elasticity (force required to produce 
unit deformation in a solid), determined from measured 
ultrasonic velocities, can be crucial while drilling the 
shale strata. The elastic modulus is also routinely used as 
input for formation fracturing calculations such as frac-
ture dimension and pressure required to initiate fractur-
ing2,3. 
 Shale rock has very low connected porosity and  
permeability with complex geometry of pores at nanos-
cale4,5. The abundance of pores at nanoscale in shale pro-
vides good spaces for fluid accumulation and plays a 
crucial role in fluid migration6,7. Image analysis using 
SEM is one of the most widely applied approaches for 
studying the pore structure and surface topography or
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Figure 1. The location of study areas – the South Karanpura and West Bokaro coalfields (after refs 11, 14). 
 
 
surface texture in a rock sample8. The resolution of SEM 
varies from nanometres to micrometres and the micro-
graphs show the mineral composition, surface topography 
and pore structure of rock which could be of great sig-
nificance for evaluation of shale gas potential. 
 The evaluation of the potential of any reservoir  
demands a precise mineral analysis. XRD is one of the 
widely used techniques for qualitative and quantitate mi-
neralogy analysis of fine-grained clay-rich rock like 
shale9. 
 This study shows powder-XRD, SEM and ultrasonic 
velocity measurements to characterize the shale to under-
stand its physical behaviour. The outcome from each  
experiment is analysed in the light of primary evaluation 
of the shale gas potential of the Barakar and Barren 
Measures Formation in the South-Karanpura and West-
Bokaro basin. This will lead to evaluation of seismic 
wave velocities, elastic moduli, detailed mineralogy, sur-
face topography/texture and pore sizes and shapes domi-
nant in samples. The measured physical properties of this 
study are important in the context of decision-making 
during the evaluation and production phase. The results 
are compared with other important shale gas and oil  
producing sites in the world. 

Study area 

The South-Karanpura and West-Bokaro coalfields, loca-
ted in the Ramgarh district of the Jharkhand state of India 

(Figure 1), are situated within the Damodar valley and 
occupy an area of 195 and 215 sq. km respectively10. The 
shale rocks found in both the coalfields belong to lower 
Gondwana Supergroup. The core samples of shales are 
collected from various depths of three different bore 
holes of Urimari block and Pundi block of South Karan-
pura and West Bokaro coalfield respectively. Eleven 
samples belong to Barren Measures Formation (Middle 
Permian) while another five samples represent Barakar 
Formation (lower Permian).  
 Gondwana shale belongs to non-marine sedimentary 
origin. The Barren Measures shale of South-Karanpura 
coalfield is known for its high shale gas prospective hori-
zon due to the presence of type III kerogen11, high 
amount of total organic carbon (TOC) (3.05–9.38%), 
thickness (~1000 m) and high thermal maturity (>1%)12. 
The Barakar Formation shale has higher TOC (6.89–
12.34%) and thermal maturity than Barren Measures 
shale13. The TOC for Barren Measures shale of west-
Bokaro coalfield ranges from 2.66% to 6.18% and is 
dominated by types II and III Kerogen with a thickness of 
~750 m (ref. 14). Thermal maturity, high organic matter, 
thickness and expanse makes Gondwana shales one of the 
propitious shale gas prospective zones in India. 

Laboratory measurements 

The laboratory experiments used in this study to charac-
terize the shale samples were ultrasonic velocity, powder
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Figure 2. Ultrasonic measurements of core sample normal to the bedding plane. 
 

 

 
 

Figure 3. Amplitude % against the time during a typical ultrasonic measurement of (a) P-wave and (b) S-wave of the same core sample. 
 
 
XRD and SEM. These methods are discussed in the  
following subsections. 

Ultrasonic velocity measurement 

The ultrasonic velocity testing is a non-destructive way to 
characterize geological core sample properties at room 
temperature and pressure. This technique involves mea-
suring the velocity of ultrasonic compressional and shear 
waves that propagate along the longitudinal axis of the 
rock sample15. The transducers of frequency 54 kHz and 
250 kHz were used to generate P- and S-wave respec-
tively. The physical dimension of the core samples was 
measured with an accurate digital vernier calliper. The 
bulk density of the sample was estimated using the meas-

ured physical dimensions and weight of the samples. The 
velocities were measured along the vertical direction  
(Z-axis) of the core samples using Pundit Lab+ instru-
ment (Figure 2). Figure 3 a and b showed arrival time of 
P- and S-waves during the ultrasonic measurements of a 
core sample. The velocities and density values were then  
employed to derive the elastic moduli from the following 
standard equations16 
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Table 1. Ultrasonic P- and S-wave velocities and dynamic elastic moduli measured from core samples of Gondwana shale 

