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A B S T R A C T   

Tight gas carbonate formations have enormous potential to meet the supply and demand of the ever-growing 
population. However, it is impossible to produce from these formations due to the reduced permeability and 
lower marginal porosity. Several methods have been used to extract unconventional tight gas from these res-
ervoirs, including hydraulic fracturing and acidizing. However, field studies have demonstrated that these 
methods have environmental flaws and technical problems. Liquid nitrogen (LN2) fracturing is an effective 
stimulation technique that provides sudden thermal stress in the rock matrix, creating vivid fractures and 
improving the petro-physical potential. In this study, we acquired tight gas carbonate samples and thin sections 
of rock from the Laki limestone formation in the Lower Indus Basin, Pakistan, to experimentally quantify the 
effects of LN2 fracturing. Initially, these samples were characterized based on mineralogical (X-ray diffraction), 
petrography, and petro-physical (permeability and porosity) properties. Additionally, LK-18-06 Laki limestone 
rock samples were exposed to LN2 for different time intervals (30, 60, and 90 mins), and various techniques were 
applied to comprehend the effects of the LN2 before and after treatment, such as atomic force microscopy, 
scanning electron microscopy, energy-dispersive spectroscopy, nano-indentation, and petro-physical character-
ization. Our results reveal that the LN2 treatment was very effective and induced vivid fractures of up to 38 µm. 
The surface roughness increased from 275 to 946 nm, and indentation moduli significantly decreased due to the 
decreased compressibility of the rock matrix. Petro-physical measurements revealed that the porosity increased 
by 47% and that the permeability increased by 67% at an optimum LN2 treatment interval of 90 mins. This data 
can aid in an accurate assessment of LN2 fracturing for the better development of unconventional tight gas 
reservoirs.   

1. Introduction 

The oil and gas industry and the industrial sector is focusing on new 
ways for energy production [1], and have been primarily dependent on 
the energy supply of hydrocarbon resources for many decades [2,3]. 
However, due to increased demand, conventional hydrocarbon re-
sources are depleting rapidly [2,4]. Therefore, unconventional hydro-
carbon development (tight gas) is gaining attention from the oil and gas 

industry [5]. However, extraction by conventional means is not possible 
due to the tight formation, complex geometry, and very low perme-
ability. Therefore, extraction requires technological development (i.e., 
CO2 injection [6–8], acidizing [9], hydraulic fracturing [10–12], drilling 
optimization [13–16], nanoparticle adsorption [17], wettability alter-
ation [18–22] and liquid nitrogen (LN2) fracturing, a recently developed 
technique [23–25]). Tight gas formations are typically nonporous or 
impermeable reservoirs and can exist in both carbonate or sandstone 
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formations with less than 10% pore matrix and 0.1 millidarcy (mD) of 
permeability [26]. Previously, sandstone and shale tight gas reservoirs 
have been considered for developing and extracting hydrocarbons 
[23,24,27,28]. However, low permeable carbonate formations also 
contain a substantial amount of gas (60% of the world’s total remaining 
hydrocarbons exist within carbonate reservoir rocks) [29–31], which 
can be helpful to meet the supply and demand [25]. Carbonate forma-
tions typically have intermediate-wet characteristics with intricate 
heterogeneity [32,33], resulting from biological and geochemical deg-
radations (e.g., cementation, mineral recrystallization, and dissolution). 
Therefore, a precise reservoir quality assessment and extraction tech-
nique is essential for successfully developing and exploiting tight gas 
hydrocarbon resources. The key factors that influence any reservoir’s 
quality include a) petro-physical rock properties (porosity and perme-
ability), b) the depositional environment, and c) diagenesis [34–40]. 
Typically, several parameters, including permeability, porosity, rock 
fabric, geological framework, and pore-size distribution, have been 
investigated for the successful exploitation and development of hydro-
carbon reservoirs [38,41]. 

Carbonates are typically composed of calcium carbonates, whereas 
other rocks in the carbonate group include limestone, dolomites, chalks, 
and mudstones [29]. Several challenges are associated with analyzing, 
characterizing, envisaging, and optimizing carbonate reservoirs for un-
conventional development due to their heterogeneous nature. Micro-
scopic investigations suggest that carbonate rocks demonstrate complex 
pore morphology (i.e., a multimodal pore-size distribution that leads to 
micro-porosity and vugs [42]). Moreover, natural fractures are also 
common [42], adding to the complexity associated with petro-physical 
characterization and, thus, the reservoir quality of carbonate rock. 

Furthermore, rock diagenesis also significantly influences the car-
bonate reservoir quality [43–46]. Petro-graphical and microstructural 
studies are essential to characterize various carbonate reservoir rock 
types based upon their diagenesis (i.e., the times and extent to which 
these diagenetic processes influence the quality of reservoir rocks by 
changing their petro-physical properties [36,47]). Sediment deposition 
is followed by several diagenetic processes that influence the quality of 
carbonate reservoir rock (e.g., physical and chemical compaction, 
cementation, dolomitization, recrystallization, and reactions) between 
organic matter, rock, and fluid [48]. 

Pakistan is a developing country that consists of large carbonate 
sediments, especially in the Lower Indus Basin, offering tremendous 
potential for hydrocarbon development that could alleviate the coun-
try’s energy needs (comprising around 50 trillion cubic feet) [39,49,50]. 
A recent investigation highlighted that Jakkher group formations, 
mainly comprising carbonate rock formations, are widely distributed in 
the southwestern part of the Lower Indus Basin and are considered po-
tential candidates for extracting unconventional gas [39]. Similarly, 
Laki limestone is a critical sedimentary rock stratum within the southern 
part of the Lower Indus Basin, although it is still not fully characterized 
[51]. 

