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The stoichiometric calibration method for dual-energy computed tomography (DECT) can be used in geosciences to
characterise materials based on their effective atomic number (Z.4) and their electron density (p.) without previous
knowledge of the incident X-ray beam. A stoichiometrically calibrated DECT method was applied here to measure these
two properties on three different sedimentary rocks using three different X-ray CT instruments to determine which one is
best to reveal the chemical composition or the mineralogical variations at the meso-scale. The three tested instruments: (1)
a medical CT, (2) a custom-built micro-CT, and (3) a commercial micro-CT. Several acquisition settings were tested to
identify the most suitable parameters for the characterisation the samples. Some parameters such as incident energies,
resolution and calibration materials proved to have a significant impact on the accuracy of the characterisation. The
determination of a general measurement protocol for geological samples was found to be difficult because of several
complicating factors, including the nature of the sample, objectives of the study, and instrumental limitations that influence

DECT characterisation. Nonetheless, comparison of the results obtained by the three scanners brings out the key
parameters to be considered to perform a useful rock sample characterisation with DECT.
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X-ray Computed Tomography (CT) is an imaging fechnique
used to visualise the external and inner structure of a sample in a
non-destructive way. Even though it was originally developed for
medical purposes, its potential in other fields became rapidly
dlear (Kalender 201 1). The first non-medical application dates
back to 1974, when Fourie (1974) studied the cranial
morphology of an ancient fetrapod. Then, other research fields
like archaeology (Re et al 2015), biclogy (Mizutani and
Suzuki 2012), marine science (Boespflug et ol 1995) and
geology (Cnudde et al 2006, Cnudde and Boone 2013) also
utilised and benefited from CT scans. CT geological applications
cover many fopics, from the investigation of meteorites (Amold
etal 1983), the study of igneous rocks (Baker et al 2012), the
analysis of sedimentary facies succession (Van Daele
et al 2014), to the reconstruction of the |o0|cteoc|imc1fe 'rhrough
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varved lakes (Gagnon-Poiré et al 2021). CT scans have also
improved the pore structure characterisation (Dewankele
et al 2012, Blunt et al 2013), useful for petroleum research,
fluid flow experiments and for examining fractures in natural
building stones (Vinegar and Wellington 1987, Keller 1997,
Cnudde et al 2011). Depending on the purpose of the
research, the type of insfrument may change, especially with
respect to the required resolution and sample size; medical CT,
micro-CT, nano-CT or synchrotron based CT could be used, even
this research work will focus only on medical and lab-based
micro-CT instrumentation (Boespﬂug et al 1995, Akbari 2015,
Ni et al 2017, Zhao et al 2018).

Materials of different composition may have similar X-ray

aftenuation using standard acquisition approaches, hence
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impeding a straightforward discrimination from CT images.
Yet, advanced CT acquisiion procedures have been
developed further, eg, phase-contrast imaging (Kastner
etal 2015), spectro| (Godinho et al 2021), duo|—energy CT
(Alves et al 2015). Dual-energy CT (DECT) consists in
imaging an object using two distinct tube voltages, a low
and a high one, making use of the differential attenuation of
the incident beams to facilitate the characterisation of two
physical properties: the effective atomic number (Z.4 related
to chemical composition) and the electron density (oo,
generally proportional to the more common mass density).
The main benefit of this methodology is the combination of
non-destructive and three-dimensional materials character-
isation. Moreover, it is easy to accomplish and not requires
particular tools, as for example spectral CT. Here too, the
DECT method was first developed for medical purposes, but
geological  applications  quickly arose.  Van = Geet
et al (2000), adaopting the mathematical formula  of
Coenen (1994), quantified for the first time the
above-mentioned properties of reservoir rocks. Since then,
many authors have used and improved DECT techniques to
study geological materials (Duliu et al. 2003, Remeysen and
Swennen 2008, lovea et al 2009, Alves et al 2015,
Paziresh et al 2016). One of the most recent DECT
applications to Earth science is the work of Martini
et al (2021) and Martini et al (2024). They applied a
stoichiometric calibration method that previously had been
developed to differentiate  human fissues  (Bourque
et al 2014) on minerals and varved sediment cores,
respectively. Unlike the other DECT techniques, the stoichio-
metric calibration method has the significant advantage of
not requiring the knowledge of the incident X-ray spectrum.

