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Abstract. X-ray imaging is a widely used non-invasive technique for characterizing core materials from reservoirs 
in Petroleum engineering. Different scales of X-ray imaging, such as Medical Computed Tomography (CT), Micro-
CT, and Nano-CT, can reveal various features of the core, such as integrity, fractures, fossils, mud invasion, pore 
morphology, clay presence, and fluid displacement. However, for industrial applications that involve processing 
large amounts of core footage from coring operations, there is no systematic method for selecting representative 
samples for further advanced testing, such as special core analysis (SCAL) or comprehensive digital rock analysis. 
In this paper, we review all previously mentioned X-ray imaging techniques and their use in industrial applications. 
Further, we propose a workflow and a systematic method for optimizing the use of the limited X-ray resources to 
obtain a comprehensive multi-scale analysis of the core materials. This workflow aims to streamline the X-ray 
imaging processes of the core footage and enhance the quality and efficiency of the data acquisition and analysis.

1. Introduction  

 
The journey of core extraction and analysis from the 
subsurface during drilling operations for formation 
evaluation is an intricate process. The extracted core goes 
through multiple stages of wellbore retrieval, handling, 
inspection, preservation, and analysis [1,2]. Coring and core 
analysis are among the most direct methods for evaluating 
formations and often require a considerable investment when 
drilling exploration and development wells. Thus, it is of 
utmost importance to fully exploit all resources to extract the 
most information from the recovered cores [1–3]. 
 

Coring involves drilling into a well and extracting a 
cylindrical sample, known as a ‘core’. This core is a physical 
representation of the subsurface layers, providing direct 
information about the geological formation. It reveals the 
rock’s mineral composition, structural features, and the 
presence of hydrocarbons [2,4]. Core analysis, therefore, is a 
critical step in reservoir characterization. It involves 
laboratory tests to measure properties such as porosity (the 
volume of void space within the rock), permeability (the 
ability of fluids to flow through the rock), and fluid saturation. 
These parameters are essential for reservoir modeling and 
predicting its performance [2,3,5]. 
 

The use of X-ray imaging in core analysis provides 
a non-destructive method to visualize and analyze the internal 
structure of core samples [6–8] This technique allows 
scientists across multiple scales to examine and infer many 
petrophysical properties of the rock without physically 
altering or damaging the sample [9–11]. For example, 
aluminum core barrels used to preserve whole core samples 
can be easily and effectively imaged using medical CT 

without the need to open the core barrels revealing many 
insights about the core status in terms of damage that might 
be induced by drilling operations (mud invasion), or retrieval 
and transportation (i.e. fractures and breakage) [9,12,13]. 
 

Multi-scale X-ray imaging, which includes Medical 
CT, Micro-CT, and Nano-CT, has further enhanced our 
ability to analyze core materials at various scales, from whole 
core to core plugs, cuttings, and rock fragments[8,14,15]. 
These techniques have opened new avenues for 
understanding the complex structures and physical 
phenomena of reservoir rocks and their dynamics, each with 
its unique advantages and applications [16,17]. The choice of 
technique depends on the scale of interest and the specific 
technical question, making multi-scale X-ray imaging a 
versatile tool in core analysis. In Figure 1, a comparison 
between the spatial resolution and sample size is depicted for 
different common methods of imaging, and in Figure 2, we 
show a typical pore size distribution of carbonate rock 
obtained from a mercury intrusion experiment to show the 
different scales at which porosity exists. Carbonate rocks 
often exhibit multiple pore systems ranging in size from 
caverns (meters) down to nanopores systems [18–20]. 
 

While these techniques can indeed support and 
complement many findings about reservoirs from other 
sources such as logs and analytical core experiments, they 
also can be utilized to be the sole source of many preliminary 
findings about subsurface formations[21–23]. Hence, it is 
essential to select representative samples of the dominant 
rock types existing in a formation whenever going downscale 
[21]. 
 