Likewise, the presence of global carbonates and exploitation of the 
hydrocarbon potential within carbonates of this region is challenging 
due to geological complexities. Several methods have been used to 
extract the unconventional tight gas from these reservoirs, for example, 
acidizing and hydraulic fracturing; however, these methods have tech-
nical issues (due to clay swelling) [52] and create substantial environ-
mental problems (contamination of shallow water). Many water-free 
fracturing techniques have been investigated to overcome these issues, 
such as supercritical CO2 injection [6,53], nitrogen foam fracturing 
[54], liquefied petroleum gas fracturing [55], and cryogenic LN2 frac-
turing [56,57]. 

Among these techniques, LN2 fracturing is economically feasible, 
comparatively stronger in fracturing the rock than gaseous nitrogen 
[58], and has a high diffusion potential in tight gas reservoirs [59]. 
Liquid nitrogen works on the principle of providing a sudden shock (due 
to the extremely low temperature of − 196 ◦C) in the pore matrix by 

creating micro-fractures (causing improved connectivity and pore 
space) in a significantly less amount of time. The distinctive character-
istic of LN2 is the super-cryogenic nature of the fluid, which provides 
more significant damage to the tight gas formation than other fracturing 
methods. 

Several studies have shown the effects of LN2 on various types of 
formations, including shale, coal, and tight sandstone [23,24,59,60]. Cai 
et al. (2016) examined the influence of LN2 on core plugs under wet and 
dry conditions and determined that it has improved pore geometry and 
connectivity [61]. 

Memon et al. (2020) conducted an experimental study determining 
the effect of LN2 on Mancos shale core plugs and found that the porosity 
of the Mancos shale increased from 3.78% to 6.92%. They also found 
that LN2 creates micro-fractures in the pore matrix ranging from 2 to 25 
µm [24]. 

Mahesar et al. (2020) treated the tight sandstone core samples in LN2 
for various time intervals (30 to 90 mins). They discovered that higher 
time interval aging positively affects the pore geometry compared to a 
lower time interval [23]. 

Akhondzadeh et al. (2020) conducted an experimental study deter-
mining the effect of LN2 on bituminous coal samples via a 3D X-ray 
micro-computed tomography (µCT). They noticed an 11% increase in 
porosity and the development of micro-fractures with an aperture size of 
9 µm [59]. 

Sun et al. (2021) examined the influence of liquid nitrogen cyclic 
cold shocks on bituminous coal samples from the Datong Coal Mine in 
Shanxi Province, China. This study was conducted to determine the LN2 
cooling effect at the macroscopic, mesoscopic, and microscopic scales. 
They noted that the increase in cold shock time decreased the P/S wave 
velocity with increased coal damage at the macroscopic scale. Further, 
the nuclear magnetic resonance (NMR) technique demonstrated an in-
crease in the effective porosity [62]. 

Similarly, Han et al. (2021) suggested the physicochemical modifi-
cation of coal samples with various chemical solutions and LN2 cooling 
at 1.25 h of the time interval. They discovered that the physicochemical 
modification significantly increased the permeability (882.24%) and 
porosity (335.65%) of the treated coal samples [63]. 

Qin et al. (2017) assessed the change in petro-physical properties 
using the NMR technique for lignite and bituminous coal samples from 
coalfields in the Inner Mongolia autonomous region, China, due to the 
LN2 freeze–thaw action. They noted that the number of freeze–thaw 
cycles had the most considerable influence on modifying the coal’s 
petro-physical properties [64]. 

Similarly, Zhang et al. (2020) characterized the microstructural and 
petro-physical properties of bituminous coal samples from the Xutuan 
coal mine, Anhui province, China using LN2 fracturing based on µCT 
technology. They determined that the enhanced permeability and 
number and size of the pores and throats were significantly increased 
due to LN2 fracturing [65]. However, there is a severe lack of informa-
tion on the effects of LN2 in the tight carbonate formations at realistic 
geological conditions, despite its significance in terms of hydrocarbon 
development potential. 

Therefore, this study characterizes the petro-physical properties, 
microstructure, mineralogy, and petrography of the core plugs and thin 
sections of rock acquired from the Laki limestone formation from the 
Lower Indus Basin, Pakistan. We examined the efficiency of LN2 frac-
turing by determining the topography, morphology, petro-physical, and 
mechanical properties of rock on Laki limestone core plugs and thin 
sections of rock from the 18-LK-06 site based on their suitability for 
these experiments. 

2. Geological settings 

The study area lies in the Jamshoro district, covered by Topographic 
Sheet no 40C/2, 40C/1, and 35O/15 by the Survey of Pakistan (Fig. 1(a, 
b). The generalized stratigraphic map is presented in Fig. 2. The study 
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area is in the Indus Basin, subdivided into the upper, lower, and central 
Indus Basins. Carbonate rocks are also found in the Balochistan Basin 
along with the subbasins of Kohat–Potwar and the Sulaiman–Kirthar 
fold belt of the Indus Basin, where sediments range from Jurassic to 
recent periods as described in the stratigraphic column in Fig. 2. The 
samples were obtained from Laki areas, mainly flat-topped hills that 
slope down gently toward the Indus Plain [66]. 

The structure of the study area comprises a long doubly plunging 
Lakhra anticline at the northeast and an asymmetrical Surjan anticline 
in the southwest. In comparison, the Lakhra anticline trends to the 
north–south orientation along low-lying dipping strata in an east–west 
direction [67]. These anticlines are part of the north–south running 
Kirthar and Laki ranges. These ranges are believed to result from the 
clock-wise movement and collision of Indian tectonic plates with 
Eurasian plates between the late Paleocene and middle Eocene periods 
[68,69]. Several researchers have noted that the collision process is 
continuing and that anticlines approximately parallel to the suture zone 
result from the collision of the two plates [70]. Another collision of the 
Arabian, Eurasian, and Indian plates is also in progress, where the 
folding of some structures in southern Pakistan is attributed to the 

collision between the Indian and Arabian plates; among these structures 
is the Lakhra anticline [67]. 

