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ABSTRACT

Knowledge of the three-dimensional distribution of minerals in a rock sample is of fundamental
importance to deciphering a sample’s properties and history. Attenuation-contrast X-ray computed
tomography (X-ray CT) is widely used in the geosciences to determine the three-dimensional dis-
tributions of minerals or pores, or both. Photon counting CT (PC-CT) uses a novel energy-resolved
X-ray detector that allows X-rays with a continuous energy spectrum to be detected separately within
arbitrary energy ranges. Here we report the first results of applying laboratory-build PC-CT combined
with multi-pixel photon counter (MPPC) to common minerals such as quartz and calcite. In the low-
energy range, PC-CT produced higher contrast images than single-energy X-ray CT. Minerals were
successfully identified from the relationships between the mean CT values for each energy window and
the mean difference between pairs of energy windows. These results suggest that PC-CT can produce
high-contrast images of minerals and may be able to distinguish mineral phases with different attenu-
ation curves, even when their CT values are similar. We obtained CT images of minerals in a natural
sedimentary rock sample, composed mainly of quartz and carbonate. Although the spatial resolution
of the detector in this study was insufficient for the sample, the main carbonate veins were clearly
visible as high carbonate-content areas in the PC-CT images. Given some prior knowledge of mineral
phases from other methods, it may be possible to use PC-CT imaging to obtain further information

about their chemical compositions.

Keywords: Photon counting X-ray computed tomography, non-destructive testing tools for rocks

INTRODUCTION

Attenuation-contrast X-ray computed tomography (X-ray
CT) allows us to observe the external and internal features of
objects by analyzing differences in X-ray transmission between
the different phases/materials composing the object. This tech-
nique has been widely used to determine three-dimensional dis-
tribution of minerals within the volumes of natural and artificial
geomaterials using both laboratory-based and synchrotron-based
X-ray sources (e.g., Ketcham 2005; Zandomeneghi et al. 2010;
Voltolini et al. 2011; Baker et al. 2012; Cnudde and Boone
2013; Marinoni et al. 2015; Parisatto et al. 2018; Hibiya et al.
2019; Pak et al. 2019; Selem et al. 2021; Giamas et al. 2022).
X-ray CT measures the linear attenuation coefficients, which
are derived from differences in X-ray intensity before and after
transmission. The linear attenuation coefficient is the total at-
tenuation caused by the interaction of X-rays with a material,
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as the coefficient depends on the composition and density of the
material. Materials composed of low atomic number elements
have low linear attenuation values at the X-ray energies typically
used for X-ray CT imaging (>40 keV). Single-energy X-ray CT
imaging cannot easily observe the relationships among materi-
als with similar compositions and densities, often composed of
low atomic number elements (e.g., carbon, oxygen, and silicon).
Dual-energy X-ray CT (DE-CT) has become established in recent
years, especially in medicine (Mirzaei and Faghihi 2019; Schmidt
and Flohr 2020). DE-CT uses two different data sets obtained at
two energy levels (Odedra et al. 2022). The technique has also
been applied to the Earth sciences (Sellerer et al. 2019; Martini et
al. 2021; Hamm et al. 2022). However, DE-CT cannot adjust the
applied energies to the specific requirements of a given imaging
target in many cases, because the two tube voltages of the X-ray
source are mostly fixed. As an energy-integrating detector is used
for DE-CT, it is difficult to cut off or utilize X-rays in arbitrary
energy regions. Attenuation coefficient changes in typical silicate
rocks are enhanced in the low-energy range (e.g., 4060 keV for
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FIGURE 1. The laboratory-built photon counting computed
tomography (PC-CT) system. (a) Top view. (b) Side view. (Color online.)

a sample of roughly a centimeter scale as in this study) compared
to that in the high-energy range above ~80 keV. Thus, the use of
an arbitrary X-ray energy band for X-ray CT imaging is crucial
to investigate the spatial material distribution of low atomic
number elements in rock samples, which is difficult for single
energy-CT or for DE-CT.

