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Abstract. This article presents the findings of a suitability assessment for hydrocarbon 
reservoir analogues using pore imaging techniques on selected limestone samples. The study 
focuses on the Bewah Limestone in the eastern part of Peninsular Malaysia, which dates back 
to the Permian period. The Bewah Limestone is classified as a metasediment and consists of 
mudstone, dolomite, and crystallized limestone. Thin polished sections from ten limestone 
samples were analyzed, and these were successfully categorized as mudstone, wackestone, 
packstone, dolomite, and rudstone. The samples were then analyzed using ImageJ software to 
quantify porosity, with porosity levels determined by applying thresholds to grayscale images. 
Porosity results varied across the samples, ranging from poor to good, based on the 
hydrocarbon reservoir quality index. The highest recorded porosity was 20.24%, classified as 
good, while fair porosity ranged from 11.6% to 11.93%. Most samples exhibited poor porosity, 
ranging from 6.10% to 9.52%. Pore connectivity was assessed using different threshold levels 
to better understand fluid flow. The results suggest that the Bewah Limestone samples have 
the potential to store and trap hydrocarbon fluids, indicating their suitability as hydrocarbon 
reservoir analogues. 
Keywords: Bewah Limestone, ImageJ, Porosity, hydrocarbon reservoir analogue 
 
INTRODUCTION  
 
The Bewah Limestone, located at Kenyir Lake in Hulu Terengganu (Figure 1A), is one of the 
key carbonate rock formations in Terengganu State. It features a unique, isolated karst 
morphology that sets it apart from other limestone distributions in Malaysia. This remarkable 
formation, which is over 270 million years old, has been designated a national geopark in 
recognition of its preserved geological heritage (Figure 1B). Situated in the Eastern Belt near 
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Kenyir Lake, it consists of various carbonate rocks, including dolomite and calcite, that formed 
during the Permian period (Zahidin et al., 2017; Rahman et al., 2023). The limestone is 
primarily composed of calcite, lime mud, and dolomite (Sharoum et al., 2015). Fossils of 
bivalves, crinoids, bryozoans, cephalopods, and foraminifera have also been discovered within 
the Bewah Limestone (Sharoum et al., 2015). In addition, ancient human remains, estimated to 
be around 16,000 years old, were uncovered during an expedition in 2009 in Bewah Cave 
(Zahidin et al., 2017).  
 
Carbonate rocks, on the other hand, play a critical role in the oil and gas industry as 
hydrocarbon reservoirs, hosting substantial hydrocarbon reserves worldwide. Carbonate rocks 
such as limestone and dolomite form in marine environments, where calcium carbonate 
accumulates from marine organisms and precipitation from seawater (Xia et al., 2019; Janjuhah 
et al., 2021; Machel, 2005). Over time, these rocks undergo diagenetic processes—
transformations that occur after deposition and burial. Diagenesis significantly influences the 
reservoir properties of carbonate rocks and includes processes like compaction, cementation, 
dissolution, recrystallization, and the development of secondary porosity (Morton-Thompson 
& Woods, 1993). Understanding diagenetic evidence is crucial for tracing the history of a 
carbonate reservoir, as it involves analyzing these processes and their impact on reservoir 
quality through petrographic analysis. Reservoir analogues—existing oil and gas fields with 
geological and petrophysical characteristics similar to target reservoirs—provide valuable 
insights. Limestone reservoir analogues, in particular, are vital in the exploration and 
production of hydrocarbons from limestone formations.  
 
Advances in digital imaging and computer software have revolutionized petrographic analysis, 
enabling a wide range of image analysis techniques (Beggan & Hamilton, 2010). Textures can 
now be digitized, allowing for rapid measurement of features like grain or crystal size, shape, 
and sorting (Higgins & Roberge, 2007; Jerram et al., 2009). Computer models can generate 
virtual textures with known 3D properties, which serve as benchmarks for analyzing natural 
samples (Jerram, 2001; Jerram & Cheadle, 2000; Hersum & Marsh, 2007). Grove and Jerram 
(2011) explored the use of image processing, specifically the jPOR/ImageJ method, to assess 
porosity. Numerous studies have employed ImageJ for porosity analysis, including 
investigating the relationship between porosity and fluid viscosity (Stevens, 2016), comparing 
porosity values for petrophysical analysis (Viet, 2014), and comparing porosity distribution 
obtained from ImageJ with scanning electron microscopy (SEM) (Rine et al., 2013; Saraf et 
al., 2019), as well as quantifying porosity and modeling with ImageJ (Pal et al., 2022). 
However, few researchers have applied ImageJ to study hydrocarbon reservoir analogues. 
Thus, this study aims to use ImageJ software to quantify porosity in Permian limestone as an 
analogue for evaluating the suitability of hydrocarbon reservoirs. 
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GENERAL GEOLOGY  
 