The present work aims to test the DECT methodology of
Martini et al (2021) on three different scanners (a medical
CT, a custom-built micro-CT, and a commercial micro-CT) to
compare the devices and to defermine the best acquisition
seffings to characterise three rock samples of known
composition. The paper discusses the best possible analytical
procedure in the light of the wide range of settings tested
(e, sefs of calibration materials, multiple energies, different
levels of resolution) using the three different instruments.

Materials and method

Samples: mineralogical and chemical analysis

Three different rock samples were analysed in this study:
chalk from Dover, Eng|cmo|, haematitic oolite from Clinton,
NY, USA, and chert from Joplin, Missouri, USA (Figure 1).

Figure 1. Tested rock samples. Chalk (left), haematitic
oolite (centre) and chert (right). The arrows indicate
where test portions were extracted for destructive

analyses.

About 20 mg of material were taken for destructive X-ray
diffraction (XRD), inducﬁve|y coup|ed p|osmo-ofomic emis-
sion spectroscopy (ICP-AES) and carbon-hydrogen-nitrogen
(CHN) measurements.

For XRD analyses, samples were first powdered and
doped with corundum as per internal standard. Following
this, the analyses were carried out using a PANalytical X'Pert
Powder (Malvern PANalytical, Almelo, The Netherlands and
Malvern, UK) at 45 kV and 40 mA at the Université du
Québec & Rimouski. The XRD diffractograms were converted
to mass fractions by powdR (Butler and Hillier 2021) and
RockJock (Eberl 2003) software, quantifying the main
mineralogical components. The mass percentage of the
total minerals calculated was normalised to 100%.

For the ICP-AES analyses, the samples were finely ground
and subjected to alkaline fusion using lithium metaborate as
the flux, with a flux-to-sample ratio of approximately 1 g of
flux per 0.1 g of sample. They were analysed by an Agilent
5110 Dual View (Agilent Technologies, Mulgrave, Australia)
at the Insfitut national de la recherche scientifique, Québec
City. LKSD-2, LKSD-4, Buffalo and IAEA soil 7 were used for
the verification of the calibration. The element mass fraction
(mg kg™') is then converted to oxide percentages to represent

how they occur in minerals.

CHN was performed using a Flash 2000 elemental
0nct|yser (Thermo Scientificc, Waltham, USA) at the Institut
national de la recherche scientifique, Québec City, obtaining
the mass percentage of the three elements in relation to the

analysed samples’ mass (mg).
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CT-scanners

Three X-ray CT devices were used. The first was a
Somatom Definition AS+128 medical CT scanner (Siemens
healthcare GmbH, Erlangen, Germany) located at the Instiftut
national de la recherche scientifique, Centre Eau Terre
Environnement, Canada. The X-ray tube could be operated
between 70 kV and 140 kV at a current ranging between
20 mA and 800 mA, producing a fan beam. The instrument
was equipped with an aluminium bowtie filter, cimed at
reducing the dose for patients and cupping artefacts
(Bushberg 2012); this filter also allowed the bandwidth of
incident X-rays to be made smaller (Di Schiavi Trotta
et al 2022). The curved 64-row defector was from the
Stellarinfinity generation. The ADMIRE suite (statistical iterative
reconstruction method) was used to reconstruct 512 x 512
pixel wide images. Voxels are anisotropic and the highest
resolution was 0.1 x 0.1 x 0.6 mm (Gordic ef al 2014).

The second device was a HECTOR micro-CT system,
located at Ghent University Centre for X-ray Tomography
(UGCT), in Be|gium. It was developed and built by UGCT
(Masschaele et al 2013). The X-ray tube could be operated
up to 240 kV but was used at a maximum of 220 kV during
the experiments, producing a cone beam. The X-ray tube
could operate up to a maximum power of 280 W, while the
minimum reachable focal spot size (at lower power) was 4
pm. A metal plate (e.g, Cu, Al or Sn) could be placed in front
of the source to filter the beam. The 43 cm x43 cm
flat-panel defector (Varex) consisted of a caesium iodide
scinfillator, generating 2880 x 2880 pixel images. The
image reconstructions were based on a Feldkamp-Davis-
Kress (FDK) algorithm and were performed with the software
Octopus Reconstruction (XRE) (Mlassenbroeck et al 2006,
2007) developed in-house. Voxels are isotropic and the
maximum achievable resolution was down to 4 pm

(Masschaele et al 2013).