Phase-contrast X-ray imaging that utilizes contrast changes
caused by X-ray phase shift and refraction when X-rays pass
through material (e.g., Davis et al. 1995; Momose 1995; Momose
et al. 1996) is another powerful technique to better define the
spatial distribution of constituents in geological materials, even
in phases with weak absorption (Zandomeneghi et al. 2010;
Moore et al. 2022).

Photon counting CT (PC-CT) uses a new technology based on
an energy-resolved X-ray detector, which allows X-rays with a
continuous energy spectrum to be detected separately in arbitrary
energy regions (Willemink et al. 2018). Energy thresholds can
be set to exclude noise (thus improving image quality) and to
include any energy band within the total energy band available.
The application of PC-CT to geomaterials is expected to remark-
ably improve discrimination of mineral phases in these samples.
Sittner et al. (2021) was the first to apply a CT scanner equipped
with a photon-counting line sensor, which is a cadmium telluride
(CdTe) X-ray detector, to geologic materials containing heavy
elements. They identified grains that may contain Au from the
energy spectra. It is emphasized that this method was applied
to material containing heavy elements with K-edge energies
between 20 and 160 keV.

An innovative PC-CT that combines a multi-pixel photon
counter (MPPC) with an extremely large signal gain (~10°) and
a very fast temporal response combined with a fast scintillator
has been developed in our laboratory (Arimoto et al. 2018, 2023).
This PC-CT system has already been applied to liquid or soft
samples such as contrast agents and living organisms. Morita et
al. (2017) used PC-CT images obtained only from low-energy
signals to clearly distinguish between water and alcohol. The
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application of PC-CT has attracted attention as a clinical CT.
Kiji et al. (2020), Sagisaka et al. (2023), and Sato et al. (2023)
identified contrast agent phantoms and contrast agent material
in mice. This paper examines and evaluates the feasibility of
analyzing rock samples without materials with heavy elements
using a laboratory-built PC-CT setup, expanding the application
of the technique to diverse geomaterials.

SAMPLE PREPARATION AND EXPERIMENTAL METHODS

Sample preparation

We examined quartz (SiO,, 2.5 g/cm?) and calcite (CaCOs, 2.71 g/cm?), which
are common minerals that often appear whitish in color on weathered surfaces and
are sometimes difficult to distinguish with the naked eye.

Samples were prepared from single crystals of each mineral. Cylinders of 7.6 mm
diameter were cored using a drill core to maintain a constant transmission of X-rays
as the samples were rotated during CT analysis. The core size used here (~8 mm)
was determined through preliminary experiments to suppress beam-hardening
artifacts in the CT images; the results of our previous preliminary experiments
show that the CT images of rocks with a thickness of ~50 mm or more exhibit a
severe beam-hardening artifact. Rocks with a thickness of 10 mm or less showed
no significant beam-hardening artifacts when using X-ray photon energies above
40 keV. Therefore, we utilized X-ray photon energies above 40 keV, and no cor-
rection for beam-hardening artifacts was performed in this study. The quartz was
drilled perpendicular to the C-axis, and the calcite was drilled perpendicular to
a cleavage plane.