     Shear modulus Bulk modulus Young’s modulus 
Depth (m) VP (m/s) VS (m/s) VP/VS (μ) (GPa) (k) (GPa) (E) (GPa) 
 

South Karanpura–Barren–Measures Formation 
  21 1463 715 2.04 1.23 3.51 3.31 
  23 1496 731 2.04 1.29 3.68 3.46 
  47 1610 783 2.05 1.48 4.28 3.98 
  53 1770 841 2.10 1.71 5.28 4.62 
  59 1890 887 2.13 1.90 6.08 5.16 
 
South Karanpura–Barakar Formation 
  53 2110 1062 1.98 2.67 7.00 7.12 
  95 2430 1204 2.01 3.44 9.43 9.20 
 137 3293 1584 2.07 5.95 17.82 16.08 
 156 3616 1845 1.95 8.08 20.27 21.40 
 325 3947 2055 1.92 10.02 23.62 26.35 
 
West Bokaro–Barren Measures Formation 
  26 1681 824 2.04 1.63 4.61 4.38 
  35 1696 833 2.03 1.66 4.69 4.47 
  53 2032 988 2.05 2.34 6.80 6.31 
  62 2138 1075 1.98 2.77 7.28 7.39 
  65 2143 1101 1.94 2.91 7.15 7.70 
  68 2174 1114 1.95 2.98 7.38 7.89 

 
 

 
 

Figure 4. Variation of P- and S-wave velocities of Gondwana shale for (a) Barren Measures and (c) Barakar Formation and  
elastic moduli for (b) Barren Measures and (d) Barakar Formation with depth of South Karanpura and West Bokaro coalfields. 
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Figure 5. Empirical relationship between P- and S-wave for Gondwana shale rock of (a) Barren Measures and  
(b) Barakar Formation. 

 
 
 2 ,Sµ Vρ=  (3) 
 
where E is the Young’s modulus, K the bulk modulus and  
μ the shear modulus, VP and VS are P- and S-wave velo-
cities and ρ the density. 

Powder X-ray diffraction 

The X-ray diffractometer (‘Empyrean’, Malvern P analyt-
ical), based on the idea of constructive interference of mo-
nochromatic X-ray and crystalline material, can identify 
different mineral phases in the powdered shale samples 
where each mineral has its own unique fingerprint17,18. In 
our experiment, the powder sample was prepared by 
grinding the rock sample to a fine powder of size less 
than 10 μm (or 200-mesh) with agate mortar and pestle. 
 The X-ray diffracts with different intensity for differ-
ent lattice plane spacing d and angle of incidence theta 
(θ ) for different minerals. The peak of X-ray intensity 
corresponding to θ and 2θ was then analysed. The θ and 
2θ are the angles moved by the sample and the detector 
with respect to Bragg’s plane respectively. Bragg’s  
equation was then used to estimate the d-spacing value 
corresponding to every peak position for the known 
wavelength λ of the beam19. The unknown mineral was 
then identified by matching their d-spacing values with 
the d-spacing values of known mineral databases. The 
software HIGH SCORE PLUS 4.0 was used for pro-
cessing of XRD data. 

Scan electron microscopy 

The SEM (JSM ‘6390’ JEOL and ‘Ultra 55’ CARL 
ZESSIS) was used to generate a high resolution 2D raster 
micrograph, by bombarding the electron beams on the 
surface of a rock sample and detecting the scattered elec-

tron beams20,21. These high resolution SEM micrographs 
reveal features like mineral grains, pore types and size, 
on a scale of micrometre to nanometre present in the 
sample. 

Results and discussion 

On the basis of the above mentioned laboratory experi-
ments, the measured and estimated parameters and  
features of Gondwana shale are presented and discussed. 
They are compared with the shale parameters and  
features from other parts of the world which already  
produce shale gas and oil. 