The Eastern Belt of Malaysia refers to a geological region located on the eastern side of 
Peninsular Malaysia. It encompasses parts of the states of Kelantan, Terengganu, and Pahang. 
The geology of the Eastern Belt is characterized by a diverse range of rock formations and 
tectonic events that have shaped the landscape over millions of years. The strong tectonic 
activity in Peninsular Malaysia in the Late Triassic (237 Ma), especially in the Western, 
Central, and Eastern Orogenic Belts, significantly altered every region of the peninsula 
(Metcalfe (1988); Khoo and Tan (1983)) (Figure 2 (B)). When this tectonic activity first began, 
the Sibumasu terrane split off from Gondwanaland and collided with the Indo-China/East 
Malaya terrane, creating the Bentong-Raub Suture zone (Metcalfe, 2011). 
 
Kenyir Lake is located on the East Malaya Blocks, also known as the western margin of the 
Indochina Terrane (Sukhotai back-arc). According to Roselee et al. (2018), despite the presence 
of plutonic and volcanic rocks, sedimentary formations predominate in the region. According 
to Metcalfe (2011), the volcanic rocks formed during the Late Permian to Early Triassic period 
as the Paleo-Tethys Ocean subducted beneath the East Malaya Block. Kenyir Lake region and 
other nearby sedimentary rocks, such as hornfels and quartzite, have undergone metamorphic 
rock formation as a result of granite intrusion. The sedimentary and igneous rock units that 
make up Kenyir Lake connect the entire lake area. The Sungai Kerbat Shale, Sungai Petang 
Sandstone, Bewah Limestone, Metong Conglomerate, and Gagau Group are the sedimentary 
rock units (Chung et al., 2017). The oldest rocks, Sungai Kerbat Shale and Sungai Petang 
Sandstone, which were deposited in a marine environment during the Late Carboniferous, 
make up the geology of Kenyir Lake (Rahman et al., 2023).  
 
Due to the buildup of shells and benthic organism replacement, the carbonate rock revealed in 
Kenyir Lake, known as the Bewah Limestone, was deposited during the Early Permian era. It 
is thought that carbonate rock continued to form during the Permian period. The age of the 
Bewah Limestone is estimated to be Permian age. This age determination is based on the 
analysis of benthic foraminifera assemblages found within the formation. The Gua Musang 
Formation may be a component of the Bewah Limestone, which is situated close to the Gua 
Musang Formation and south of Kenyir Lake in Kelantan. The Bewah Limestone undergone 
low to moderate metamorphism process during Late Triassic igneous intrusion (Ali et al., 
2006). Due to dolomite and some of the limestone experience crystalline. Additionally, this 
sequence is quite similar to the greater carbonate buildup in Peninsular Malaysia, which was 
exposed after major tectonic emplacement during the Late Triassic (Figure 2 (A). 
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MATERIAL AND METHOD  
 
Limestone preparation and Classification  
 
10 limestones unit were cut, grind and polished to form a thin section according to the method 
Williams et al. (1982). the limestone then observed under the polarizing microscope to 
microscopic purpose. The limestone was classified in this study require grain support as 
proposed by Dunham classification (Wright, 1992). The categorization separates carbonate 
rocks into two major categories: those whose initial components were created in place and 
consist of intergrowths of skeletal material, and those whose original components were linked 
together following deposition. This limestone classification will further use for being analysed 
their porosity using image processing software, which is ImageJ. From this various type of 
limestone can yield different porosity result.  
 