In this paper, we review the use of multi-resolution X-ray CT 
scanners, namely Medical CT, Micro-CT, and Nano-CT, to 
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visualize and characterize rocks, with emphasis on the use in 
industrial applications for bulk core analysis. We also delve 
into each method's applications and limitations with many 
examples and case studies from the literature and our 
experiments. We finally propose a workflow that enables a 
systematic sample selection for further investigation 
whenever a core analysis objective needs to be met with a 
finer resolution X-ray imaging.   

 
Fig. 1. Comparison of approximate image resolution and sample 
sizes for different types of X-ray CT scanners. 

 
Fig. 2. A typical pore size distribution of Carbonate rock (Indiana 
Limestone) obtained from mercury intrusion test (grey line). The 
red line shows theoretical pore size distribution at larger scales.  

   

2. Medical CT 

Since the early 1980s, X-ray computerized tomography (CT) 
scanning has been successfully used as a powerful non-
destructive, non-invasive research tool in geoscience to 
examine whole cores as well as smaller rock samples for 
various purposes, e.g. core characterization, whole core 
inspection within their protective barrels, sample selection, 
damage/fracture detection, mud invasion and so forth 
[9,24,25]. More advanced applications, such as porosity and 
determination[26], displaying damages and wormholes[27] 

in 3D mode due to fluid injection tests as well as displaying 
fluid flow movement within rock samples have now been 
routinely undertaken [28]. Furthermore, micro-CT scanners, 
which we give more details about in section 3, equipped with 
in-situ testing capabilities, such as geomechanical apparatus 
[29]and high-resolution region of interest imaging of shale 
samples for unconventional resources [30] have provided 
further insights - in the oil and gas laboratories. 
 

Medical and industrial type CT scanners (including 
micro- and nano-CT scanners) all share the basic principles 
of the X-ray CT technique to visualize the internal structures 
of objects in a non-destructive manner, i.e. all the CT systems 
have an X-ray tube and on the opposite side is the detectors 
whilst the scanning performed the object is positioned 
between them. The X-rays transmitted through the object are 
attenuated and captured by the detectors. When a rock sample 
is CT scanned (see Figure 3), focused and collimated beams 
from an X-ray source penetrate and travel through the sample, 
and the attenuated beams are recorded by detectors. Energy 
attenuation is related to the electron density and effective 
atomic number of the mineralogy of the sample being 
scanned. Each material has a distinct linear attenuation 
coefficient and hence the total response received by the 
detectors is a combination of these coefficients. Dual-energy 
CT scanning, on the other hand, involves the same sample 
being scanned at two different X-ray energy levels. 
Wellington and Vinegar [6] stated that one scanning provides 
CT images proportional only to the bulk density at a high X-
ray energy scan (higher than 100 kV), and the low X-ray 
energy (lower than 100 kV) scan is proportional to atomic 
number. In the case of fluid flow visualization, however, in 
addition to the use of all aspects of CT scanning features, 
radiopaque traces (dopants) are also needed to be able to 
monitor the fluid movement inside the cores during the core 
flooding. The role of the dopants is essentially to provide 
adequate contrast between various phases to view and 
analyze the saturation distribution during the scanning 
[26,31,32]. 
 

 
 

Fig. 3. A representation of a rock sample within a medical-type CT 
scanner. 
In Figure 4, an example of the use of Medical CT scanners is 
presented where 3-foot whole core barrels are scanned at 100 
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kV. The scans show poorly recovered or damaged samples on 
the left and good sample recovery on the right. Also, 
lamination and inclined beddings at an angle of about 30 
degrees can be observed on the sample on the right. 
 

 
 
Fig. 4. Two pilot scans of whole core samples placed in 3-foot 
aluminium barrels. The left sample is an example of a poorly 
recovered sample or damaged sample. In contrast, the one on the 
right shows good recovery with an indication of inclined formation 
bedding and lamination. 
 

Another important application of the medical CT 
type of scanners is the ability to determine the approximate 
density of the material by linking it to the average CT 
numbers at a given depth. In Figure 5, a quick demonstration 
shows CT can determine low-density sections in the whole 
core (see green section in the heatmap corresponding to 
density) which could be an indication of more porous rock.  
 