Velocity and dynamic elastic moduli 

The measured compressional (VP) and shear wave (VS) 
velocities from ultrasonic experiments are shown in Table 
1. Figure 4 a and c shows that the velocity of Gondwana 
shale increases with depth for both the formations. The 
average density of shale samples was estimated in the  
laboratory for both the formations. The average bulk den-
sity value of shale for Barakar Formation of South Ka-
ranpura coalfield is 2.375 g/cc while for Barren Measures 
of South Karanpura and West Bokaro coalfields are 
2.413 g/cc and 2.405 g/cc respectively. The elastic mod-
uli calculated from these ultrasonic velocities and density 
using eqs (1)–(3) are presented in Table 1. Figure 4 b and 
d shows that the elastic moduli of shale for both the for-
mations increase with depth. The curves also indicate that 
the estimated elastic moduli follow the trend exhibited by 
the ultrasonic velocity curves (Figure 4 a and c). An  
empirical relationship between P- and S-wave velocity 
for Gondwana shale of Barren measures and Barakar 
Formation is proposed with R2 (goodness of fit) value 
0.97 (eq. (4)) and 0.98 (eq. (5)) respectively. These
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Figure 6. The XRD peaks for shale rock sample (156 m depth) of Barakar Formation. 
 
 

Table 2. Estimated t-stat and P-value of linear  
 relationship between VP and VS for shale 

Formation t-stat P-value 
 

Barren–Measure shale 14.78 1.28E-07 
Barakar shale 15.11 6.28E-04 

 
 
linear empirical relations are proposed by analysing the 
regression line between VP and VS (Figure 5). The t-stat 
and P value of the linear relationship between VP and VS 
for Barakar and Barren Measures shale are shown in  
Table 2. Statistical significance of correlation between  
P- and S-wave velocity was tested by assuming a null  
hypothesis that there is no significant linear relationship 
(correlation) between VP and VS in the population.  
Since for Barren Measures shale, the P-value = 1.28E-
07 < 0.001 = α, and for Barakar shale, P-value = 
0.00062 < 0.001 = α level of significance, the null  
hypothesis is rejected and it is found that there is a statis-
tically significant linear relationship between VP and VS 
of Barakar and Barren Measures shale. 
 
 VP = 1.77 × VS + 231.33, (4) 
 
 VP = 1.85 × VS + 201.78. (5) 
 
The measured velocities for both Barakar and Barren 
Measures shale are similar to those estimated for Mesa-
verde shale22, Dog Creek shale23, Wills Point shale23, 
Pierre shale24, Marcellus shale25 and Eagle Ford shale26. 
This comparison is shown in Table 3. 

Shale mineralogy and brittleness index 

Figure 6 represents the X-ray diffraction intensity pattern 
for different peak positions for different minerals present 
in one of the Gondwana shale samples. The mineralogy 
obtained from XRD experiments may be classified as 
clay minerals and non-clay minerals according to their 
unique 2θ and d spacing values. The identified clay min-
erals are Kaolinite and Illite while the non-clay minerals 
are quartz, siderite, muscovite and orthoclase. The standard 
2θ values for primary shale minerals27 are listed in Table 4. 
 The clay mineral (kaolinite + illite) in the shale  
samples from Barakar Formation varies from 38.3% to 
58.7% by volume whereas the non-clay minerals 
(quartz + siderite + muscovite + orthoclase) vary from 
41.3% to 61.7% by volume. The volume percentage of 
clay and non-clay minerals for Barren Measures  
Formation varies from 21.3% to 53.7% and 46.3% to 
78.7% respectively (Table 5). 
 The percentage of quartz in the shale samples increases 
with depth (Table 5). As the hardness of quartz is 7 on 
mohoscale, it elevates the hardness of the shale sample 
with depth. Evaluation of petrophysical properties of 
shale is very tedious due to variation in its mineralogy. 
Figure 7 is a ternary plot representing the variation in the 
total fraction of quartz, clay and carbonate in the Gond-
wana Shale of Barakar and Barren Measures Formation. 
The presence of a large amount of clay in shale affects 
the pore structure and may enhance the adsorption ability 
of shale rock for methane as well11. The presence of non-
clay minerals such as quartz, mica and carbonate is key to 
estimating the brittleness index (BI) of the shale rock.
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Table 3. A comparison of P- and S-wave velocities of Gondwana shale with those obtained for shales  
 from different parts of the globe 

Shale type VP (m/s) VS (m/s) Depth (m) 
 

Mesaverde shale22 3749 2621 1184 
Dog creek shale23 1875  826 143.3 
Wills point shale23 1058  387 58.3 
Pierre shale24 2074  869 450 
Marcellus shale25 2865–3658 1825–2244 1850–1890 
Eagle ford shale26 3110 2010 Outcrop sample 
Gondwana shale 2110–3947 (Barakar) 1062–2055 (Barakar) 53–325 
 1463–2174 (Barren Measures) 715–1114 (Barren Measures) 21–68 

 
Table 4. Shale minerals with stan-
dard 2θ  values used for XRD analysis27 

Minerals 2θ (deg) 
 

Quartz 20.9, 26.6 
Kaolinite 12.3, 24.8 
Illite 8.8, 19.8 
Siderite 31.9 
Muscovite  8.8 
Orthoclase 27.4 

 

 
 

Figure 7. Ternary diagram for mineralogy of Gondwana shale. 
 