A simulation software (Arion) developed at UGCT was
also available to model sample attenuation when using
the HECTOR scanner. Since Arion takes info account the
incident spectrum specific to HECTOR, it provides very
accurate image simulations (Dhaene et al. 2015). Indeed,
the knowledge of the spectrum typically yields better results
in dual-energy CT endeavours (Bourque et al 2014), a
hypothesis that was tested during this project. Because
Arion is specific to HECTOR, simulations were limited to this
device.

Finally, a CoreTOM micro-CT system (TESCAN, Brno —
Kohoutovice, Czech Republic), located at the Insitut national
de la recherche scientifique, Centre Eau Terre Environment,
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Canada, was used as the third micro-CT device. It was
developed and designed for multi-scale imaging; the X-ray
tube operated between 30 kV and 230 kV, with a maximum
power of 300 W, producing a cone beam. A metal plate
(e.g, Cu, Al or Sn) could be placed in front of the source to
filter the beam. The detector was a 42.8 cm x 42.8 cm flat
panel (2856 x 2856 pixels), consisting of an amorphous Si
and gadolinium oxysulfide scintillator. The TESCAN image
reconstruction software Panthera, also based on the FDK
c1|gorifhm, was used. Voxels are isotropic and the maximum
resolution was approximately 3 pm (Van den Bulcke
et al 2019, Godinho et al 2021). The CoreTOM system
used is an upgraded and commercially available version of
HECTOR. Since they hence have quite similar capabilities, it
is of inferest to see if similar measurements were produced in

a DECT studly.

DECT: Characterisation by stoichiometric method

The DECT method used here is identical to that
described in Martini et al. (2021) and can be summarised
as follows.

(01) The effective atomic number Lot and electron density
pe (number of electrons per unit volume, & ecm™) of a set of
calibration  materials  having known composition were

calculated using the following equations:
ZeﬁLCo/c:/}\/Ele"Z{'} (])

P cole = 201 (Zi/A)p 2)

In Equation (1), £ is the fractional mass of element Z; The
exponent A is a function of photon energy, sample materials,
instrument, and  analytical  specific  seffings  (Landry
et al 2013, Alves et al 2015, Azevedo et al. 2016) and
can vary between 294 and 3.8 (Spiers 1946, Bonnin
et al 2014). In Equation (2), A is the atomic mass of the
element Z and p is the material mass density (g cm™),
calculated using a pycnometer (Manohara et al 2008,
Azevedo et al. 2016). In this paper, Zogand p, obtained by
Equations (1) and (2) are defined as “calculated” (Zog cale
and Pe,Ca/c)-

(b) The calibration somp|es were scanned and their
attenuation coefficients for a given X-ray spectrum (low and
high tube voliage, respectively pfo,, and  ppgh), were
calculated from the attenuation grey values in the recon-
structed images. The attenuation u obtained from medical
CT scanners is defermined as follows given that Hounsfield
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units (HU) are produced as output (Boespflug et al. 1995,
Watanabe 1999):

H = ﬂsamp/e/.uwofer ( )
= (grey level expressed in HU units/1000) + 1

For micro-CT the grey levels are not expressed in HU,
instead they are determined by the slope and offset of the
grey values histograms that are usually different for each
sample, because they are based on the range of values
chosen by the operator during the image reconstruction.
Using the metadata of each image stack, the attenuation
coefficient is calculated as follows:

u=(greylevel x slope) + offset (4)

The grey level histograms, and thus the attenuation
coefficient histogroms of natural rocks or minerals (Figure 2)
are seldom normal because they often contain some degree
of heterogeneity and thus their grey level histograms display
some skewness. Therefore, to better capture this statistical
particularity, both the mean and mode of grey values were
tested as statistical descriptors of representative slices
extracted in regions of interest (ROIs).

(c) The ratio of u calculated from the calibration samples’
scans obtained at low and high energy (Equations 3 or 4)
are plotted against their calculated Z g4 (Equation 1), and a
second-order polynomial empirical model is fitted to this
data to obtain the Z.g calibration equation.

