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ABSTRACT 

To better model the storage and flow of gas and light hydrocarbons in shales, it is necessary 

to quantify the structural distributions of organic and inorganic components and fractures 

in shales over a large range of length scales. The combination of neutron and X-ray 

tomography provides these distributions on the core scale, in contrast to most current 

µm-scale SEM studies. We present a new conjoint X-ray and neutron computed 

tomography (CT) for 3D shale-core characterization. Neutrons are attenuated significantly 

by hydrogen compared with most other elements. Therefore, the hydrogen-rich areas, 

i.e., organic matter can be easily distinguished from fractures and inorganic, 

hydrogen-poor matter.  On the other hand, X-rays are attenuated more when the atomic 

number Z of the element is larger and can be used to identify high-Z elements such as 

minerals. Therefore, combining X-ray and neutron tomography can provide much more 

comprehensive information of shale.  The combination of neutron and X-ray tomography 

allows one to identify different minerals, fractures, and organic matter for improved and 

more realistic representation of the rock 3D structure.  

INTRODUCTION 

Natural gas production worldwide from shale reservoirs has played an important 

role for the global energy supplies [1]. Despite its success, many fundamental 

issues in the gas storage and gas transport are not clearly addressed. It has been 

reported that most natural gases in shale rocks are stored in kerogens that contain 

pores with the characteristic length scale between 1 to 100 nm.  
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Traditional 2D Scanning Electron Microscopy (SEM) and 3D Focused Ion 

Beam-SEM (FIB-SEM) have successfully revealed the structures of shale rocks at 

very small length scales comparable to the pores. However, it is also critically 

important to identify the kerogen distribution at the core scale so that a more 

statistically representative characterisation of the sample can be constructed to 

understand the gas flow. 

Both neutron and X-ray tomography techniques are widely used to probe a wide 

range of materials. They are very useful to investigate shale rocks at the core scale. 

The X-ray tomography technique is more sensitive to the heavy elements with 

large atomic number Z because X-rays interact with the electron cloud of the 

elements. Thus, X-ray imaging can easily probe minerals in rocks. Unlike X-rays, 

there is little correlation of neutron cross sections with atomic number. 

In particular, neutrons are very sensitive to hydrogen rich materials. Water and 

organic matter in shale rocks, such as kerogen, bitumen, and heavier immobile 

hydrocarbons can strongly attenuate neutrons. Thus, neutron imaging is very 

useful to probe the distribution of hydrogen rich materials. Since the sensitivity for 

X-rays and neutrons to different elements are very distinct, studying the same rock 

with both X-ray and neutron imaging techniques can provide more useful 

information that may not be clearly understood by using only one of them [2]. 

Dual, sequential neutron and X-ray tomography (i.e., different facilities) has been 

successfully applied to many other materials such as fuel cells [3] - [4], 

batteries [5], and cultural heritage objects [6] - [7]. 

In this study, we illustrate the use of dual X-ray and neutron tomography to study 

shales at the core scale. The distributions of minerals, organic matter, and fractures 

are successfully identified in a Middle East shale. 

ATTENUATION OF X-RAY AND NEUTRON 

X-ray tomography and neutron tomography are both non-invasive methods and 

have similar principles. The beam intensity after passing through a sample can be 

expressed as 

𝐼𝑡(𝑙) = 𝐼0 𝑒− ∫ 𝜇(𝑥)𝑑𝑥𝑙      (1) 

l denotes the transmission path and x is a three-dimensional position vector. 

The attenuation coefficient, 𝜇, is related to the attenuation cross sections through: 

𝜇 = ∑ 𝜎𝑡,𝑖 𝑁𝑖i        (2) 

where 𝜎𝑡,𝑖 is the total attenuation cross section for X-ray or neutron, and 𝑁𝑖 is the 

number density of type i atom. 
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Table 1 lists the attenuation coefficient, µ, for several common elements found in 

shales for X-ray and neutron at relevant conditions. Attenuation coefficients for 

neutrons and X-rays are calculated by using Neutron Activation and Scattering 

Calculator provided by National Institute of Standards and Technology (NIST) 

Center for Neutron Research (NCNR) [8] and X-Ray Form Factor, Attenuation, 

and Scattering Tables provided by NIST Physical Measurement Laboratory [9], 

respectively.  Clearly, hydrogen containing materials have larger attenuation 

coefficients for neutrons. 