Experimental conditions

X-rays were generated using an industrial X-ray tube (RXG-2059, R-TEC Co.
Ltd.) with a maximum tube voltage and current of 150 kV and 0.5 mA, respectively.
The generated X-rays passed through the object to be imaged and were detected
using a 64-channel ceramic scintillator array (yttrium-gadolinium-aluminum-
gallium garnet) with a voxel size of 1 x 1 x 1 mm?® coupled to a 64-channel multi-
pixel photon counter (MPPC) array with a pixel size of (1 x 1) mm? (Hamamatsu
Photonics) (Figs. 1a and 1b). Current signals from the MPPCs were processed
using a newly developed 64-channel large-scale integrated circuit (LSI) (Arimoto
etal. 2023). The chip’s gain correction capability could compensate for the MPPC
response, and its digital-to-analog converters could set precise threshold voltages
(i.e., energies) to compensate for intrinsic variation due to the LSI production
process. The energy resolution was estimated to be 40.5% full-width at half
maximum based on Gaussian fitting of the measured **' Am spectra of each chan-
nel at 59.5 keV. The maximum countable count rate of 1/(250 ns), ~4 MHz, was
estimated from the relation between the photon counting rate above 23 keV and
the tube current, and the dead time obtained by fitting with the non-extended dead
time model (Arimoto et al. 2023). As shown in Figure 1a, the detector is always
positioned along the central axis of the X-ray beam, and this system’s geometry can
be considered as a parallel beam. Therefore, a filtered back projection (FBP) was
used for image reconstruction. The collimator was used to prevent scattering of the
X-ray photons. The spatial resolution was 0.25 x 0.25 x 0.8 mm; the x- and y-axis
spatial resolution of 0.25 mm, which is much smaller than the detector pixel size
of 1 mm, is determined by the fact of translating the detector perpendicular to the
direction of the incident X-ray beam using a 0.25-mm increment. The z-axis spatial
resolution is determined by the magnification effect: the X-ray beam diverges as
a cone from the source to irradiate the target object and reaches the detector. The
magnification factor is calculated to be 0.8 by considering the geometric positions
of the source, target object and the detector. The experimental conditions were as
follows: X-ray source at 120 kV and 0.1 mA, 1.5 mm aluminum filter, 400 ms
exposure time, and six measured energy bands of 40-50, 50-60, 60-70, 70-85,
85-95, and >95 keV. Note that a 1.5 mm aluminum filter was applied to decrease
the X-ray flux in the low-energy range (<50 keV) and mitigate the pulse pile-up
effect in a single pixel. Table 1 shows the analytical conditions for this experiment.
Kiji et al. (2020) reported details of the analysis procedure.

RESULTS

CT values vs. energy

The experimental results on virtual sections at different ener-
gies in Figures 2 and 3 were reconstructed from CT values. CT
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FIGURE 2. CT images acquired using the full energy range of 40-120 keV (a), and six different energy windows (b—g). Sample setup is also
shown (h). The image from using the full energy range is a pseudo-single-energy CT image. Increasing brightness indicates increasing CT values, as
quantified by the grayscale bar on the right of d. HU = CT value with the Hounsfield unit. The ratio of the CT values of calcite and quartz (CT./CT,)
for each image is shown below each one (a—g). In each panel, the upper small circle is calcite, the lower small circle is quartz, and the large circle is

water. (Color online.)

values expressed as the Hounsfield unit (C7) were obtained from
linear attenuation coefficients of the samples normalized by that
of water in each analysis, thereby eliminating the influence of the
analytical conditions., and were normalized following Equation 1.
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FIGURE 3. Relationship between photon energy and CT value. Red
and blue open circles are CT values for quartz and calcite, respectively,
measured using the six energy windows shaded orange (40-50 keV),
yellow (50-60 keV), light green (60-70 keV), green (70-85 keV),
light blue (85-95 keV), and light purple (95-120 keV). HU = CT value
with the Hounsfield unit. Red and blue solid lines are theoretical CT
values for quartz and calcite, respectively, derived using ideal linear
attenuation coefficients from the NIST database (https://physics.nist.gov/
PhysRefData/Xcom/html/xcom1.html). Light orange and light blue
bands show the CT values for quartz and calcite, respectively, from
pseudo-single-energy CT (using the 40120 keV range). See the text
for details. (Color online.)

CT = 1000(1 — )/, (M

where p is the linear attenuation coefficient of the sample, and
L, is that of water. The CT value of water is thus 0, and that of
air is —1000.

The linear attenuation coefficient is the product of the mass
attenuation coefficient (1') and density (p):

w=pp. @)

Therefore, the density of a known mineral can be verified
independently using the measured CT values. This could be
useful for confirming the identity of the mineral. Density es-
timation from PC-CT values is a powerful tool for estimating
the concentrations of target elements in solution (Kiji et al.
2020). For solid samples of known composition, properties
such as porosity can be estimated from the density obtained
using PC-CT.