Zg=a+b- (,Ll/ow/ﬂhigh> +c- (ﬂlow/ﬂhigh)2 (5)

(d) The rafio between measured u (Equations 3 or 4)
and calculated p. (Equation 2) of calibration samples,
normalised by the electron density of water (p, water = 3.34
E+23 ¢ cm™) and Z.4 determined in Equation (5) are
plotted in a second step, again to obtain a second-order
polynomial empirical model that can be used as a p,
calibration equation.

Hlow or high/(/)e/pewafer) =d +e- Zeff + f- ngf (6)

In Equation (6), the u values used can equally be those
obtained at low or high energy. Once the two sefs of
calibration coefficients are found, Z.g and p. obtained by
Equations (5) and (6) are then referred to as “measured”

(Zeﬁ‘,/\/leas and pe,/viects)~

All 2 values were measured in a central zone of each
rock sample to ensure a meaningful comparison with their

mineralogical and chemical analyses.

Attenuation coefficient histogram

1.41 2.86

Figure 2. Example of a grey level histogram of a

geological sample.

Data acquisition

As in Martini et al (2021), calibration materials were
scanned to determine the coefficients a to f of Equations (5)
and (6), and this procedure was repeoted for each
instrument. Different sets of calibration materials (having a
size comparable to the tested rock samples and stochasti-
cally chosen — see Table 1) were tested for the three
scanners; calculated Zog cae and  pe cale values  are
presented in Table S1. Set b (Table 1) is the same as that
used by Martini et al. (2021).

The rock samples were first scanned by medical-CT: the
instrument, the acquisiion parameters, the calibration
materials (b-set) and the resulting coefficients a to f from
Equations (5) and (6) are the same as those in Martini
et al (2021). However, some additional calculations were
made: u has been evaluated using not only the mode but
also the mean of the grey level histogram, and pe pees has
been measured using not on|y K70 kv but also H140 kv The

scan fime was about 5's for both energies.

Before scanning the samples at UGCT with HECTOR, the
in-house-developed software Arion (specifically, the set up

Table 1.
Sets of calibration samples used for the tests

b-set | Same set of calibration materials of medical CT: Nal solutions at
50%, 40%, 30%, 25%, 20%, 15%, 10%, 8%, 5%, 1%, 0.5%, Al
and Ti bar, hadlite, crystalline quartz, pyrite, fluorite and albite

r-set | Only solid materials: Al, Ti and Zn bar, crystalline quartz, albite,
fluorite, halite, haematite, microcline and pyrite

y-set | A, Ti and Zn bar, albite, crystalline quartz, fluorite, halite,
microcline, pyrite, Nal solutions at 20%, 15%, 5% and 1%
c-set | Al, Ti and Zn bar, albite, crysfa”ine quartz, fluorite, halite,
haematite, microcline, Nal solutions at 20%, 15%, 5% and 1%
m-set | Al, Ti and Zn bar, albite, crystalline quartz, fluorite, halite,
microcline, Nal solutions at 20%, 15% and 1%. This set of
samples was also tested using the Hector scanner.

g-set | Al, Ti and Zn bar, albite, crystalline quartz, fluorite, halite,
microcline, Nal solutions at 20%, 15%, 5% and 1%
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optimiser module) (Dhaene et al 2015), simulating the
detector spectral sensitivity and the related linear attenuation
coefficient of samples, was used to test numerous scanner
seftings, and find the ones that would allow the best somp|e
characterisation. Considering the size and density of
investigated samples, some parameters were fixed: power
at 25 W, isotropic voxel size set at 25 pm, 1 mm Cu plate
filter. The simulations of the u of the three rock samples as
measured by the HECTOR scanner used the following tube
voltages: 90, 110, 120, 130, 140, 160, 170 and 220 kV.
These linear attenuation coefficients were then used to

obtain simulated Zog pmeas aNd e peas (Zoft Meas sim and

pe,/\/\eas,Sim)~

The samples were then scanned with the HECTOR
instrument using the best settings found in the simulations,
which were 110 and 220 keV, 25 W, 1 mm Cu filter,
reaching a resolution of 25 pm. About 1200 projections
were acquired, mean 1 and binning 2 x 2. The exposure
time changed depending on the used energy to prevent
saturating the detector. The acquisition duration for each
sample ranged from 15 to 20 min for the scans taken at
220 kV and 1 h for the scans taken at 110 kV.