 

 

In X-ray imaging, µ of organic matter is small compared with the minerals but 

close to the empty space, i.e., the fractures. It is hard to distinguish between 

kerogen and fracture using only X-ray data. In contrast, kerogen and any 

components with a large amount of hydrogens have large µ for neutrons compared 

to hydrogen-poor minerals: in neutron imaging, µ is 6.97 cm-1 for kerogen while µ is 

only 2.07 cm-1 to 2.32 cm-1 for clay minerals and below 0.7 cm-1 for most of the other shale 

forming minerals. Thus, kerogen can be easily distinguished from minerals and open 

fractures using neutron data.  In X-ray imaging, µ for kerogen is about half of µ for quartz 

and some major clays. Overall, the neutron attenuation coefficient provides higher contrast 

for organic matter than does the X-ray attenuation coefficient. 

Table 1. The attenuation coefficient for X-ray and neutron for typical constituents in shales.  

Component 
µ for X-ray 

99.2 keVa (cm-1) 

µ for neutron 

1.8 Åb (cm-1) 

Kerogenc  (C100H161N1.85S0.7O9.2) 0.22 6.97 

Quartz  (SiO2) 0.45 0.29 

Pyrite  (FeS2) 1.41 0.44 

Siderite  (FeCO3) 1.03 0.67 

Calcite  (CaCO3) 0.53 0.35 

Dolomite  (CaMg(CO3)2) 0.51 0.41 

Anhydrite   (CaSO4) 0.58 0.29 

Celestine  (SrSO4) 1.95 0.34 

Kaolinite  (Al2Si2O5(OH)4) 0.45 2.32 

Chlorite  (Mg5Al2Si3O10(OH)8) 0.42 2.07 

Daphnite  (Fe5Al2Si3O10(OH)8) 0.82 2.30 

H2O 0.17 5.65 

C6H14 0.11 5.39 

a 99.2 keV is the mean incident energy of X-ray to the sample and attenuation coefficient for X-ray is 

obtained from the X-Ray Form Factor, Attenuation, and Scattering Tables [9].  
b The neutrons used in this study are thermal neutrons with a distribution of wavelength centered around 

1.8 Å. The attenuation coefficient for neutron is obtained from Neutron Activation and Scattering 

Calculator [8].   c Kerogen formula obtained from literature [23] and the density used is 1.3 g/cm3. 
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CORE PLUG SAMPLE 

An organic-rich and carbonate-rich source rock sample from Middle East shale 

was used for this study. The sample was 25 mm in diameter and approximately 

19 mm in length. The surfaces on the two ends of the sample are in their original 

state without being trimmed. Thus, they have rough surface and are not flat.  

NEUTRON TOMOGRAPHY 

Neutron tomography was conducted at the NCNR at the BT2 neutron imaging 

facility. This instrument offers a high thermal neutron flux for radiography. Full 

details of the instrument and applied neutron data reconstruction technique can be 

found in the following manuscript [10].  

Detector resolution was set to 30 µm to keep the sample in the field-of-view at all 

projection angles. The scan took approximately 18 hours to complete. Volumes 

were reconstructed from the projection images using the commercial CT software 

package Octopus 1 using the parallel beam Filtered Backprojection algorithm and 

visualized with the open-source Drishti Volume Exploration Tool [11]. 

HELICAL X-RAY TOMOGRAPHY 

Collecting and Processing Helical X-Ray CT Scan Data. The raw X-ray 

projection data was collected at the Aramco Research Center in Houston using a 

North Star Imaging X5000 Industrial CT Scanner.  The helical cone-beam CT scan 

was performed using a voltage of 160 keV and a current of 120 µA. 

The Source-Isocenter Distance (SID) and the Source-Detector Distance (SDD) 

were 92.2 mm and 999 mm, respectively; 720 projections per revolution were 

taken over 7 revolutions with a helical pitch of 10 mm.  For the purposes of noise 

reduction, 8 frames were averaged per radiograph. The magnification factor of 

10.8 allowed us to achieve a voxel dimension of (20x20x20) µm3. 

After the scan, the raw projection CT data was transferred to a stand-alone 

GPU-enabled laptop computer to perform raw CT data processing and helical 

image reconstruction using the iTomography commercial software package 

KFBP 
1 [12] - [13].  Prior to the execution of 3D CT image reconstruction, we 

applied two utilities of the KFBP package performing detection and correction of 

bad pixels as well as accurately determining the central ray position. 