Figure 2 shows CT images obtained using six different energy
windows. The low-energy regions feature higher measured CT
values than the high-energy ones (Fig. 3), as evidenced by the trend
of the images darkening as the X-ray photon energy increased.
This indicates that the six different images reflect the relationship
between X-ray energy and attenuation. The measured CT values
were almost consistent with the theoretical ones derived from
Equation 1 using the ideal linear attenuation coefficients from the
NIST database (https://physics.nist.gov/PhysRefData/Xcom/html/
xcom1.html). However the measured CT values slightly deviate
from the theoretical values, probably because the beam harden-
ing effect is more pronounced at the lower energies with a broad
energy window of approximately 10 keV or more.
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FIGURE 4. Relationship between mean CT values (Mean CT) and
the mean of the differences between CT values obtained using different
pairs of energy windows (Mean Diff) (a), and two energy regions (40-75
and 40-60 keV) (b). HU = CT value with the Hounsfield unit. Blue dots
are all the pixels in the CT image. Red open circles in a are ideal values
for calcite and quartz. The orange area in a is the mixture of water (CT
value around 0) and air (CT value around —1000). Red and blue areas
in a represent the CT ranges of quartz and calcite, respectively, at the
spatial resolution of this study (i.e., the deviations from the main cluster
represent a mixture of each material and the surrounding material such
as air). Data (b) obtained from the broader energy range (40-75 keV)
are essentially identical to DE-CT results obtained from the same energy
range (“pseudo- DE-CT” in the text). (Color online.)

DISCUSSION

Single-energy X-ray CT vs. PC-CT imaging

Images and data from the lowest-energy window (40-50 keV)
were compared with images and data obtained in the full energy
range (40—120 keV), which corresponds approximately to single-
energy X-ray CT results (and is thus referred to here as pseudo-
single-energy CT; Fig. 2). The ratios of the CT values of calcite
to quartz (CT,,/CT,,) at different energies are shown in Figure 2.
These values show that the ratio of CT,,/CT,, becomes higher
at lower energy. Similarly, Figure 3 shows that the differences
between the CT values (theoretical and measured) for quartz and
calcite are greatest at low energy.

Figures 2 and 3 suggest that using the low-energy window
gives a larger ratio of the two CT values (i.e., the contrast is
higher) than when using pseudo-single-energy X-ray CT. There-
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fore, data obtained using a low-energy window can be used to
clearly identify mineral phases.

Mineral distribution mapping

This section discusses the potential of PC-CT to identify and
display the spatial distribution of a particular mineral. Single-
energy X-ray CT and DE-CT have also successfully identified
several minerals (Arif et al. 2021; Martini et al. 2021) using only
information obtained from the whole energy range or two energy
windows. In comparison, the use of multiple energy windows in
PC-CT may provide more information on each mineral. Kiji et al.
(2020) showed that PC-CT can estimate the concentrations in solu-
tion of contrast agents such as iodine and gadolinium. However,
many minerals such as quartz and calcite do not have K-edges
in the X-ray energy range used by PC-CT (about 30-120 keV).
Therefore, this study referred to the approach of Alessio and
MacDonald (2013) for characterizing materials that do not have
K-edges in the observed X-ray energy range. Phases are classified
using the relationships between the mean of the CT values for each
energy window (Mean CT; Eq. 3) and the mean of the difference in
CT values between any two energy windows (Mean Diff; Eq. 4):

£
Mean CT = % o
E E
CT, -CT,
Mean Diff = Zez:ozdzl( o ») “
E(E-1)/2

where C7T, is the CT value of each energy window, CT,, — CT, is
the difference between the CT values of energy windows el and
€2, and E is the number of energy windows (£ = 6 for this study).
As Mean CT is the average of the CT values for each energy
window, its value depends on the density and linear attenuation
coefficient, and it is larger for denser and heavier components. As
Mean Diff is the average difference of the CT values for any two
energy windows, a larger value indicates a steeper slope of the
attenuation curve. Therefore, this value depends on the change in
energy of the linear attenuation coefficient, which is determined
by the attenuation curve. In general, materials containing heavier
constituents have a steeper attenuation curve, which results in
larger average differences.