In the third part of the project, the samples were scanned
with the CoreTOM device. Two different acquisition
conditions were chosen: one aiming to emulate the HECTOR
scanner, thus using the same seffings, and another that
covered a wider energy range. For the second setting, @
1.5mm Cu plate was placed in front of the X-ray source to
filter out the lower energy components. Then, all the samples
were scanned at 90, 160 and 230 kV offering three energy
ratios (90/160, 90/230, 160/230). CoreTOM was oper-
ated at a power of 50 W, and the reconstructed voxel size
was set to 50 pm. About 1000 projections have been
acquired (mean 1 and binning 2 x 2). Again, the exposure
time was changed depending on the used voltage to avoid
the defector saturation. Here, all the calibration sefs listed in
Table 1 were tested to find the one which best characterised
the three rock samples. The acquisition duration for each
sample was about 15 min for the scans taken at 90 kV,
about 45 min for the scans taken at 160 kV, and about 1 h
for the scans taken at 230 kV.

Results

XRD, ICP-AES and CHN

The XRD results indicating the mineralogy of the three

rock samples are shown in Table 2. The elemental mass
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Table 2.
Mineralogical composition (expressed as percent-
ages) of the three rock samples measured by XRD

Identified minerals Chalk| Haematitic | Chert
(by XRD) oolite

Quartz 13.1% 14.7% 100.0%
K feldspar 0.5% 0.4% -
Calcite 85.9% - -
Fe-dolomite - 30.3% -
Diopside - 0.7% -
Fosterite - 1.3% -
Pyrite - 0.2% -
Haoematite - 35.0% -
Fluorapatite - 3.1% -
Kaolinite - 1.5% -
Chlorite - 13% -
lllite 0.5% - -
Total 100% 100% 100%
Table 3.

Element mass fraction determined by ICP-AES and
CHN analysis in chalk, haematitic oolite and chert

Detected elements % in |% in Haematitic| % in
Chalk oolite Chert

Al 0.82% 201% *

Ca 30.23% 7.65% 0.1%

Fe 0.81% 30.99% 0.3%

K 0.38% * *

Mg 03% 3.18% *

Mn * 0.27% -

Na * * 0.02%

P 0.18% 0.41% -

Si 7.67% 7.57% 4581%

S * 0.39% *

Ti 0.11% * -

As, Ba, Cd, Co, Cr, Cu, Lo, Mo|  * * *

Ni, Pb, Sc, Sr, V, Y, Zn, Zr

C 9.45% 4.4% 0%

H - - -

o] 49.78% 42.83% 53.61%

Total 100% 100% 100%

* Mass fraction < 0.1%.

fraction of the rock specimens was determined by both
ICP-AES and CHN and these, outlined in Table 3, allowed to
precisely calculate Zog cole using Equation (1) and pe calc
using Equation (2) (Table 4).

Medical-CT experiments

Calibration curves for the medical CT scanner are
illustrated in Figure 3. The u values at low and high tube
voltage of the three samples were determined using
Equation (3). Their measured Zeg ptoas and pe_mteas Were

obtained using Equations (5) and (6) and calculated for
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Table 4.
Calculated Zo¢ caic and pe caic values of chalk,
haematitic oolite and chert

Rock Zeff, Calc Pe_calc
Chalk 14.67 4.35E+23
Haematitic oolite 18.81 7.70E+23
Chert 1175 7.00E+23

The electron density p, values are in units of moles " cm™.

both mean and mode of the grey level histogram. The two
calibration curves already obtained by Martini et al. (2021)
are reported in Figure 3d (Z,4 model using the mode of grey
level histogram in p calculation) and (e) (pe model using
u70 kv and the mode of grey level histogram in u calculation)
in Figure 3. The correlation coefficients for the calibration
curves are quite similar (between 0.96 and 0.98). All curves
are convex. The 8% Nal is an outlier in Figure 3b, ¢, e and {,
while Ti is an outlier in (a) and (d).

Table 5 presents the difference between the calculated
Zoif cale and pg colc (Table 4) and the measured ones with
dual-energy medical CT. Differences range from 0.04% for
chalk's Zeg cate using the attenuation’s histogram mean, to
21.4% for chalk's pe pmeas Using 7o kv and attenuation’s
histogram mode.