The exposed rocks in this area are assigned to the Ranikot Group, 
Laki Formation, and Manchhar Formation. The geology of the area was 
first mapped and described by Blandford and Medicott [71–73]. The 
Laki Formation overlies the Lakhra Formation with a sharp conformable 
contact and underlies the Manchhar Formation. The Laki Formation 
consists of fine crystalline limestone alternating with calcareous shales 
and marls. Limestone in this formation consists of different colors 
ranging from light gray, white, and light yellowish-gray to stained yel-
low, brown weathered, and yellowish-gray and are fossiliferous, resis-
tant, hard, and cliff-forming [66]. 

3. Materials and methodology 

3.1. Materials 

In this study, we collected field samples from exposed outcrops of 
carbonate rocks from the Laki limestone formation at the eastern flank of 
the Lakhra anticline and southern flank of the Surjani anticline district in 

Fig. 1. (a) Pakistan geological map; (b) Lakhra village site photos for sample collection.  
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Jamshoro, Sindh, Pakistan. The rock samples were obtained by cutting 
large blocks directly from the surface of the exposed outcrops. These 
blocks were subdivided into smaller rock samples, where cylindrical 
core plugs were removed with a diamond bit. Fourteen core plugs were 
obtained for porosity and permeability measurements, followed by 22 
thin sections for various analytical measurements. The summary of 
experimental tests is described in Table 1. 

Liquid nitrogen fracturing was conducted on the 18-LK-06 forma-
tion, a tight carbonate formation with very low permeability and 
porosity. The LN2 fracturing experiments were conducted for different 
time intervals from 30 to 90 mins. Therefore, core samples were labeled 
as 18-LK-06a for 30 mins, 18-LK-06b for 60 mins, and 18-LK-06c for 90 
mins. A variety of tests were conducted on these outcrop core plugs and 
thin sections of rock, including scanning electron microscopy (SEM), 
energy-dispersive spectroscopy (EDS), atomic force microscopy (AFM), 

LN2 treatment (30 to 90 mins), petro-graphical measurements, petro- 
physical measurement (before and after LN2 aging), and mechanical 
properties of the rock (nano-indentation moduli). 

3.2. Methodology 

3.2.1. Liquid nitrogen treatment procedure for tight carbonate rock samples 
Liquid nitrogen treatment is a newly developed waterless technique 

suitable for tight gas formation, shale gas formation, and coal seam 
reservoirs [23,62,75]. This technique works based on a sudden decrease 
in the reservoir temperature due to the continuous injection of LN2, 
creating micro-fractures in the cooled rock regions [60,75]. Three tight 
carbonate rock samples and their thin sections (18-LK-06a, 18-LK-06b, 
and 18-LK-06c) at the site location of the Laki limestone formation of 
Lower Indus Basin were treated with liquid nitrogen for various time 

Fig. 2. Stratigraphic features of the Eocene strata Laki limestone formation in the Lower Indus Basin, Pakistan, modified from [74].  
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intervals (30, 60, and 90 mins, respectively) to quantify this effect. 
Deewar (a container for LN2) was filled with one liter of LN2 (LN2 

boils at ambient conditions and disappears quickly; therefore, one liter 
of LN2 is sufficient to sustain 90 mins of an experiment) [23–25]. Tight 
carbonate rock samples were loaded into a stainless steel mesh, then 
aging them for various time intervals. The cryogenic temperature of LN2 
is ‑196 ◦C, which is enough to provide a sudden decrease in the rock 
temperature, creating fractures in the pore matrix by increasing the 
connectivity, pore space, and recovery potential of the reservoir rock. 
The time intervals for LN2 treatment were selected based on previous 
experiments [23–25], where 90-mins aging is the optimum limit for this 
procedure. After this time limit, the rock pore matrix reaches the opti-
mum saturation effect, causing no substantial influence on the petro- 
physical properties of tight carbonate rocks. 

3.2.2. Characterization of tight carbonate samples via the SEM-EDS 
technique 

Surface analysis was conducted via a Hitachi SU3500 scanning 
electron microscope for investigating the tight carbonate samples (18- 
LK-06, 18-LK-06a, 18-LK-06b, and 18-LK-06c) before and after LN2 

treatment. Scanning electron micrographs were obtained, and ImageJ 
software quantitatively measured the fracture sizes after various LN2 
aging time intervals. The EDS technique was employed to analyze the 
surface elemental composition (in percentage by weight (wt%)). This 
technique is a smart mapping tool for quantitatively understanding the 
rock structure and classifying various minerals [76–82]. These mea-
surements were conducted at five different points of each thin section of 
rock and repeated three times to measure the average values before and 
after LN2 treatment. 

3.2.3. Bulk mineralogy characterization via X-ray diffraction technique 
The bulk mineralogy of rock samples is commonly measured via the 

XRD technique [83]. This study measured the mineralogy of tight car-
bonate samples from 18-LK-06 and 18-LK-04b outcrop formations via an 
X-ray diffractometer (Malvern Panalytical Company). Tight carbonate 
samples were crushed and meshed to obtain powder samples of less than 
2 μm. Then, they were loaded in a sample holder to investigate the 
quantitative mineral analysis at room temperature. The acquired XRD 
patterns in Fig. 3 were matched via the Rietveld method to determine 
the bulk mineral composition [84]. It is evident from the acquired data 

Table 1 
Experimental study summary of outcrop samples in the Lower Indus Basin, Pakistan.  