 

 
 

 
Fig. 5. (upper) A 3-foot whole core section pilot scan with (lower) 
corresponding average CT number across the depth of the core 
sample, heatmap corresponding to relative density, and cross-
sectional slices taken every 5 mm. The blue section in the heatmap 
corresponds to the breakage/fracture in the whole core and the green 
section to lower-density rock types. 
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The main difference between these major types of 
CT scanners is the purpose, for which they were designed. 
This design difference dictates some differences that 
influence their performance in their uses for various purposes 
(see a summary of comparison in Table 1). Medical-type CT 
scanners typically have a 512x512 matrix that yields pixel 
sizes ranging approximately from 50 to 400 mm depending 
on the object size being scanned. Since the medical type of 
CT scanners is designed with humans in mind, they have 
apparent disadvantages in nonmedical applications, e.g. 
geological and petroleum engineering with smaller samples, 
i.e. typically smaller than 1.5 inches in diameter. Another 
apparent disadvantage of using the medical type of CT 
scanner is their limited X-ray power, i.e. usually they are 
limited to 140 kV. This means that high-density and larger 
samples, such as rocks or ceramics larger than 100 mm 
diameter may face problems since the X-ray beams of the 
medical type of CT scanners may be inadequate to penetrate.  

Current CT systems have significantly improved 
features in hardware and software over the decades including 
the cooling efficiency of the X-ray tubes, number of slices per 
rotation, advanced features of the control software, etc.  
However, slice thickness has relatively remained unchanged 
having the typical slice thickness of 0.5 mm. An Increased 
number of slices per rotation means, that modern-day CT 
scanners have more rows of detectors, which means that these 
scanners can cover larger volumes per scanning, yielding 
higher efficiency in CT scanning practices and higher image 
resolution. The typical size of the matrix of conventional CT 
scanners has always been 512x512 pixels. However, it is now 
easier to find scanners with the capability of 1024x1024 or 
even 2048x2048 matrix sizes, which influence the image 
quality to a great extent (See Table 2). In addition to the CT 
scanner type, the image quality is also influenced to a great 
extent as a function of sample size, which is highlighted 
earlier in Figure 1. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Comparison of typical parameters of medical and 
industrial type CT scanners. 

 
 
 
 
 
 
 
 
 
 

Parameters Medical CT 
Industrial CT 

(Micro and Nano 
CT scanners) 

Resolution 50 - 400 μm voxel size 0.00015 - 50 μm voxel 
size 

Scan time 
(per sample) 

~ 30 seconds to 5 
minutes 

~ A few minutes – more 
than 24 H 

X-ray tubes and 
detectors 

They are locked in their 
position to rotate 

together around an 
object during scanning 

Often sample position is 
set before scanning and 
it remains in stationary 
condition throughout 
the scanning. Some 

models rotate only the 
source and detector 

during scanning. 

Sample size 

25 - 2000 mm length, 
25 – 700 mm diameter 

(for hard materials, 
such as rocks, the 

diameter is usually 
limited to 100 mm) 

<1 - 100 mm length, <1 
– 200 mm diameter 
(only custom-built 
industrial scanners 

accommodate longer 
samples) 

Nano CT: max object 
size 100 – 200 μm 

X-ray voltage 80 - 140 kV Up to 450 kV 

Allowed dosage Limited (prescribed 
based on patient) No limit 

Radiation 
protection 

External protection is 
required. 

(lead shielding in all 
walls) 

Self-shielding 
(scanner is lead 

insulated) 

Sample 
condition 

during scanning 

Stationary (short-axial) 
or moves horizontally 
(scout, long-axial and 

helical) 

Often the sample is 
rotated around its center 
and vertical movement 

is allowed during 
scanning. Some models 
allow the sample to be 

stationary and rotate the 
source and detectors 
around the sample. 

Object 

Designed for the human 
body (successfully used 

for other objects, e.g. 
ceramics, concrete, 

rock, wood products, 
etc.) 

Designed for industrial 
applications, objects 
vary widely (metals, 

plants, composites, rock 
samples, plastics, etc.) 

Operation 
Basic training and 

experience could be 
adequate 

A thorough 
understanding and an 

advanced level of 
training are essential. 