Arion and HECTOR experiments

Twenty-eight acquisition seftings (different low energies
and different sets of calibration materials) were tested with
Arion: the calibration curves were plotted using linear
attenuation coefficients obtained from the software. Simulated
calibration curves obtained with m-set of reference materials
and 110 kV as low energy are illustrated in Figure 4. The
correlation coefficients R are above 0.96 in all cases.

Table 6 shows Zeft peas sim and pe peas sim values (from
Arion simulations) determined using Equations (5) and (6)
and the percentage difference with the calculated properties
(Zeft cale and pe colo Table 4).

The results obtained using the m-set and the ratio
U110 kv / 220 kv are the closest to calculated values for
all three rocks and range between 0.3% and 23.8%, with
8 out of 9 being > 14%. The outcomes from the other
sets of calibration materials are presented in Table S2.

The best acquisition parameters determined by the Arion
(module Optimizen) were used to scan the three samples
with the HECTOR scanner at 110 kV and 220 kV. Six

calibration curves (Figure 5) were obtained using the m-set
of calibration materials (Table 1). They have the same shape
as those obtained with Arion, but with lower R?, ranging from
091 to 0.94.

The rock samples p values ot both energies were
obtained using Equation (4), and their Zog meas AN pe pMeas
values were retrieved using Equations (5) and (6). For each
evaluation both mean and mode of grey level histogram
were used. Table 7 presents the difference between the
caleulated 304 Zog coic and pe_ cale (Table 4) and the values
measured with the HECTOR scanner. They range 305
between 0.05% and 8.5% with fiteen values out of eighteen
less than or equal to 4%.

CoreTOM experiments

The same acquisiion  conditions  used  for
experiments with the HECTOR scanner and the same set
of calibration materials (m-set) were used for the CoreTOM
scanner. Figure 6 shows the calibration curves obtained
using the mean of grey level histogram to calculate y (a is
Zogrmodel, b p, model using u110 kv and ¢ p, model using
H220 k) and the mode (d is Z.g model, e p. model using

#1170 kvand f po model using poop ). They all have a convex
shape and with R? values of 0.88 and 0.97.

Table 8 presents the results obtained with CoreTOM
using the same settings as those of Table 7 for HECTOR: u
values at both energies were calculated using Equation (4),
and their Ze peas AN pe peas Values were measured using
Equations (5) and (6) with both mean and mode of the grey
level histogrom. Differences between the calculated Zokt Cale

and pe_cale and the measured ones vary between 0.7% and
22.7%.

Different calibration seftings aiming to investigate a
wider range of energies and calibration sets were
performed: Figure 7 shows the curves for Z. and p, models
obtained using the g-set of calibration materials (Table 1).
Three different energies couples (90/160, 90/230 and
160/230 kV) were used. The correlation coefficients are
between 0.85 and 0.96, lower values than those previously
obtained using the settings similar to HECTOR. Once more,
they are quite similar when the mean and the mode are
compared. p, models obtained with 230 kv (both mean and
mode of the grey levels, Figure 71, 1) had the highest R?
values. Zug calibration curves change shape depending on
the energy used, while p, calibration curves do not. The
calibration curves for the other calibration sets are available
in online supporting information Figures S1A and S1B.
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Figure 3. Calibration curves determined with the medical CT scanner using the b-set of calibration samples. Using

the mean of grey level histogram, there is (a) Z.4 model; (b) p. model using u70 rvi (c) p. model using 70 rv. Using the

mode of grey level histogram, there is (d) Z.¢ model; (e) p. model using 70 kvi (f) p. model using p76 rv- (d) and (e) are

identical to the calibration curves of Martini et al. (2021).
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Table 5.