No Sample ID XRD Petrography SEM Porosity & Permeability LN2 aging AFM Nano-indentation 

1 18-LK-01a X √ X √ X X X 
2 18-LK-01b X √ X √ X X X 
3 18-LK-01c X √ X √ X X X 
4 18-LK-01d X √ X √ X X X 
5 18-LK-01e X X X √ X X X 
6 18-LK-02a X √ X √ X X X 
7 18-LK-03a X √ X √ X X X 
8 18-LK-04a X √ X √ X X X 
9 18-LK-04b √ √ X √ X X X 
10 18-LK-05a X √ X √ X X X 
11 18-LK-06 √ √ √ √ X √ √ 
12 18-LK-06a X X √ √ √ √ √ 
13 18-LK-06b X X √ √ √ √ √ 
14 18-LK-06c X X √ √ √ √ √  

Fig. 3. X-ray diffraction analysis of the Laki limestone formation in the Lower Indus Basin, Pakistan.  
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that the examined powder sample has significant carbonate constituents 
(major peaks depicting calcite CaCO3 minerals) followed by quartz 
(SiO2) and dolomite (this indicates the sandy characteristics of the 
limestone). Another discovered minor mineral assemblage included iron 
oxides and clay minerals. In the studied samples, the mineral constitu-
ents roughly ranged from 51.5% to 85.2% of CaO and 5.5% to 12.8% of 
MgO with 2.5% to 5.8% of quartz embedded in micritic mud with some 
organic matter and fossils. These carbonate rocks fall into the category 
of arenaceous limestone. 

3.2.4. Surface topography measurements via atomic force microscopy 
The surface topography measurements correspond to the surface 

roughness, measured using the root mean square (RMS) via the AFM 
technique on a micro-scale [85–87]. We measured the surface topog-
raphy of 18-LK-06, 18-LK-06a, 18-LK-06b, and 18-LK-06c tight thin 
sections of rock before and after LN2 treatment with AFM (Flex-Axiom, 
Controller C3000 AFM instrument from Nano-surf). A thin section of 
rock is placed under the cantilever, guided through AFM software to 
precisely touch it based on the preselected load (the load of the tip varies 
based on soft and hard material). The investigation area (length and 
width in micrometers) is preselected, where the cantilever mechanically 
records the surface topography via touching mode [88]. Then, the 2D 
and 3D topographical images can be acquired for further investigation. 

3.2.5. Rock mechanical properties via the nano-indentation technique 
The quantitative mechanical properties of rock (i.e., hardness, soft-

ness, toughness, swelling, and indentation modulus) were measured 
using the nano-indentation technique (Ultra-Micro Indentation System 
assembled with a Berkovich nano-indenter) at room temperature. Thus, 
18-LK-06, 18-LK-06a, 18-LK-06b, and 18-LK-06c tight thin sections of 
rock (before and after LN2 treatment) were placed in the sample holder 
under a sharp node, guided through nano-indentation software to pre-
cisely touch it. Afterward, the location and number of indents were 
selected for each thin section of rock by applying two different forces (50 
and 200 mN) [88]. The penetration of the node continues until the 
maximum assigned depth and load are achieved, and this process re-
peats in various cycles where a given force is applied and released. The 
software records the values of displacement (indentation moduli, M) in 
the rock sample based on the applied force, whereas the distribution of 
the indentation moduli is computed directly. 

3.2.6. Characterization of petro-physical properties 
Ultra-pure Perm 500 (from Core Lab, USA) equipment was used to 

characterize the petro-physical properties to measure the permeability 
and porosity of each outcrop sample from various locations of the Laki 
limestone formation (Table 2 and Fig. 4). 

Typically, outcrop samples can contain impurities, traces of hydro-
carbons, and formation water, which can intercept the proper charac-
terization of petro-physical and interfacial properties [89–91]. 
Therefore, all outcrop core samples were cleaned using toluene (to 
remove hydrocarbon traces) and methanol (to remove traces of forma-
tion water) via a soxhlet system for 24 h [92]. All core plugs were dried 
in a vacuum oven for 24 h at 80 ◦C for removing the minute presence of 
fluids before conducting core flooding experiments with ultra-pure ni-
trogen gas (purity = 99.999 wt%, from BOC, gas code 234). Porosity 
experiments were conducted using ultra-pure helium gas (purity =
99.999 wt%, from BOC, gas code 220) with the same equipment. 

Initially, core samples were loaded into a core holder (stainless steel 
that can contain core plugs ranging from 1 to 1.5 in. in diameter and 2.5 
in. in length), and end plugs were accurately set at both ends. Next, 
overburden pressure was applied at 3000 psi (similar to the pressure in 
the Laki limestone tight gas reservoirs), followed by introducing ultra- 
pure nitrogen gas from the inlet end. A set of five gas permeability 
measurements were conducted with varying pressures at 20, 40, 60, 80, 
and 100 psi. Then, the liquid permeability was calculated using software 
via the Klinkenberg correlation. 

Similarly, each core sample was loaded into a different core holder to 
measure the porosity, which is also connected to the Ultra-pure Perm 
500 system. The inlet ultra-pure helium gas pressure was set at 200 psi 
before and after loading the core plugs. The difference in the gas pres-
sure of loading and unloading intervals of core plugs determines the core 
holder volume, which is interpreted using software for measuring the 
porosity. All these measurements were conducted before LN2 treatment 
to quantify the petro-physical potential of the Laki limestone formation. 
Afterward, the core plugs (18-LK-06a, 18-LK-06b, and 18-LK-06c) were 
treated with LN2, and similar permeability (as a function of the net 
confining stress (NCS)) and porosity measurements, were measured to 
quantify the LN2 effect on the rock matrix. 

The above graph indicates that the measured porosity values ranged 
from 5.1% to 10.8%, with an average value of 8.1%. The porosity values 
suggest that these carbonates have lower pore volume and a tight rock 
matrix. The permeability of samples from the Laki limestone formation 
is low and ranges from 0.015 to 6.9 mD, with an average value of 2.78 
mD. The rock samples exhibited lower permeability values, suggesting 
that these carbonate rocks have poor interconnectivity. 