Software Processing  
 
The programmes ImageJ (ImageJ) will be used to process the images and determine the total 
porosity and the total number of pores. As a percentage, the image total porosity will be 
determined by dividing the whole area of the eld by the sum of the areas of all the pores (Cooper 
et al., 2005). ImageJ is a widely used open-source software for image processing and analysis 
in various scientific fields, including geology. ImageJ provides tools for enhancing image 
quality, allowing adjustments to brightness, contrast, and color. Filters for noise reduction, 
sharpening, and smoothing can also be applied to improve clarity. The software enables 
measurement of different parameters within an image, including lengths, angles, and areas, 
through the use of tools such as the line and angle tools, or by selecting regions of interest 
(ROIs). For accurate measurements, calibration with known reference values is possible. 
Segmentation techniques facilitate the separation of items from the background, aiding in the 
identification and quantification of specific features. ImageJ includes a range of analytical 
methods for data extraction, such as particle analysis for counting objects and texture analysis 
for evaluating surface characteristics.  
 
Identify Porosity using Image-J.  
 
To identify porosity using ImageJ software, the following method was employed according to 
Grove and Jerram (2011). First, a high-resolution image of the geological sample, such as a 
thin section or rock surface, was imported into the software. The scale was adjusted from pixels 
to micrometers using the ‘set scale’ tool. The image type was changed to 8-bit, and a 
thresholding technique was applied to determine the sample's porosity. This process converts 
the image into a binary format, with porosity shown as a red region. Next, the ‘analyze 
particles’ tool was utilized to calculate the average particle size. These steps were repeated for 
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each sample. Prior to porosity analysis, it may be necessary to preprocess the image to enhance 
features and ensure accurate measurements. Techniques such as adjusting brightness and 
contrast, noise reduction, and filtering can be employed. Thresholding is a key step that 
separates pores from the background. The image is transformed into a binary format, with pores 
shown in white and the background in black. ImageJ offers options for manual thresholding, 
global thresholding (like Otsu or Huang), and adaptive thresholding. The most appropriate 
method should be chosen based on the image characteristics. Once thresholded, porosity can 
be calculated using the formula:  
 

Porosity (%) = (Total pore area Total image area) × 100 Porosity (%) = (Total image area 
Total pore area ) ×100 

 
 
ImageJ includes measurement tools to assess areas and perform calculations. The total pore 
area can be measured with selection tools, and the total image area can be obtained similarly. 
To find the porosity percentage, the pore area is divided by the image area and multiplied by 
100. It is essential to validate the results by visually inspecting the thresholder image to ensure 
all pores are accurately captured without extraneous features. If needed, threshold values can 
be adjusted, and the porosity calculations repeated. ImageJ also offers statistical analysis 
functions to assist with porosity evaluation, allowing for the computation of pore size 
distributions and spatial trend analysis.  
 
RESULT AND DISCUSSION  
 
Limestone Classification and Porosity Identification 
 
The Bewah Limestone typically forms in marine environments, suggesting facies variations 
that include fossil and bioclastic materials deposited during sedimentation. This setting likely 
corresponds to a shallow marine area influenced by dynamic mean sea levels, ranging from 
intertidal to lower shoreface zones. In this study, various limestone facies were identified, 
including mudstone, wackestone, packstone, and rudstone. Mudstone is characterized by less 
than 5% allochem (i.e., grains smaller than 5 mm) and predominantly consists of lime mud 
(Figure 3A). The allochem in mudstone includes rare foraminifera and ooids embedded in 
micrite. Wackestone, on the other hand, contains more than 10% allochem, all less than 5 mm 
in size and coated in lime mud (Figure 3B). The allochems in wackestone include foraminifera, 
mollusks, bryozoans, and crinoids. Packstone, in contrast, has a higher allochem content (50-
60%), is well-sorted, and is sometimes surrounded by sparite (lime cement) (Figure 3C). 
Rudstone is characterized by larger grains, typically greater than 5 mm, and sometimes up to 1 
cm in size (Figure 3D). It contains abundant foraminifera and mollusks, bonded by sparite and 
occasionally moderately sorted.  
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Understanding the sedimentary history and depositional environment of the Bewah Limestone 
is key to assessing its geological significance and potential as a hydrocarbon reservoir. Thin-
section analysis, combined with image-analysis software, allows for accurate determination 
and calculation of porosity values in rock samples. Porosity, which measures the void spaces 
or pores within a rock, is an important indicator of fluid storage and flow capacity. Limestones 
often exhibit a wide range of porosity levels, influenced by their diagenetic and depositional 
history. Factors such as the initial depositional environment, compaction, cementation, and 
dissolution all impact porosity (Zhu et al., 2020).  
 