Zotf Meas ANd pe meas Of the three rock samples
measured using DECT and using both mean and
mode of grey level histograms obtained with the
medical CT scanner

Medical CT
Chalk [Haematitic| Chert
oolite

Zeoft Cale 14.67 18.81 1175
Pe_Calc 435E+23| 7.70E+23 |[7.00E+23
Zeﬁ‘,Meas 14.63 20.67 11.59 Grey
% difference 0.3% 9.9% 1.3% level
Pe Meas USING 170 kv 529E4+23| 7.97E+23 |771E+23| Mode
% difference 21.4% 3.5% 10.1%
Pe Meas USING p140 kv | 5.15E+23| 7.96E+23 [7.60E+23
% difference 18.3% 3.3% 8.6%
Zeﬁ,Meas 14.66 16.46 11.47 Grey
% difference 0.04% 12.5% 2.4% level
Pe_Meas USING 170 kv 478E+23| 8.98E+23 |[7.62E+23| Mean
% difference 9.9% 167% 8.8%
Pe Meas USING p1a0 ky | 4.64E+23| 8.84E+23 [7.46E+23
% difference 6.8% 14.8% 6.6%

The percentage difference is with the calculated properties Zog cqic and

e cCale of Table 4. The electron density p, values are in units of moles e cm™.

Table 9 reports for the CoreTOM scanner the Zog meas
and Pe Meas values obtained using Equations (5) and (6), as
well as the differences between the calculated Zog o and
Pe Cale The latter oscillate between 0002 and 30.4%.
Measurement results for other sets of calibration material are
available in Tables S3A and S3B.

Discussion

XRD <:mo|ysis (Table 2) showed that the chalk and
haematitic oolite samples are mineralogically heteroge-
neous, whereas the chert is on|y made of quartz. p—CT slices
of these rocks (Figure 8) illustrate that chalk (|eﬁ) and chert
(right) have a homogeneous dense texture, but the
haematiic oolite (centre) is very heterogeneous at this
resolution. Note that for the haematitic oolite only an oolitic
section was selected, where parts rich in haematite are
brighter, while the rest corresponds to a more silicate
component. Characterising this rock samples with DECT was
challenging since the analysed samples in previous work
had simpler chemical composition and less mineralogical
variability (Remeysen and  Swennen 2008, Alves
et al 2015).

The stoichiometric calibration method, designed for a
medical-CT instrument and medical purposes, was applied
here for the very first fime to a micro-CT in geological studies.
Although other authors have used dual-energy methods to

characterise geological materials, the stoichiometric calibra-
tion method stands out for its simplicity. For instance, the work
of Paziresh et al (2016) is noteworthy, but they have
assumed knowledge of the spectra, making the workflow
more difficult

Medical CT

The calibration curves reported in Figure 3 yielded high
correlation coefficients. There is no significant difference
between the curves obtained with the mean or the mode of
grey level values. One outlier is present in each curve, but, as
reported previously by Martini et al (2021), it is difficult to
explain why they appear because they are values for Nal
solution samples that otherwise perform very well. Despite
these outliers the calibration is efficient, as already reported
by Martini et al (2021) who successfully identified several
pure common minerals using this DECT protocol and this
medical scanner. They obtained o difference for both
properties (Zo¢ and p.) of about 2% for a pure calcite and
about 1% for quartz, slightly lower than values reported here
for rock samples (Table 5, grey level mode). However, their
pure haematite was characterised by a difference of 22%
for Zog and 14% for pe which is larger than the value
obtained for the haematitic oolite (about 10% for Z¢ and
4% for p. Table 5, grey level mode). To understand these
differences, some factors should be considered. Martini
et al (2021) compared their measured Z.g and p. with
theorefical properties of commercially purchased reference
minerals with no control on the possibility of the materials
containing impurities. The samples here are natural rocks
and not reference materials, so porosity (thus, density) and
heterogeneity have an influence on the X-ray attenuation.
For exomp|e, the theoretical electron clensify of haematite
was estimated to be about 1.5E4+24 & cm™ in Marini
et al (2021), whereas it is only 7.7E+23 & cm™ (Table 4) for
the haematitic oolite analysed here: a lower density entails a
better signal-to-noise ratio (especially at 70 kV) and in turn @
better material discrimination (Hendee 2002).

In this experiment, the effect of choosing between mean
and mode for  calculation was tested. For the medical CT
scanner, the determined u values were not significantly
different. However, among the results presented in Table 5,
one is nofeworthy: the percent difference between measured
and calculated properties of haematitic oolite was always
smaller when the mode of the grey level histogram was
used. Tables 2 and 3 show that the rock is heterogeneous,
and Figure 9 that its u distribution skewed towards the lower
values. Therefore, using the mode seems more suitable to
characterise such heterogeneous samples.
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Figure 4. Arion calibration curves. (a) Z 4 calibration using simulated u; 10 v/#220 Kvi (b) pe calibration using

simulated p7 0 wvi () pe calibration using simulated p250 v Note that a mean and a mode cannot be extracted for

the p values simulated by the Arion Optimizer.