The cross plot of petro-physical properties depicts no clear rela-
tionship between the pore space and their connectivity, representing the 
heterogeneous carbonate nature resulting from diverse diagenetic pro-
cesses (e.g., calcite cementation, physical and chemical compaction, and 
dolomitization). The analyzed Laki carbonate samples were primarily 
dominated by limestone with minor dolomite along with calcite cement, 
micrites, and iron oxides (further explained in Section 3.2.7). Such 
mineral constituents have a diagenetic effect on reservoir quality and 
reservoir petro-physical properties (reduction in permeability and 
porosity) due to intermixes of clay and cement in Laki limestone samples 
of the Lower Indus Basin. 

Similarly, the compaction may also negatively affect the petro- 
physical properties of these reservoirs due to the higher overburden 
stress. Therefore, smart waterless fracturing techniques (e.g., LN2 in-
jection) are suggested, creating fractures at wider widths, exhibiting 
improved petro-physical potential for exploiting and developing such 
reservoirs. The schematic of the Ultra-pore Perm 500 core flooding 
apparatus is presented in Fig. 5. 

3.2.7. Petrography 
The thin-section petrography was used to distinguish the diverse 

Table 2 
Petro-physical properties of Laki limestone core samples in Lower Indus Basin, 
Pakistan.  

S. 
No. 

Sample 
ID 

L 
(cm) 

D 
(cm) 

Dry Wt. 
(g) 

Porosity 
(%) 

Liquid Permeability 
(mD) at 3000 psi 
Overburden Pressure 

1 18-LK- 
01a  

5.30  3.78  142.45  5.10  0.015 

2 18-LK- 
01b  

6.00  3.79  150.14  6.50  0.1 

3 18-LK- 
01c  

5.10  3.81  158.50  6.30  0.54 

4 18-LK- 
01d  

4.80  3.80  182.20  6.90  1.1 

5 18-LK- 
01e  

4.20  3.81  132.35  8.20  1.4 

6 18-LK- 
02a  

5.50  3.80  139.18  7.80  2.1 

7 18-LK- 
03a  

4.25  3.77  140.50  9.20  3.2 

8 18-LK- 
04a  

5.43  3.78  162.20  8.40  4.3 

9 18-LK- 
04b  

5.54  3.79  147.89  10.30  5.1 

10 18-LK- 
05a  

4.56  3.81  138.20  9.60  5.8 

11 18-LK- 
06  

4.90  3.80  146.72  10.80  6.9  

M. Ali et al.                                                                                                                                                                                                                                      



Fuel 309 (2022) 122192

7

mineral constituents and pore morphology of the reservoir rock. 
Petrography is an effective tool for determining sedimentary deposition, 
rock potential, diagenetic history, and tectonic settings [93–96]. The 
thin sections were carefully made with an equal length (~0.3 mm thick), 
where a quantitative XRD technique was used to identify mineralogy in 
the thin sections of rock, as listed in Table 3 and Fig. 6. 

Typically, carbonate components are divided into two groups: 
orthochems and allochems [40]. Major allochems are further subdivided 
into skeletal particles (fossils) and nonskeletal particles (e.g., pellets, 
ooids, etc.) [40]. Orthochems may contain micrite, microsparite, and 
sparry calcite. The megascopic properties of all studied samples of Laki 
limestone observed in the hand specimen were gray-colored, grain to 
mud supported, highly fossiliferous, loosely packed limestone. 

The genera of larger foraminifera found in the studied samples 
comprised Alveolina, Assilina, Linderina, Nummulites, Milliolids, and 
Textularina. Alveolina were large fusiform or cylindrical with single-tier 
chamberlets. Assilina grains were tightly coiled, flat to biumbilicate, and 
evolute with numerous chambers per whorl. Nummulites were lenticular, 
planispiral, involute, and tightly coiled with numerous whorls. Linderina 
had a large discoid without lateral chamberlets. They had orbitoidal 
chambers consisting of small arched chamberlets occurring in a 
concentric series with successive layers alternating in position. 

From the thin-section analysis, the pellets, quartz grains, rock frag-
ments, and clusters of spherical grains in micrite cement bounded with 
iron oxide meniscus cement as a grapestone are visible in some samples. 
Furthermore, sparite and drussy calcification were also present in the 
studied samples. Cement is generally micrite and ferron rhombic sparry 
calcite. The thin section was stained using Alizarin reds and potassium 
ferricyanide to further analyze the dolomite. The dolomite is fine- 
grained, loosely packed, peloidal, and inequigranular porphyrotopic. 
The dolomite seems syngenetic because no shrinkage porosity was 
observed. 

4. Results and discussion 

4.1. Effect of liquid nitrogen on the topography of thin sections of rock 

The surface topography of thin sections of rock (18-LK-06 before LN2 
treatment) and (18-LK-06a, 18-LK-06b, and 18-LK-06c after LN2 treat-
ment) was measured using the AFM technique. The 3D images were 
acquired, and their surface profile was measured. This technique can 
represent the surface properties and easily detect the change in the 
morphology and pore distribution due to the effect of LN2 at the nano-
scale [86]. Previous studies have demonstrated that multiphase hydro-
carbon flows through a rock matrix, and the associated residual 
hydrocarbon saturation is substantially affected by the surface rough-
ness [97]. The surface topography of tight Laki limestone rock thin 
sections is depicted in Fig. 7(a-d). 