BI is a measure of the rock’s ability to fracture and  
depends on diagenesis, mineral composition, TOC, litho-
logy, thermal maturity effective stress, porosity, type of 
fluid, etc.28–30. 
 The BI of shale is defined in several studies based on 
the mineralogical composition30,31. In this article, little 
modification is proposed over Jarvie’s formula31 for brit-
tleness index (BI) of Gondwana shale by including the  
effect of mica and carbonate (eq. (6)). Therefore, the 
modified BI of the Gondwana shale strata, based on its 
mineralogy composition, is proposed as 
 

 Shale
(quartz + mica + carbonate)BI ×100.

(quartz + clay + carbonate + mica)
=  (6) 

 
 

Figure 8. Brittleness index (BI) of Gondwana shale of Barren Meas-
ures and Barakar Formation. 
 
 

The BI of Barren Measures shale varies from 0.46 to 0.78 
for South Karanpura and West Bokaro sub-basin. For  
Barakar Formation of South Karanpura basin, the BI  
varies from 0.32 to 0.61 (Figure 8). 
 The average BI for Barren Measure shale is 0.63 up to 
the depth of 70 m whereas the average BI for Barakar 
shale is 0.49 up to the depth of 325 m. The measured BI 
values for Barakar and Barren-Measures shale are at the 
higher end of the brittleness range classified by Altamar 
et al.32 for Barnett shale. 
 The identified mineralogy of Gondwana shale for  
Barren Measures and Barakar Formation shows that the 
volume percentage of quartz and clay minerals in the 
samples is similar to those of Bazhenov shale33, Murteree 
shale34, Eagleford shale35, Marcellus shale36–39 and  
Middlesex shale36 (Table 6). 

Pore characterization 

In any unconventional reservoir like shale, the study  
on pore size and the connectivity between the pore  
bodies is important for understanding the storing
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Table 5. Average mineralogy of Gondwana shale in the samples 

  Average mineralogy (volume %) 
 

Depth (m) Clay Quartz Muscovite Orthoclase Siderite Rutile 
 

South Karanpura–Barren Measures Formation 
  21 53.7 34.9 9.8 – 1.6 – 
  23 50.7 34.6 10.9 – 3.8 – 
  47 31.1 35.4 16.6 – 16.9 – 
  53 33.5 36.6 26.4 – 3.4 – 
  59 32.2 39.6 23.6 – 3.7 0.9 
 
South–Karanpura–Barakar Formation 
  53 58.7 22.4 2.5 13.0 3.3 – 
  95 53.1 26.2 11.8 9.0 – – 
 137 44.9 32.2 13.3 9.4 0.2 – 
 156 40.2 34.9 13.7 – 11.3 – 
 325 38.3 40.8 18.9 – 2.0 – 
 
West Bokaro–Barren Measures Formation 
  26 23.4 34.2 12.9 8.3 21.2 – 
  62 21.3 39.0 23.1 – 16.6 – 
  65 35.6 40.2 18.4 – 5.8 – 
  68 37.8 40.2 19.1 – 2.9 – 

 
 

Table 6. A comparison of average mineralogy of Gondwana shales with those obtained for shales from  
 different parts of the globe 

Shale type Quartz (volume %) Clay (volume %) 
 

Bazhenov shale33 46.0 48.0 
Murteree shale34 42.78 43.05 
Eagle ford shale35 20.0 20.0 
Marcellus shale36–39 20.0–77.0 5.0–60.0 
Middlesex shale36 25.0 65.0 
Gondwana shale 22.4–40.8 (Barakar) 38.3–58.7 (Barakar) 
 34.2–40.2 (Barren Measures) 21.3–53.7 (Barren Measures) 

 
 

Table 7. A comparison of pore sizes and shapes distribution of Gondwana shale with those obtained for  
 shales from different parts of the globe 