                                                 
1 Certain trade names and company products are mentioned in the text or identified in an illustration in order 

to adequately specify the experimental procedure and equipment used.  In no case does such identification 

imply recommendation or endorsement by the National Institute of Standards and Technology, 

iTomography Corporation, or Aramco Services Company, nor does it imply that the products are necessarily 

the best available for the purpose. 
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Helical X-Ray CT Image Reconstruction.  The volume was reconstructed from 

the projection images using the theoretically exact Katsevich Filtered 

Backprojection (KFBP) helical reconstruction algorithm [12 - 13].  The algorithm 

was originally developed for medical CT imaging using a helical X-ray source scan 

trajectory. It has been shown that the KFBP algorithm can be employed 

advantageously in rock core imaging in typical micro-CT setups [13] - [15]. 

The KFBP algorithm provides theoretically exact reconstruction at any cone angle 

without cone-beam artifacts, which allows for significant improvement in scan 

throughput compared to step-and-shoot scanning.  The results of X-ray 3D CT 

image reconstruction for the core plug under study are presented in Figures 2a, 3a, 

4a, and 5a. 

RESULTS 

Contrast in acquired X-ray CT images depends on the energy of the X-ray. The mean X-ray 

energy from X-ray tube is 74.2 keV, 99.2 keV, and 123.0 keV for voltage setting of 110 kV, 

160 kV, and 230 kV, respectively, calculated by using SpekCalc [16]. The X-ray energy 

spectrum is further modified by the sample under study. Fig. 1 shows the calculated X-ray 

energy spectra after traversing a 1 cm aluminum sample for three different voltages [17]. 

 

 

 

 

 

Fig 1. Normalized detector X-ray spectra for 

110 keV, 160 keV, and 210 keV energy tube 

settings after passing through a 1 cm-thick 

aluminum sample phantom calculated by 

SpekCalc.  

Fig. 2 shows representative vertical slice from the X-ray (a) and neutron (b) tomography 

on the Middle East shale. In both images, the brighter areas indicate regions with larger 

attenuation, while the darker areas correspond to regions with less attenuation. 

For X-rays, the cross section of an element is proportional to its atomic number Z 

and the brighter areas indicate the regions containing more high-Z elements such 

as heavy minerals.  For neutrons, the hydrogen-rich areas are brighter because 

hydrogen has a larger cross-section and attenuates neutron intensity more 

significantly. 
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In Fig. 2, the regions outlined by the yellow ovals are bright in the X-ray image but 

dark in the neutron image and, therefore, are occupied by minerals including 

high-Z or high-density elements. 

In contrast, the regions outlined by the blue rectangles are dark on the X-ray image 

but bright in neutron image and are likely organic matter. The organic matter in 

this sample forms continuous layered structures at the top, in the middle, and at the 

bottom of the sample. This is especially easy to see from the bright bands in the 

neutron image. 

 

Fig. 2. Representative vertical slice from X-ray (a) and neutron (b) tomography. Blue rectangles label regions 

of organic matter with lower attenuation in X-ray image but larger attenuation in neutron image. 

Yellow ovals label regions of high-Z minerals with higher attunation in X-ray but smaller atenuation in 

neutron image.  Note that organic matter forms continuous layers in the sample. 

Fig. 3 shows representative horizontal slice from X-ray (a) and neutron (b) 

tomography. As in Fig. 2, the blue rectangles mark regions including organic 

matter. It is worthwhile to point out that the black, linear feature in the X-ray image 

marked by the red rectangle can be easily mistaken for an open fracture if only the 

X-ray tomography is available.  However, it is actually filled with organic matter, 

as revealed by neutron image; the same feature exhibits a larger attenuation 

coefficient than the matrix and is hydrogen rich. Also, as in Fig. 2, in Fig. 3, the 

yellow ovals mark regions with higher X-ray attenuation coefficients but smaller 

neutron attenuation coefficients. Considering the attenuation coefficient listed in 

Table 1, it is likely the yellow ovals highlight regions including pyrite, while the 

green ovals mark region with anhydrite. 

Fig. 4 shows horizontal slices from X-ray (a) and neutron (b) tomography which 

include a large area of continuous organic matter and a relatively homogenous 

matrix. These slices clearly demonstrate the opposite contrast between X-ray and 
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neutron images and indicate that the neutron and X-ray images provide 

complementary information to each other on formation rocks. 

Fig. 5 shows the 3D reconstructed images of the sample for X-ray (a) and neutron 

(b and c) modes, respectively.  Fig. 5c displays only the high-attenuation regions 

and this gives the 3D distribution of organic matter in shale.  Fig. 5c shows that 

the organic matter forms clear layered structures in this sample with three layers: 

at the top, in the center, and at the bottom of the sample.  In addition some organic 

matter is distributed throughout the sample. 

 

Fig. 3. Representative horizontal slices from X-ray (a) and neutron (b) tomography. Rectangles mark regions 

of higher organic matter content with lower X-ray attenuation but larger neutron attenuation. 