Figure 4 shows the relationships between the mean differ-
ence and the mean CT values for all pixels obtained from PC-CT
images of calcite and quartz cylinders. The data form four clusters
in three regions (blue, orange, and pink). The clusters with high
Mean Diff and high Mean CT are consistent with the theoretical
values for quartz and calcite at each energy range (red circles).
Both the Mean CT and Mean Diff data can vary, even for homo-
geneous materials, probably due to counting statistics and the fact
that CT reconstruction algorithm inherently amplifies statistical
noise and other systematic uncertainties. The variation of the data
points in three shaded regions were interpreted as representing
a mixture of each mineral and air.

The MPPC-CT data for each pixel were then used for iden-
tification of the minerals in each pixel. In Figure 4, we selected
an area containing pixels representing the same type of mineral.
Only pixels representing the same type of mineral are displayed
in Figure 5. Here, the identification of minerals requires the fol-
lowing assumptions: candidates for the main constituent minerals
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in the target sample are given as preliminary information (i.e.,
quartz or calcite in this figure), and each pixel represents only one
mineral. Given data deviations, values with a deviation within
~200 HU from the median Mean CT and Mean Diff values in
Figure 4 are assumed to be from the same mineral.

Comparison of energy information between DE-CT and
PC-CT

We compare energy information between PC-CT using six
energy bands and pseudo-DE-CT using two energy windows
(40-60 and 40-75 ke V). We mimic the DE-CT system by using
two energy bands with our PC-CT system for comparing dif-
ferent systems with the same X-ray source. Figure 4 shows the
relationship between Mean CT and Mean Diff for data obtained
from the two pseudo-DE-CT energy regions compared to data
from the six energy bands. It should be emphasized that the
mean difference (the y axis in Fig. 4) is significantly wider for
PC-CT than for pseudo-DE-CT. The plotted mean difference in
CT values for each energy window indicates differences in the
slope of the attenuation curve of each material, with a larger slope
correlating with a larger mean difference. The mean CT values
for quartz and calcite are different enough to identify each phase

a: CT image b: Calcite c: Quarz
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FIGURE 5. Semi-automatic identification of calcite (blue, middle) (b)
and quartz (red, right) (¢) from a representative CT image in the 40-120 keV
window (a) by using the mean CT — mean difference plane shown in
Figure 4. (Color online.)
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FIGURE 6. Samples of sandstone (right) and two orthoquartzite (left
and middle) cores with carbonate veins (white millimeter-scale veins).
(Color online.)
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without using the Mean Diff values. However, if two materials
with similar CT values have different attenuation curves (e.g.,
high atomic number material with a low density and low atomic
number material with a high density), the PC-CT has a great po-
tential to identify minerals with similar CT values. Furthermore,
the advantage of PC-CT stands out when identifying more than
three phases in the same sample.

Example application of MPPC-CT to natural rock samples

Samples of sandstone and orthoquartzite from the Tetori
Group, Ishikawa Prefecture, Japan, were treated as unknown
samples. Their main constituent minerals were known to be
mainly quartz grains cemented with carbonate minerals and cut
by white veins dominated by carbonate (Kim et al. 2007) (Fig.
6; Online Materials' Figs. Al and A2).

Figure 7 shows CT images acquired using six different
energy windows. Theoretical CT values for quartz and calcite
were compared with the values measured for orthoquartzite and
carbonate-dominated veins (Fig. 8). The CT values measured
for quartz were close to the theoretical values, but the values
measured for the cement in the quartz-rich area and carbonate
veins were much lower than the theoretical values for calcite
(Fig. 8). The detector used here had a pixel size of ~1 mm. The
lower-than-ideal calcite values may have been due to the calcite
signals mixing with those from other minerals (mainly quartz) in
these samples. Thin sections were prepared from the samples and
observed using an optical microscope and a secondary electron
microscope at Kanazawa University (see Online Materials' Fig.
A2). Carbonate minerals were present in the carbonate veins
and in the matrix around the quartz. Carbonate veins were not
pure carbonate but contained many small SiO, phases. As most
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a: 40-50 keV b: 50-60 keV
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FIGURE 7. CT images of sedimentary rocks (small circles) and water
(large circle) acquired using six different energy windows (a—f). The
grayscale bar on the right of ¢ indicates the CT value. The distributions
of quartz (red) (g) and carbonate (blue) (h) obtained using the same
method as in Figure 5 are also shown. (Color online.)
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TABLE 1. Experimental setup for photon counting-CT imaging
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Sample