Access to 
internal 

hardware 

Limited access 
(employing control 

software only) 

Flexible access (internal 
hardware visible) (extra 

caution is required) 
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Table 2 Theoretical sizes of one pixel (mm) according to 
matrix size and reconstruction field of view (FOV). 

 
Matrix size 512x512 1024x1024 2048x2048 

Image 
size 

(FOV) 

30 
mm 

Size 
of 

one 
pixel 
(mm) 

0.059 0.029 0.015 

40 
mm 0.078 0.039 0.02 

100 
mm 0.195 0.098 0.049 

120 
mm 0.234 0.117 0.059 

140 
mm 0.273 0.137 0.068 

200 
mm 0.391 0.195 0.098 

300 
mm 0.586 0.293 0.146 

 

3. Micro CT  

 
Micro-CT imaging, with its ability to provide a finer scale 
resolution, enables the examination of rocks down to a voxel 
size of one micrometer or less [10,33,34]. This technology 
proves particularly effective in the study of conventional 
reservoir sandstones and some carbonates where the majority 
of the pore space is resolved. The resolution offered by 
modern Micro-CT scanners is often sufficient to model and 
infer a wide range of petrophysical properties with 
satisfactory results [35]. 
 

These advanced micro-CT scanners can precisely 
determine the geometry and connectivity of the pore space, 
empowering scientists to often estimate physical properties 
with reasonable accuracy, such as porosity and specific 
surface area and phase topology solely through image 
analysis [36,37]. Furthermore, the simulation of fluid flow 
within the pore space is possible by solving governing 
equations like Navier-Stokes [11,38,39]. This allows for the 
estimation of various parameters including absolute and 
relative permeabilities, gas diffusion, and electrical 
conductivity, to mention a few [40–42]. This type of analysis 
is commonly referred to as Digital Rock Analysis (DRA), or 
Digital Rock Physics (DRP) [35,43–45]. DRA represents a 
swift and reproducible suite of methods for rock 
characterization. It facilitates the estimation of numerous 
petrophysical rock properties that would traditionally require 
time-consuming laboratory experiments, thereby enhancing 
efficiency in the field. Recent advancements in computer 
vision, deep learning, and simulation methods have further 
enhanced the accuracy and interpretation of DRA enabling 
scientists to get accurate answers for tighter rock with 
positively skewed pore size distribution [46,47].  
 

Micro-CT raw image acquisition process begins 
with the emission of X-rays from a micro-CT X-ray tube, 
which are then attenuated as they pass through the sample, a 
phenomenon described by Beer’s Law [48]. The attenuated 

X-rays are captured by a detector, creating 2D projection 
images. As the sample rotates, multiple 2D projections are 
obtained from different angles. These 2D projections are then 
reconstructed into a 3D volume using a variety of algorithms 
[49]. After creating a volume image, image processing and 
filtering techniques are applied to enhance the quality of the 
reconstructed images and remove imaging artifacts such as 
beam hardening and ring effects [50]. In Figure 6, we show 
an example of an acquisition process of a micro-CT image of 
an Indiana limestone sample. The 1-inch core plug shown is 
sub-plugged into a 4-millimeter mini-plug used for imaging, 
generating an image with a voxel size of 2.46 micrometer. It 
can be noticed that even with this limited sample size and 
field of view, not all pore spaces are resolved as many 
textures appear to have micro-porosity represented by dark 
grey textures. Yet, many techniques and methods have been 
developed to study, and quantify unresolved porosity and its 
effect on fluid flow, and electrical properties among many 
more [51–53].  
 

 

 
Fig. 6. (Upper) an Indiana limestone sample of 1-inch diameter. 
(Lower) a mini-plug taken from the 1-inch limestone core plug 
along with some cross-sectional visualization from the micro-CT 
image of the mini-plug and a 3D volume visualization. The 
zoomed-in region in the yellow square measures (1400 ×1400 μm). 
Pore space is black and limestone oolites (Carbonate grains) are 
bright grey. Unresolved microporosity appears as dark grey inside 
some oolites. 