The 3D AFM images in Fig. 7(b-d) reveal that the RMS of the surface 
roughness increased after the LN2 aging time intervals from 30 to 90 
mins (new roughness peaks and micro-cracks are visible in Fig. 7(b-d) 
due to LN2 exposure), whereas tight carbonate thin sections of rock from 
the LK-18-06 site were very smooth before LN2 aging. The RMS value 
before LN2 aging was 275 nm, whereas LN2 exposure of various time 
intervals (30, 60, and 90 mins) progressively increased the surface 
roughness of tight carbonate thin sections of rock to 562, 739, and 946 
nm, respectively, as depicted in Fig. 7. 

This increase in surface roughness corresponds to the swelling effect 
due to the sudden decrease in temperature caused by LN2 treatment 
[23,24]. Consequently, micro-cracks and fractures are generated, forc-
ing the rock matrix to swell enough to alter the surface profile. This 
outcome is consistent with that found by Memon et al. (2020), who 
reported the LN2 aging effect on the topography of Mancos shale 

Fig. 4. Permeability and porosity cross plot of carbonate rock samples from the Laki limestone formation, Lower Indus Basin, Pakistan.  

Fig. 5. Schematic of the Ultra-pore Perm 500 core flooding experimental setup.  
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samples, where RMS values changed from 333 nm (before LN2 treat-
ment) to 733 nm (90-min LN2 treatment) [24]. Similarly, this was also 
reported by Mahesar et al. (2020), who measured the topography of 
tight sandstone rock samples, reporting that the surface roughness of 
tight sandstone rock samples was very smooth before LN2 treatment. 

However, a gradual increase was noted due to LN2 aging [23]. 

4.2. Effect of liquid nitrogen on the microstructure of thin sections of rock 

Scanning electron micrographs were taken to quantitatively 

Table 3 
Petrographic thin-section analysis shows the range of components in carbonate rocks from the Eocene strata Laki limestone formation in the Lower Indus Basin, 
Pakistan.  

Sample# Lithology Content of component (vol. %) Fossil Assemblage 

Intraclast Bioclast Pellets Terrigenous 
detrital grains 

Micrite 
matrix 

Cement 

18-LK- 
01a 

Bio-sparite 
mudstone 

20 10 / / 65 5 Milliolids textularina, gastropods, mollusk shells, and some 
broken fragments of fossils, micritized, unidentifiable 

18-LK- 
01b 

Pel-micritic 
mudstone 

15 5 25 5 50 / Mollusk shells, gastropods, no significant larger forams were 
identified, other unidentified grains of bioclast 

18-LK- 
01c 

Pel-biosparite 
mudstone 

25 10 30 / 35 / Broken fragments of shells likely to be brachiopods (only one 
shell is visible and identifiable) 

18-LK- 
01d 

Packstone 15 45 / 5 10 25 Milliolids and others are broken pieces, unidentifiable 

18-LK- 
02a 

Pel-micrite 5 15 15 / 55 10 Textularina, algal material 

18-LK- 
03a 

Bio-sparite 
packstone 

20 40 / 8 10 22 Milliolids, textularina micrite enveloped filled with calcite, 
fussilinids, alveolina, agglutinated fossils, algal skeletons 

18-LK- 
04a 

Wackstone 15 25 / 5 25 30 Bioclast of alveolina and other milliolina are scarcely present 

18-LK- 
04b 

Packstone 12 45 / 5 20 18 longitudinal milliolids, axial & equatorial section of 
alveolinids, taxtularids, and some obliterated algal material 

18-LK- 
05a 

Packstone 10 40 / 5 15 30 Alveolina, fussilinids, numilites, and textularina 

18-LK-06 Bio-spratite 
packstone 

20 45 / 8 / 27 Borealis melo, algal materials, andsmall milliolids forams  

Fig. 6. Petrographic information of carbon-
ate rock samples: a) algal (Al) fragments; (b) 
Assilina (A), Nummulite (N) and algal (Al) 
fragments; (c) Nummulite (N) and Assilina (A) 
fragments; (d) Milliolid (M), Linderina (L), 
and Textularina (T) fragments; (e) Milliolid 
(M) and algal (Al) fragments; (f) algal (Al) 
fragments; (g) two grains of Nummulites (N) 
fragments; (h) Assilina (A) at the center of the 
petrographic section photomicrograph; and 
(i) the axial section of Alveolina (A) and Lin-
derina (L) fragments.   

M. Ali et al.                                                                                                                                                                                                                                      



Fuel 309 (2022) 122192

9

comprehend the microstructural evolution and pore morphology and 
qualitatively visualize newly generated micro-cracks in Laki limestone 
thin sections (18-LK-06, 18-LK-06a, 18-LK-06b, and 18-LK-06c) before 
and after LN2 treatment (Fig. 8(a-d)). It is evident from the SEM images 
that the 18-LK-06 thin section (Fig. 8(a)) does not exhibit notable frac-
tures (original carbonate sample before LN2 treatment). In contrast, the 
gradual evolution of microstructure and pore morphology can be visu-
alized after LN2 treatment at different time intervals of 30, 60, and 
90 mins (Fig. 8(b-d)). The cryogenic nature of LN2 is responsible for the 
generation of newly developed fractures due to the sudden decrease in 
temperature causing the rock to swell (freeze–thaw action) [3], which is 
further accountable for the improvement in petro-physical properties 
(explained in Section 4.4) [59–61,75]. 

Consequently, a substantial effect of LN2 treatment was noted, 
generating vivid fractures with aperture sizes of 5 to 6 µm (30-min LN2 
treatment), 18 µm (60-min LN2 treatment), and 38 µm (90-min LN2 
treatment). This result is somewhat consistent with previous studies. For 
example, Akhondzadeh et al. (2020) measured the aperture sizes of 
newly generated micro-cracks caused by LN2 treatment in bituminous 
coal samples via SEM (2D morphological analysis) and micro-computed 
tomography (3D morphological analysis). It was confirmed via both 
experimental techniques that LN2 created newly induced fractures in 

bituminous coal samples of up to 9 µm in aperture size, whereas bitu-
minous coal samples before LN2 treatment do not show signs of micro- 
cracks [59]. Similarly, Cai et al. (2015) depicted the effect of LN2 on 
coal samples, finding that LN2 treatment can enhance the network of 
natural fractures due to in situ stress on mechanical properties, causing 
thermal cracks on the coal surface. 