Results from ten limestone samples analyzed using ImageJ software show varying porosity 
values (see Table 1). Sample LM01 recorded the highest porosity at 20.24%, indicating good 
reservoir quality with interconnected void spaces that enhance storage capacity and fluid flow, 
which are favorable characteristics for hydrocarbon storage (Table 1). The grain composition 
of LM01 likely plays a key role in its high porosity, possibly due to prolonged dissolution 
processes, influenced by the rock being submerged in lake water. Since the Bewah Limestone 
area is partly surrounded by water bodies, this may facilitate the dissolution of the rock despite 
its metamorphosed state, especially given its high bioclast content.  
 
Three samples—LM04 (11.6%), LM08 (14.12%), and LM10 (11.93%)—exhibit fair porosity 
values (Table 1). These samples contain numerous grains that could contribute to void spaces, 
particularly bioclast grains. However, not all grain fragments contribute to pore formation, as 
some still have interlocking secondary calcite minerals. Rocks with fair porosity typically have 
a moderate number of interconnected pore spaces, which allow for fluid retention but may limit 
fluid flow compared to higher-porosity rocks. The remaining samples, including LM02, LM03, 
LM05, LM06, LM07, and LM09, show poor reservoir quality with porosity values below 10% 
(Table 1). These lower porosity values suggest limited pore space, likely due to diagenetic 
processes such as secondary cementation and compaction, often associated with 
metamorphism during igneous intrusion. These samples contain dense lime mud with few 
bioclast grains, preventing pore formation, and have undergone significant metamorphism.  
 
To visualize these results, the porosity values for each sample are represented in a spider 
diagram (Figure 4). This diagram groups the limestone samples according to their porosity 
index. The mudstone facies, represented by LM06 and LM07, show porosity values between 
6.52% and 9.25%, classified as having poor porosity. Similarly, the dolomite facies, 
represented by LM02 and LM03, have poor porosity values ranging from 7.89% to 10.5%. The 
wackestone facies, represented by samples LM01 and LM04, show porosity values between 
11.6% and 20.24%, with a fair to good porosity index. The packstone facies, represented by 
LM08, LM09, and LM10, show porosity values between 7.85% and 14.93%, classified as poor 
to fair. Finally, the rudstone facies, represented by LM05, has a poor porosity index of 6.10%. 
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Figure 3. [A] Mudstone sample with a low component of grains, predominantly mud lime. [B] 
Wackestone sample with various types of grains. [C] Packstone sample with a predominance 
of grains embedded in micrite-sparite. [D] Rudstone with coral fragments surrounded by 
sparite. Notes: Bo: Bioclast fragment, Lm: mud lime, Ca: secondary calcite cement, Pe: peloid, 
Spar: sparite, Bf: benthic foraminifer, Oo: ooid, Ec: echinoderm, Do: dolomite mineral, Ps: 
pesoid, Ag: algae, Cr: coral. 
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Figure 4. Spider web diagram illustrating a simplified classification of limestone types in 
relation to porosity values and quality.
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Table 1. Sim
plified lim

estone classifications, processed im
ages, descriptions, porosity values, and reservoir quality for each sam

ple. 
Sam

ple 
ID

 
Petrographic im

age 
Im

ageJ processing 
C

lassification 
D

escription 
Porosity 
ᶲ, %

 
R

eservoir 
quality 

(L
evosen, 
1967) 

L
M

01 

 
 

W
ackestone 

- This sam
ple consists of 

m
ore than 10%

 grains 
em

bedded in lim
e m

ud during 
deposition.  
- V

arious types of grains are 
present, such as benthic 
foram

inifers, m
olluscs, and 

ooidal-peloidal grains.  
- The processed im

age show
s 

good porosity due to the 
preservation of m

any pores. 
Im

ageJ detects num
erous 

greyscale thresholds as 
surface area. 

20.24 
G

ood 

L
M

02 
 

 

 
 

D
olom

ite 
- This sam

ple consists of 
num

erous dolom
ite m

inerals 
form

ed after deep burial 
com

paction.  
- The processed im

age show
s 

poor-quality porosity. 
- The dolom

ite includes 
stylolites as a form

 of 
secondary porosity, providing 
im

proved pore connectivity; 
how

ever, their presence is 
lim

ited. 