Many applications for micro-CT imaging have been 
documented in the literature. Phase quantification including 
pore space, fluids, and minerals phases can be directly 
computed from the images [35]. Geometrical and topological 
measurements of the existing phases can also be quantified or 
estimated (i.e. surface area, shape factor, Euler characteristic 
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number, coordination number, and tortuosity) [37]. Many 
researchers also showed methods for computing contacting 
angle and characterizing the wettability of samples via in-situ 
micro-CT imaging methods which are essential parameters in 
many reservoir engineering applications[54,55]. Finally, 
single and multi-phase flow, reactive transport, 
deformability, and geomechanical simulations provide many 
insights into answering technical questions about oil and gas 
production and recovery, CO2 capture and storage, and 
groundwater transport [53,56]. For example, Regaieg et. Al 
[46,47] presented methods for capturing accurate relative 
permeability curves using pore network modeling with an 
accurate assessment of wettability via laboratory 
experiments.  In Figure 7 we show an exemplary use of 
micro-CT imaging and analysis after Higgs et. al [57] to 
compute the macroscopic contact angle of a hydrogen bubble 
inside a doped brine-saturated sample. The contact angle in 
the reference paper [57] is computed for multiple droplets 
along the contact line with grains which gives a range of 
contact angle shown in the histogram. The findings of this 
study show a similar contact angle to other experimental 
methods published in the literature [58]. This study and others 
that used X-ray CT imaging, support replacing parts of the 
time-consuming experimental SCAL work with CT imaging 
and modeling, especially, for sample screening and selection.  
 

 
 

 
Fig. 7. (Upper) Segmented micro-CT image showing rock grains 
(dark gray), doped brine with KI (white), and hydrogen gas (black) 
used to estimate the contact angle of hydrogen blobs within brine. 
(Lower) the distribution of contact angles measured through 
multiple algorithms (after Higgs, et. Al [57]).  

The advancement of imaging, processing, and modeling 
techniques made many enhancements to what can be 
achieved through DRP workflows. For example, the use of 
dopants to enhance the contrast between fluid(s) and grain 
phases is well documented in the literature [52]. These 
dopants can enhance differential imaging techniques where 
the sample can be imaged dry and saturated. The 
improvements include the better monitoring of saturation 
during coreflooding, and the estimation of unresolved 
porosity[52]. However, care must be considered when using 
dopants as they can alter wettability [59]. 

 Also, images recently can be enhanced digitally through 
the use of deep learning super-resolution techniques to reach 
voxel resolution beyond the X-ray CT hardware 
limits[19,60]. This is especially useful to tackle the known 
trade-off between field of view and resolution. Deep learning 
techniques can also be utilized to estimate physical properties 
and velocity fields of fluid flow in porous media. A 
comprehensive review of deep learning applications in pore-
scale modeling is provided in [61]. 

4. Nano CT  

Nano CT is also a non-destructive form of ultrahigh-
resolution X-ray imaging[15]. It is a technique that provides 
3D images similar to micro-CT, however, the resolution is in 
the nanometer range [62]. It is heavily used for biomedical 
applications [63] and has emerging applications in other 
sectors such as the oil and gas industry. For rock analysis, it 
is often used with the aid of other techniques such as focused 
ion beam imaging. A comparison of the variety of ultra-
resolution imaging techniques and their associated scale is 
seen in Figure 8. 
 
 

 
Fig. 8. A comparison between multiple ultra-resolution imaging 
techniques (after Garum[64]).  
 

Nano-CT builds upon the same concept of micro-
CT. It uses a transmission target X-ray tube and allows the 
focal spot size to be reduced to less than 500 nanometers. The 
equipment contains many detectors to achieve superior 
spatial resolution. Nano CT can provide resolutions down to 
50 nanometers improving the ability to visualize internal pore 
structures and geometries with enhanced clarity [64].  
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This sophisticated tool can determine 

microstructures, porosity, and grain size distribution of ultra-
tight rocks including shales, coal, and tight sands etc 
[62,64,65]. Additionally, by analyzing the X-ray attenuation 
patterns, it can differentiate between minerals such as calcite, 
and common, clays [66]. Moreover, it is able to reveal details 
about mineral phases, pore networks, and organic matter in 
the sample. 
 