Further, the EDS mapping tool was employed to quantify the 
elemental composition (in wt%) of the 18-LK-06 Laki limestone car-
bonate thin section before LN2 treatment (Table 4). Table 4 reveals that 
the Laki limestone carbonate formation is primarily dominated by cal-
cium, carbon, and oxygen, where the occasional presence of silica was 
also observed, depicting the sandy characteristics of the carbonate for-
mation. The high percentage of carbon indicates hydrocarbons in the 
Laki limestone formation of the Lower Indus Basin. 

4.3. Effect of liquid nitrogen on the mechanical properties of rock 

Liquid nitrogen has cryogenic characteristics that influence the 
micro-scale mechanical properties of rock and determine the overall 
mechanical response [75,98]. The stiffness, hardness, toughness, and 
elastic modulus are measured to comprehend the change in the me-
chanical behavior of the rock matrix [99]. These properties are often 

Fig. 7. Three-dimensional topography: a) 18-LK-06 thin section before LN2 treatment, b-d) 18-LK-06a, 18-LK-06b, and 18-LK-06c thin sections after LN2 treatment.  
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ignored but can be representative of the fracture design (i.e., height and 
length) and may provide a direct indication of the rock fracability [100]. 
To quantify the mechanical properties of LK-18-06 carbonate thin sec-
tions, we applied a nano-indentation technique to measure the rock 
hardness, represented by indentation moduli (GPa). The lower inden-
tation modulus (GPa) is representative of the damaged or softer rocks 
(due to LN2 fracturing) [101]; thus, comparing the indentation modulus 
before and after LN2 treatment could identify the potential of this 
technique on reservoir rock [59]. The indentation moduli are directly 
related to Young’s modulus, which can be represented by Equation (1): 

M =
E

1 − ν2 (1)  

where ʋ represents Poisson’s ratio, and E represents Young’s modulus. In 
this study, we applied two sets of indentation forces (50 and 200 mN), 

and nano-indentation experiments were conducted on LK-18-06 car-
bonate thin sections (Table 5) before and after LN2 treatment at various 
time intervals (30, 60, and 90 mins). 

Table 5 indicates that the indentation moduli (GPa) decreased in the 
Laki limestone thin sections after LN2 treatment, which is a represen-
tation of the decrease in the hardness of the rock (reduced hardness in 
the rock matrix is prone to induce fractures due to thermal shocks and 
the pressure gradient of LN2) [75]. The results demonstrate that the 
hardness (indentation moduli, GPa) of the LK-18-06 Laki limestone thin 
section was 52.63 GPa (before LN2 treatment) under 50 mN of applied 
indentation force. In contrast, a gradual decrease in indentation moduli 
is noted: 41.24 GPa for 30 mins of LN2 treatment, 36.73 GPa for 60 mins 
of LN2 treatment, and 26.62 GPa for 90 mins of LN2 treatment for LK-18- 
06a, LK-18-06b, and LK-18-06c thin sections, respectively. 

Further, when the applied indentation force increased to 200 mN, a 
similar mechanical response was noted. The hardness (indentation 
moduli, GPa) of the LK-18-06 Laki limestone thin section was 48.54 GPa 
(before LN2 treatment), which decreased to 42.69, 31.35, and 28.32 GPa 
for 30, 60, and 90 mins of LN2 treatment intervals, respectively. This 
outcome was also validated by the SEM images (Section 4.2), where LN2 
treatment deteriorates the rock’s mechanical properties and establishes 
a connection with isolated pore networks, improving the petro-physical 
properties. This result is consistent with previous studies. For example, 
Shi et al. (2020) conducted supercritical carbon dioxide fracturing on 
shale samples and noted the decrease in toughness and hardness of the 
rock samples using the nano-indentation technique [99]. Similarly, 
Akhondzadeh et al. (2020) treated bituminous coal samples with liquid 
nitrogen and noticed the decrease in indentation moduli from 6.36 GPa 
to 6.02 GPa under 10 mN of applied indentation force and 5.77 GPa to 
4.32 GPa under 35 mN of applied indentation force [59]. 

4.4. Effect of liquid nitrogen on petro-physical properties 

Any hydrocarbon reservoir’s potential can be characterized by a 
complete understanding of petro-physical measurements [28,102–104]. 

Fig. 8. Scanning electron micrographs of the Laki limestone formation: a) 18-LK-06 thin section before liquid nitrogen (LN2) treatment, b) 18-LK-06a thin section 
after 30 mins of LN2 treatment, c) 18-LK-06b thin section after 60 mins of LN2 treatment, and d) 18-LK-06c thin section after 90 mins of LN2 treatment. 

Table 4 
Elemental composition of the Laki limestone formation in the Lower Indus Basin.  

Element Atomic Number Weight (wt) % Atom % 

Carbon 6 9.93 ± 1.6  17.00 
Oxygen 8 37.21 ± 3.1  44.69 
Silicon 14 2.98 ± 1.2  2.68 
Calcium 20 49.88 ± 2.7  35.63  

Table 5 
Mechanical behavior of rock (hardness, indentation moduli, GPa) of LK-18-06 
Laki limestone thin sections before and after LN2 treatment.  