10.5 
Poor 
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L
M

03 
 

 

D
olom

ite 
-This sam

ple consists 
predom

inantly of dolom
ite 

m
inerals.  

- The processed im
age show

s 
poor porosity.  
- C

onnective porosity is 
observed through stylolite 
thresholding. 

7.89 
Poor 

L
M

04 
 

 
 

W
ackestone 

- This sam
ple consists of over 

10%
 grains, predom

inantly in 
lim

e m
ud, w

ith m
oderately to 

poorly sorted grains.  
- The porosity is fair, and the 
thresholding area partially 
detects the shape of benthic 
foram

inifers 

11.6 
Fair 

L
M

05 

 
 

R
udstone 

- This sam
ple consists of 

large, w
ell-sorted grains over 

40 m
m

 in size.  
- The grains prim

arily consist 
of coral and som

e larger 
m

olluscs. The porosity is 
poor, as only m

icrite-sparite 
voids are detected. 
- The coral show

s crystalline 
structure w

ith crystal grow
th 

along lineations.  

6.10 
Poor 
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L
M

06 
 

 

M
udstone 

- This sam
ple is 

predom
inantly lim

e m
ud w

ith 
m

inim
al grain presence, 

containing less than 5%
 

grains overall. 
- The porosity is isolated and 
of poor quality, w

ith lim
ited 

exposure in the thin section. 
Softw

are analysis show
s only 

a low
 threshold detection. 

6.52 
Poor 

L
M

07 

 
 

M
udstone 

- This sam
ple contains few

 
grains and is predom

inantly 
lim

e m
ud, m

ost of w
hich is 

crystallized. The sam
ple 

prim
arily consists of calcite 

m
inerals. 

- The processed im
age show

s 
poor porosity due to low

 
threshold detection, likely 
because m

ost areas are 
crystallized. 

9.25 
Poor 

L
M

08 
 

 
 

Packstone 
- This sam

ple is characterized 
by having m

ore than 10%
 

grains w
ith less lim

e m
ud.  

- The grains are m
oderately 

sorted, consisting m
ainly of 

benthic foram
inifers and 

ooidal-peloidal grains.  
- The processed im

age show
s 

fair porosity quality. The 
thresholding area is ideal for 
detecting porosity, especially 
in the bioclastic grains. 

14.12 
Fair 
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L
M

09 

 
 

Packstone 
- This sam

ple consists 
predom

inantly of grains 
(>10%

) and contains less lim
e 

m
ud.  

- The grains m
ainly include 

benthic foram
inifers, crinoids, 

algae, and ooidal-peloidal 
grains. M

icrite and sparite 
surround the grains.  
- This sam

ple also show
s 

num
erous secondary cem

ents.  
- The processed im

age 
indicates poor porosity, w

hich 
is due to a lack of voids, as 
they are largely closed due to 
diagenetic events. 

7.85 
Poor 

L
M

10 

 
 

Packstone 
- This sam

ple is sim
ilar to 

LM
09, as it consists of 

dom
inant grains and less lim

e 
m

ud.  
- The grains are largely 
com

posed of benthic 
foram

inifers and algae. 
Secondary cem

ent is clearly 
visible in the sam

ple and 
appears crystalline.  
- The processed im

age 
indicates fair porosity quality. 
C

om
pared to LM

09, 
bioclastic grains like benthic 
foram

inifers contribute m
ore 

to productive porosity, and 
the area is less influenced by 
diagenetic events. 