When comparing Nano-CT to FIB-SEM, we note 
that Nano-CT can work with much larger samples, provides 
clarity in material contrast, is much quicker in testing time, 
and generates 3D images easily. On the contrary, FIB-SEM 
provides a much higher resolution at the expense of longer 
testing duration, faces challenges in 3D imaging, and is 
destructive through milling the material during imaging. In 
Figure 9, we show an example from [67] study to characterize 
organic-rich shale fracture growth using a nano-CT. The 
study showed the stages at which the fracture grows and cut 
the sample into two halves. Such a study is important as it 
gives more insights into the pore space changes from a 
geomechanical perspective.  
 
 
 

 
Fig. 9 Fracture growth study in organic shale conducted 
using a Nano-CT scanner (After Wu et. al. [67]). 

 
Some of the downsides of using nano-CT include 

limited penetration depth. Nano CT is excellent for imaging 
thin samples but lacks the ability to image thicker samples 
due to the inability of the X-rays to fully penetrate the sample 
which leads to incomplete data acquisition. Additionally, 
artifacts can arise in the image due to a variety of reasons such 
as sample preparation conditions or beam hardening[68]. The 
tube power is also constrained by the voxel size and the high-
resolution images can require higher user interaction during 
image analysis where balancing throughput and detailed 
imaging might be challenging. Moreover, sample preparation 
for nano CT imaging is not an easy task. It is an intricate and 
time-consuming process that requires proper handling and 
placing to avoid artifacts in the images [68]. As such, there 
has been limited research using Nano-CTs to study porous 
media and rocks as compared to the number of papers 
published on micro-CT imaging.  
 

5. A suggested streamlined workflow for 
the effective utilization of multi-scale X-
ray resources. 

This section of the paper is intended to provide a general 
guideline for the effective use of X-ray imaging resources to 
aid in core analysis programs. While there are clear gaps in 
terms of the spatial resolution across the aftermentioned 
scanning methods of X-ray imaging, this discussion will be 
directed towards having the most of each scanning technique 
with the aid of other experimental core analysis, as this is a 
common practice in the oil and gas industry. 
 

After the core extraction from a targeted formation, 
the core is often cut into 3-foot core segments and transported 
in aluminum barrels to the laboratory for further testing. In 
many cases, CT scanning is performed through only pilot 
longitudinal imaging in a single energy scanning mode in 
routine jobs. However, Dual Energy CT (DECT) scanning 
has been proven preferable not only in the acquisition of less 
noisy images but also to provide many insights that help 
estimate the density and porosity of the core. Siddiqui 
[21,22,26] provided a detailed description of the calculation 
of the effective atomic number (Zeff) and apparent density 
which helps to correct the depths of the core as compared to 
depths from logs. It also provides a quick assessment of the 
variability of rock types within the cored section as shown in 
Figure 10 which can be achieved through many methods (i.e. 
texture, unsupervised machine learning, or statistically) [69–
71]. Pilot images should provide a quick outlook on the status 
of the recovered core in terms of damage and mud invasion. 
Lastly, the CT scans can be used to decide the best parts to 
take core Routine or SCAL plugs from with the aid of other 
logs and lithological descriptions as shown in Figure 11 for a 
section of dolomitic formation. Preliminary classification of 
rock types based on imaging and comparison with laboratory 
experiments showed porosity ranking from best to worst [D, 
C, E, B, A] and permeability ranking [D, E, C, B, A]. One 
could perhaps link this ranking visually to the rock types 
according to the level of darkness or levels of CT number 
since these are mainly calcite except for rock type E which 
bears some anhydrite (see white stripes). 
 