Shale type Size of nano pores (nm) Shapes 
 

Barnett shale4,40,41 5–750 Irregular, bubble-like, elliptical 
Continental shale-North China42–44 2–35 Irregular, elliptical 
Woodford shale45 2–300 Irregular, elliptical elongated 
Haynesville shale45 2–300 Irregular, elliptical, circular 
Gondwana shale 2–500 Circular, oval, irregular, elongated 

 
 
and flow mechanism of oil and gas. SEM images  
show texture, topography, pore types, pore shape and 
pore size of the shale rock samples (Figure 9). Figure 9 a 
is an field emission scanning electron microscope  
(FE-SEM) image, which shows the presence of organic  
matter in the sample. Figure 9 b shows the presence of 
quartz grains along with flaky clay particles in the sam-
ples. In this study two types of pore bodies, i.e.  
intra-particle pores and inter-particle pores are found 
within the clay mineral grains and between the edges  
of quartz and clay minerals respectively (Figure 9 b and 

c). Both micro (>0.75 μm) and nano (<0.75 μm) pore  
sizes are analysed in the sample. The organic matter 
(OM) nanopores of different shapes are identified  
in the samples. The size of OM nano-pores varies approx-
imately from 2 nm to 500 nm in the sample (Figure 9 a). 
The micro and nanopores are circular, oval, elongated 
and irregular in shape (Figure 9 c and d). Few micro-
fractures are also present in the sample (Figure 9 d).  
The OM pore size and pore shapes for Gondwana shale 
are similar to those experimentally found for Barnett 
shale in North America4,40,41, continental shale of
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Figure 9. SEM images displaying: (a) Presence of organic matter (OM) in shale and the associated oval shape at  
OM nanopore scale; (b) Inter-particle and intra-particle micropores; (c) Elongated intra- and inter-particle micropores;  
(d) Circular shape intra-particle micropores. 

 
 
 
North China42–44, Woodford shale45 and Haynesville 
shale45 (Table 7). 

Conclusion 

Ultrasonic P- and S-wave velocity measurements, XRD 
and SEM experiments were conducted to ascertain the 
physical properties of Gondwana shales. Based on the 
experimental analysis it was observed that the velocity of 
Barren Measures shale was lower than the Barakar shale, 
which helps to draw a conclusion that the Barakar shale is 
relatively harder, compact and dense. The study of com-
paction effect is important since shale undergoes trans-
formation in physical structure due to compaction 
including the diagenetic changes that occur because of 
chemical and mineralogical changes. Therefore, for thick 
shale sequences such compaction may cause significant 
tectonic movement which may produce shale diapirs. The 
proposed empirical relations between P- and S-wave  
velocities are important to understand the elastic beha-
viour such as Poisson’s ratio and fluid factor of shale 
rock of the region. However, these empirical relations can 
be used in other areas having similar tectonic evaluation 
and morphology. 

 The swelling clays (i.e. bentonite and smectite) are not 
found in the samples. Absence of swelling clay is favour-
able as it may react with the fracturing fluid and nega-
tively impact the well performance. The percentage of 
quartz in shale increases with depth which also supports 
the increasing effect of compactness and hardness with 
depth as inferred from velocity and elastic parameters. 
The fraction of clay minerals in shale samples from the 
South Karanpura coalfield is high at shallow depths while 
it is lower for the same depths in West Bokaro coalfield. 
Since weathering agents transform the wet shale into a 
clay-rich soil of very low shear strength, the probability 
of a landslide due to overloading or excavation may  
trigger failure at sites in South Karanpura coalfield due to 
high clay content in shale. 
 Average brittleness of Gondwana shale samples is 
moderate to high. Barren Measures shale is comparatively 
more brittle than Barakar shale. The empirical relation of 
BI is specifically proposed for Gondwana shale of East-
ern India, which can be used in other areas of similar  
geology. The FE-SEM image reveals the presence of  
organic matter and OM nanopores of varying shapes and 
sizes (nanometre to micrometre) in the shale samples. 
The abundance of organic matter pores is important  
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because they can potentially absorb and store free gas and 
play a crucial role in migration of gas. 
 On the basis of measured and observed properties of 
Gondwana shale of South Karanpura and West Bokaro 
coalfields and the comparison of their physical properties 
with oil and gas producing shale in other parts of globe, it 
is found that the physical behaviour of Gondwana shale is 
more or less similar. Though the organic richness is high, 
the maturity, storage capacity etc. needs to be evaluated 
to ensure that they are potential shale plays. 
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