14.93 
Fair 
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Implications for Suitability as a Reservoir Analogue  
 
Porosity analysis using ImageJ software demonstrates its ability to quantitatively assess 
porosity in Permian limestone samples. However, comparing these results with traditional core 
analysis methods, such as poro-perm analysis, is essential to confirm the exact porosity values. 
Since this study focuses on Permian-age limestone, it is important to note that metamorphism 
in certain areas of the rock may result in reduced porosity and lower reservoir quality. While 
porosity varies across the limestone samples, suggesting potential for hydrocarbon storage, the 
poor connectivity between pores limits its overall effectiveness. Some samples, however, 
exhibit good pore connectivity. The Permian limestone in Malaysia has undergone varying 
degrees of metamorphism, which has led to significant compaction and crystallinity, generally 
preventing hydrocarbon entrapment, particularly in subsurface limestone sequences (Table 1, 
see LM02-LM03). In contrast, outcrop limestone is more exposed to climatic variations and 
intense weathering, whether from rainfall or submersion in bodies of water like lakes or oceans, 
which helps create pore spaces. This study is most relevant to sedimentary rock that has not 
undergone significant metamorphism and retains primary porosity—whether intra- or 
intergranular—due to dissolution processes. Additionally, certain areas of the Bewah 
Limestone may not have experienced substantial tectonic activity, which could have preserved 
its original primary porosity, as suggested by the porosity results (see Table 1).  
 
The porosity values estimated with ImageJ software rely on a threshold effect based on 
grayscale, treating pores as image-based features to assess their surface area (Table 1; Figure 
5A and B). This approach corresponds well with the limestone samples, which mainly show 
low porosity values for mudstone, dolomite, and wackestone. Pore connectivity can be further 
analyzed by applying different colors for thresholding and segmentation (Pal et al., 2022), 
enhancing the ability to identify porosity. Isolated and unconnected pores are common, where 
voids appear detached or as separate features (Figure 5A and B). This type of porosity likely 
results from pore enlargement during dissolution processes that occur after compaction, 
particularly during deep burial diagenesis (Ali et al., 2006). Effective (or continuous) porosity 
becomes visible with an alternate threshold (Figure 5B), which reveals connected pores that 
enable fluid flow through continuous pathways, provided there is clear pore connectivity. This 
is particularly evident in samples with more bioclastic grains (Figure 5C). Bioclastic grains, 
especially fossil fragments, help create better pore spaces after dissolution. This process is 
particularly important in metamorphic rocks, where dissolution occurs after secondary sparite 
has embedded in the pores. The dissolution agents in this case come from long-term 
interactions with water that attract minerals. Pore connectivity in limestone is often represented 
by stylolites, which can be either micro- or macro-scale features formed during pressure 
dissolution after compaction. The continuous nature of stylolites, similar to seismic reflections, 
can enhance pore connectivity in the rock, with their amplitude and morphology having a direct 
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impact on reservoir quality (Nikbin et al., 2024). This connected porosity is especially crucial 
for secondary pores created in metamorphosed rock. 
 

 
Figure 5. (A) Pore segmentation from the thin section processed with ImageJ, showing a 
porosity value of 7.89%, which indicates poor quality. (a) and (b) Different thresholding 
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techniques using various colors demonstrate the identification of isolated, unconnected, and 
connected porosity. (B) Another image segmentation of packstone yielded a porosity of 
14.93%, indicating fair quality. (c) This shows connected porosity in the bioclastic grains after 
applying different thresholds. Note that the imaginary fluid flow is also used to explain fluid 
movement in the connected porosity. 
 
 
CONCLUSIONS 
 
This study concludes that the Bewah Limestone can be classified into mudstone, wackestone, 
packstone, and rudstone, with each facies exhibiting distinct characteristics, including grain 
size, mud content, and the degree of diagenesis. Mudstone and wackestone are primarily 
composed of lime mud with poorly sorted grains, while packstone contains a higher proportion 
of grains, less lime mud, and moderately sorted particles. Rudstone, in contrast, consists of 
larger, moderately to well-sorted grains. Each limestone type also displays varying porosity 
values, ranging from poor to good, based on hydrocarbon reservoir quality indices. However, 
many samples show low porosity, suggesting that the hydrocarbon reservoir quality may be 
suboptimal. Despite the generally low hydrocarbon potential due to deep burial diagenesis and 
tectonic influences, image processing using various threshold and segmentation techniques 
reveals areas with effective porosity, where connected pores are capable of trapping or 
conducting hydrocarbon fluids. On a microscale, this study suggests that Bewah Limestone has 
potential as a hydrocarbon reservoir analogue, though it may not be suitable for commercial 
exploitation due to the low porosity and permeability observed in many samples. Finally, it is 
important to emphasize that porosity alone does not fully determine a rock’s suitability as a 
reservoir. Other factors, such as permeability, mineralogy, and the diagenetic history, also play 
crucial roles in assessing the rock’s capacity for fluid storage and flow, impacting its suitability 
for various applications. 
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