After plugging the core plugs out of the whole core, 
it can be scanned using the medical see to assess its 
homogeneity. Then the heterogeneity of the sample can be 
assessed either visually or quantitatively. For example, Maas 
et. Al. [71] has described a method for correlating the 
permeability variations of core plugs with the statics and the 
standard deviation of the Hounsfield units of raw tomographs 
of the core plugs. This enables qualifying samples with low 
deviations below a certain threshold for further analysis. 
Quick core plug tests such as single-phase flow permeability 
measurement, T1 and T2 NMR tests, and air porosity and 
permeability can easily aid in creating the final rock typing of 
the cored section. Such methods create metrics such as Flow 
Zone Indicators (FZI) and RQI to classify rocks and have 
been discussed in many publications including the following 
[23,72].  
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 Fig. 10. A pilot longitudinal cross section showing different 
rock types of cores. This is often decided using multiple 
sources of data besides the core itself including wellbore 
logs, core gamma, and drill cuttings.   

 
 

 
Fig. 11. An example of medical CT utilization for choosing 
samples for conventional and special core analysis.  

 
The core plugs determined to be dominant rock 

types can be further studied using Micro- and Nano-CT 
scanners. Often a smaller plug sample is extracted to carry out 
the imaging to get a high-resolution image of the pore space. 
Here, it’s important to carry out a full analysis of the 

Representative Elementary Volume required to carry out the 
targeted DRA accurately. This can be achieved through 
multiple methods including the following [73,74]. The 
determination of REV as illustrated in Figure 12 will 
eliminate the possibility of under-sampling from the subject 
image domain. It’s also recommended to consider multiple 
locations having the same rock type to increase the statistical 
confidence in the obtained results.  

 
Fig. 12. An illustration of the variability of physical medium 
properties with domain size. At the REV, the variability of 
the property is minimal across the entire domain (After 
Wang [75]). 

 
resolution methods of imaging can also help obtain more 
robust results, for example, QEMSCAM and SEM-EDS 
images can be registered to the 3D tomogram for better 
segmentation and image analysis [76]. Lastly, the results 
from multi-phase fluid simulation should be compared with 
experimental results to validate and adjust common 
simulation parameters (i.e. wettability, contact angle, fluids 
viscosities, etc.). 
 

A workflow is presented in Figure 13 to summarize 
all the steps mentioned in this section which is commonly 
applied to process large volumes of core extracted. The 
workflow aims to exploit the X-ray scanner as much as 
possible to cover the dominant rock types seen often in 
reservoirs. This is meant for the routine core analysis 
programs and of course, the workflow can be adjusted to meet 
other analysis objectives. 

While the timeline of the coring program often 
depends on the objective of the study and the level of detail 
required, the proposed process generally involves longer 
scanning time but occludes much of the testing time required 
for sample screening through laboratory experiments, 
especially core plugs. SCAL core plug sample screening 
often involves NMR T2 response measurement, brine 
permeability, air porosity, and permeability. This workflow 
has the potential to screen out many of the non-representative 
samples often set on the extreme ends of reservoir 
heterogeneities and its potential to proceed with SCAL 
testing. The process also can potentially yield significant cost 
savings as many core plug samples are omitted from 
laboratory testing.   

Rock Type A 

Rock Type B 

Rock Type D 

Rock Type C 

Rock Type E 
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Fig. 13. A proposed workflow for the effective utilization of 
multi-scale X-ray resources for bulk coring analysis.  

5. Summary 

Coring operations and core analysis programs need ample 
budget and planning to fully reach their objective of 
formation evaluation.  Although core analysis might seem 
like a minor operation, the reality is that it requires higher 
cost, time, and expertise to reach an accurate analysis. Thus, 
it's significantly important to plan for testing and utilize 
resources effectively, including X-ray imaging techniques. In 
this paper, we reviewed commonly available imaging 
techniques, theories, applications, and limitations. We also 
discussed how such imaging techniques can help with the 
success of core analysis programs. Finally, we proposed a 
comprehensive workflow to fully utilize X-ray imaging 
resources for reservoir description and characterization. This 
workflow tries to address geological and petrophysical 
observations from different scales separately, as having a link 
between the different scales requires either super-resolving or 
upscaling techniques. Thus, while having a continuum 
reservoir model for describing reservoir and rock typing at 
the micro- or millimeter scale seems a bit difficult with 
current technological and computational capabilities, it seems 
reasonable to invest more efforts in studying strategies for 
upscaling rock types for better geological modeling and 
reservoir description.   
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