Sample A (minerals)

Sample B (Tetori Formation)

X-axis movement step/total amount (mm) 0.25/50
CT rotation angle step/total amount (°) 1.125/180
Number of projections 160
Exposure time for each projection (ms) 400
Tube voltage/current (kV/mA) 120/0.1

Energy threshold (keV)

40-50, 50-60, 60-70, 70-85, 85-95, and >95 keV

0.25/60
0.9375/180
192
700
120/0.2
40-50, 50-60, 60-70, 70-85, 85-95, and >95 keV

3 Theoretical value
%

[ — :Quartz : Dolomite — : Calcite

25 14 Full range

8000

— :Magnesite — : Siderite

Measured value
7000
O Orthoguartzite O Carbonate vein

3
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FIGURE 8. Relationship between photon energy and CT value.
HU = CT value with the Hounsfield unit. Red and blue open circles
are CT values for the matrix and the white millimeter-scale carbonate
vein of one quartzite sample, respectively, measured using six energy
windows shown as orange (40-50 keV), yellow (50-60 keV), light
green (60-70 keV), green (70-85 keV), light blue (85-95 keV), and
light purple (95-120 keV). Red, purple, blue, yellow, and green solid
lines are theoretical CT values for quartz (Si0,), siderite (FeCO,),
calcite (CaCOs;), dolomite [CaMg(CO;),] and magnesite (MgCOs),
respectively. (Color online.)

calcite grains in both the veins and matrix were <1 mm in size,
the measured value was most likely composed of mixed signals
from quartz and carbonate.

It is interesting that the measured values for carbonate veins
appear to deviate systematically from the ideal calcite values
(Fig. 8). The major component of the carbonate minerals de-
termined using scanning electron microscope equipped with
energy-dispersive X-ray spectrometry (SEM-EDS) in these
samples is dolomite with FeCOj;, rather than calcite (see Online
Materials' Table A1 and text). In fact, the CT values measured for
carbonate veins in the samples were close to the ideal CT value
for dolomite (Fig. 8). This is consistent with previous studies of
sedimentary rocks of the Tetori Formation (e.g., Kim et al. 2007).
The systematic deviation from the ideal mixing of quartz and
calcite (dashed line in Fig. 9) was likely caused by differences
in the chemical composition of the carbonate.

Although these factors prevented pure calcite values from
being obtained, plotting only the region of interests (ROI) in-
dicated by a yellow circle of radius of 600 HU (dimensionless
CT value using Hounsfield units) centered on the mean value of
Mean CT and Mean Diff values for the carbonate vein in Figure
9 can clearly visualize the main calcite vein as a high-carbonate
area in the PC-CT sections (Fig. 7).
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FIGURE 9. Relationship between mean CT values (Mean CT) and
the mean of differences in CT values (Mean Diff). HU = CT value with
the Hounsfield unit. Blue dots represent all pixels in the CT image. Blue
open circles are ideal values for carbonate minerals (calcite, dolomite,
magnesite, and siderite) and quartz. The orange area represents the CT
ranges for mixtures of quartz and carbonate minerals. Yellow circle is the
region of interests (ROI) indicated by a radius of 600 HU (dimension-
less CT value with the Hounsfield unit) centered on the mean value of
Mean CT and Mean Diff values for the carbonate vein. (Color online.)

IMPLICATIONS

This paper reports a laboratory-built PC-CT system and the
first application of PC-CT for the non-destructive observation
of quartz and calcite. Measured CT values for these minerals
agreed well with theoretical values. Our results suggest that
PC-CT has the potential to distinguish mineral phases with
different attenuation curves, even for minerals with similar CT
values. In addition, information on chemical composition can be
obtained using PC-CT if the target mineral can be estimated by
other methods. Applying a powerful X-ray source and detector
with improved pixel size may make PC-CT more useful than
single-energy X-ray CT and DE-CT methods for identifying the
distributions of minerals in rock samples.
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