The red rectangles mark an organic matter filled fracture.  Yellow ovals label regions of high-Z minerals 

likely pyrite and green ovals contain likely anhydrite.  

 

Fig. 4. Horizontal slice from X-ray (a) and neutron (b) tomography showing opposite contrast between these 

two imaging technologies.  
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Fig. 5. 3D volume renders of the shale sample for X-ray (a) and neutron (b) tomography, and 

distribution of organic matter (c). Distribution of hydrogen-rich components, i.e., organic matter, 

is identified from the high-attenuated (bright) regions in 3D neutron tomography reconstructions. 

DISCUSSION 

The distribution of different components within the shale rock is crucial for storage 

and transport of hydrocarbons in the shales. The Middle East shale in the current 

study is used as an example to demonstrate that dual X-ray and neutron 

tomography is a powerful tool to identify the distribution of minerals, kerogens, 

and fractures inside the shale rocks. Since the hydrogen-rich organic kerogens and 

fractures are both very transparent to X-rays, it is challenging for X-ray CT alone 

to unambiguously determine the kerogen distributions at the core scale. In contrast, 

neutrons are very sensitive to hydrogen and are useful to characterize the 

organic-rich shales. More comprehensive information of material composition and 

distributions in shale rocks can be obtained by combining X-ray and neutron 

image. 

It is worth mentioning that the structures imaged in this study are on the core scale, 

rather than in pore scale. Current simulation and modeling of hydrocarbons are 

mostly based on the rock structure determined at the pore scale constructed from 

SEM images [18] – [21]. There is about a 109 order of magnitude upscaling in 

length scale from pore scale to core scale. It is important to study the influence of 

the distribution of different components within the rocks by simulating and 

modeling the hydrocarbon flow at core scale and larger.  

Since the wettability can be very different for the minerals and organic matter, the 

structure and arrangement in space of these components can directly affect the 

storage and transport of the hydrocarbons within the shale rocks. The laminar 

nature of organic-rich mud stones observed in the Middle East shale can 

dramatically change the current view of hydrocarbon flow and the mechanical 

properties in the shale rocks. 
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The organic-rich layers in Fig. 5 span the entire 25 mm diameter plug sample and 

seem to extend further to the full diameter core, although denser sampling is 

required to confirm this. The layered structure of the organic matter observed in 

this study has two important implications: first, the organic-rich bands have very 

different mechanical properties from the matrix and thus become the weak 

interfaces for the sample to break. The two ends of this sample were broken at the 

layer interfaces during plugging which is consistent with the assertion that the 

interface between organic-rich layer and inorganic-rich layer is a mechanical weak 

point.  

The organic layers in this sample are largely parallel to the formation bedding and, 

thus, perpendicular to the direction of hydraulic fracturing in a horizontal well. 

Their influence on hydraulic fracturing, however, remains unclear. From a 

nano-indentation study [22], organic matter was suggested to increase the tensile 

strength and raise the required pressure for hydraulic fracture initiation.  However, 

the effects of these extensive organic-rich layers on hydraulic fracture require 

comprehensive study. Second, the organic matter layers can influence the flow of 

light hydrocarbons. If these layers are predominantly porous kerogen, they could 

form fast flow-paths for hydrocarbons. In contrast, if these layers are bitumen 

without pores, they would form barriers that would inhibit hydrocarbon flow.  

Further investigation is ongoing to delineate the properties of these organic matter 

layers. It can be argued that only the pore-networks among kerogens are important 

for light hydrocarbon flow in organic-rich shales. The neutron tomography may be 

the most sensitive approach to acquire the 3D distribution of kerogen in shale 

samples. 

CONCLUSIONS 

Neutron imaging is more sensitive to hydrogen and X-ray imaging is more 

sensitive to high-Z minerals. The two methods are complementary and can reveal 

a more comprehensive structure of shales. The theoretical attenuation coefficients 

of typical components in shales for neutron and for X-ray tomography are 

presented in this study. The combination of neutron and X-ray tomography allows 

one to identify different minerals, fractures, and organic matter with voxel size of 

about 30 µm and field of view about 2 cm. The example shown in this study 

demonstrates the advantage of the combined use of these two imaging 

technologies: improved and more realistic representation of the rock 3D structure. 

The core scale 3D distribution of organic matter and fractures in these rocks could 

be used to simulate and model the hydrocarbon flow in the future. The layered 

structure of organic matter found in the studied shale sample is surprising and may 

significantly change the current explanations of hydrocarbon flow and rock 

mechanics in the studied reservoir. 
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