Applied indentation 
force 

Mean indentation moduli (Gpa) 

Before LN2 

treatment 
After LN2 treatment 

30 mins 60 mins 90 mins 

50 m N  52.63  41.24  36.73  26.62 
200 m N  48.54  42.69  31.35  28.32  
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The evaluation of crack damage due to thermal cracking (LN2 treatment) 
in unconventional reservoir rocks (i.e., tight gas) cannot be measured 
directly; however, other physical parameters can provide detailed 
insight to quantify the hydrocarbon potential. Petro-physical measure-
ments (permeability and porosity) are widely applied to investigate rock 
damage [23,59,60]. These investigations are used to determine the 
ability of reservoir rocks for fluid transmission that can be influenced by 
reservoir depth, connectivity of the pore structure, and the shape and 
size of the porous medium [7,8,105,106]. Unconventional reservoir 
rocks with better connectivity in the pore structure due to induced 
fractures typically have improved petro-physical properties. Therefore, 
Laki limestone core plugs from the LK-18-06 site (petro-physical prop-
erties before LN2 treatment are explained in Table 2) were subjected to 
LN2 treatment to evaluate the change in petro-physical properties. Each 
core plug (LK-18-06a, LK-18-06b, and LK-18-06c) was aged in LN2 for 
various time intervals (30, 60, and 90 mins). As a function of the NCS 
(which can represent reservoir depth), permeability experiments were 
conducted before and after LN2 treatment (Fig. 9). Similarly, the effect of 
LN2 treatment on porosity is depicted in Table 6. 

Fig. 9 and Table 6 reveal that LN2 treatment significantly affects the 
petro-physical properties of Laki limestone carbonate core plugs. As 
depicted in the SEM images, the fracture network evolves in the micro- 
pores by increasing the crack damage [107]. This outcome is attributed 
to the thermal stress provided by cryogenic LN2 and its pressure 
gradient, causing the shrinkage of mineral grains. Consequently, LN2 
cooling provides the local stress at the tip of the pre-existing micro- 
fractures, resulting in new fractures in inter-grain cementation, 
improving petro-physical properties. Further, reservoir depth also plays 
an important role, limiting the effect of LN2 treatment, consistent with 
the results depicted in Fig. 9. 

An increase in overburden pressure (NCS) from 1500 to 6000 psi 
decreased the permeability of the LK-18-06 Laki limestone core plug 
from 9.7 to 2.6 mD. Moreover, increased overburden stress to LN2 
treatment intervals similarly decreased the permeability; however, the 
degree of change is different based on the LN2 treatment intervals. This 
result is attributed to the reservoir depth directly related to the over-
burden stress of the overlying formation. However, LN2 treatment was 
very effective in overburden stress at different time intervals. For 

instance, at the constant overburden stress of 3000 psi and a 30-min 
interval of LN2 treatment, permeability increased from 6.8 to 15.4 
mD, whereas at similar overburden conditions and a 90-min interval of 
LN2 treatment, permeability increased from 6.8 to 20.9 mD. The change 
in rock permeability was more in the 90-min LN2 treatment conditions 
than 30-min LN2 treatment conditions. The porosity evaluation of the 
Laki limestone core plugs subjected to LN2 treatment also exhibited an 
improved pore structure, as listed in Table 6. The average porosity value 
of tight carbonate rocks was around 10.75%, which increased to 20.35% 
(47% increase) after a 90-min interval of LN2 treatment. 

5. Conclusion 

Liquid nitrogen fracturing is an effective water-free technique in 
developing coal seams and unconventional hydrocarbon reservoirs 
compared to other fracturing methods [23–25,59,60,62–65,75]. This 
study investigated the experimental evaluation of various parameters, 
including microstructural, topography, petro-physical, and mechanical 
properties of rock before and after LN2 treatment. Core plugs and thin 
sections of rock from the Laki limestone formation in the Lower Indus 
Basin, Pakistan, were acquired. Initially, core plugs and thin sections of 
rock were characterized based on their petro-physical and petrographic 
evaluations. Core plugs and thin sections of rock from the 18-LK-06 site 
were selected based on their suitability for LN2 treatment for various 
time intervals of 30, 60, and 90 mins. The results reveal that 90 mins of 
LN2 treatment provide the optimum conditions where rock properties 
have shown the maximum effect. The primary outcomes of this study are 
summarized below.  

1. The petro-physical investigation (permeability and porosity) of Laki 
limestone rock samples demonstrated an increase in permeability by 
67% and porosity by 47% due to the LN2 treatment. Additionally, 
LN2 fracturing effectively generates new fractures in the pore matrix 
and expands the network of micro-cracks already present in the rock.  

2. The mechanical investigation (nano-indentation) of Laki limestone 
rock samples demonstrated a substantial reduction in the indentation 
moduli from 52.63 to 26.62 GPa for 50 mN of applied indentation 
force and 48.54 to 28.32 GPa for 200 mN of applied indentation force 

Fig. 9. Experimental investigation of permeability as a function of the net confining stress (NCS) for Laki limestone core plugs before and after liquid nitrogen 
(LN2) treatment. 
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due to the LN2 treatment. The reduced hardness of the tight car-
bonate rocks due to LN2 treatment are prone to induce fractures.  

3. The topographic investigation (atomic force microscopy) of Laki 
limestone rock samples demonstrated an increase in surface rough-
ness from 275 to 946 nm due to the LN2 treatment. The LN2 treat-
ment can also alter the surface morphology and pore distribution at 
the nanoscale, which is directly related to the residual hydrocarbon 
saturation and multiphase hydrocarbon flow through the rock 
matrix.  

4. The microstructural investigation (SEM) of Laki limestone rock 
samples demonstrated newly generated induced fractures ranging 
from 5 to 38 µm due to the LN2 treatment. Further, EDS demon-
strated the dominance of calcium, carbon, and oxygen, along with 
the occasional presence of silica. The high percentage of carbon in-
dicates hydrocarbons in the Laki limestone formation of the Lower 
Indus Basin. 
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