Table 6.

Properties of the studied rocks using the p simu-
lated values with the Arion Optimizer (Z.g meas sim
and pe meas sim) and the percentage difference

with calculated properties (Z ¢ caic and pe calc of
Table 4)

Arion
Chalk | Haematitic | Chert

oolite
Zeff Cale 14.67 18.81 11.75
Pe_Calc 4.35E+23 7.70E+23 7.00E+23
Zoff Meas Sim 1672 23.33 11.71
% difference 14% 24.05% 0.3%
Pe_Meas._Sim USING 1110 kv 5.12E+23 5.87E+23 5.93E+23
% difference 17.7% 23.8% 15.3%
Pe_Meas._Sim USING 1220 kv 5.04E+23 5.88E+23 5.93E+23
% difference 159% 23.7% 15.3%

The electron density p, values are in units of moles e” cm™.

Another important consideration about the outcomes
obtained by Martini et al (2021) is that they opted for ey, in
the p. model because the correlation was stronger. Indeed,
Figure 3 shows R =098 in the pemodel using u70 kand R?
= 096 in the p, model using .40 K However, as described
in Table 5, this is not always true: haematitic oolite presents
an electron density that is closer to the calculated value using
H140 kvi probob|y because of the higher X-ray penetration.

Arion and HECTOR

The calibration curves obtained using the u values from
Set-up Optimizer (Figure 4) yielded the highest correlation
coefficients (ie, R? between 096 and 0.99), although the
Zg calibration curves do not perfectly fit all the data points.
This mismatch between curves and data points is more
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Table 7.

Zotf Meas ANd po meas measured using DECT and the
HECTOR scanner, and using both mean and mode
of grey level histograms

HECTOR
Chalk |Haematitic| Chert

oolite
Zoff Cale 14.67 18.81 1175
Pe Cale 4.35E+23] 7.70E+23 |7.00E+23
Zoff Meas 15.18 1879 1171 | Grey level
% difference 3.5% 0.05% 0.3% Mode
Pe Meas USING p110 kv [4.57E4+23| 7.71E+23 |6.58E+23
% difference 49% 0.05% 59%
Pe Meas USING pio20 kv A4.52E+23] 7.72E+23 |6.80E+23
% difference 3.8% 0.3% 2.8%
Zotf Meas 1525 1891 1172 | Grey level
% difference 4% 0.5% 0.2% Mean
Pe Meas USING f110 kv [472E+23| 7.96E+23 |6.77E+23
% difference 8.5% 3.4% 3.2%
Pe Meas USING piooo kv [4A2E+23] 7.49E+23 |671E+23
% difference 1.4% 2.7% 4.04%

The percentage difference is with Zg calc and pe calc of Table 4.
The electron density p. values are in units of moles e cm'3.

pronounced in the calibration obtained with HECTOR
(Figure 5), and in this case correlation coefficients are slightly
lower (e, 091 to 0.94). Both Arion and HECTOR Z.4
calibration curves (Figure 4a and Figure 5a and d) showed
a concave shape, less pronounced for the former and more

pronounced for the latter.

The rock characterisation based on  effective atomic
number and electron density obtained with p values from
Setup Optimizer have a maximum percent difference between
simulated and calculated properties of 25% (specifically, for the
haematific oolite  sample), which is comparable to that
obtained with the medical CT scanner. However, the
characterisafion  with HECTOR entails o bias between
measured and calculated properties  smaller than  the
modelled ones (Table 7), ie, generally less than 5%. The
explanation probably lies in the iregular sample shape. Set-up
Optimizer considers mainly homogeneous cylindrical shape;
thus, the simulation result may not be perfectly representative of
the shape of the samples analysed here. A lower uncertainty
could be reached by using cylindrical samples with the same
diameter (in this study dimensions are comparable but not
identical). Moreover, samples of irregular rather than round
shape are most affected by beam hardening artefacts, which
hamper image quality (Brunelle et al 2016).

Although the general difference between the values
obtained by the mean and the mode of grey levels is not
significant, again the choice of the mode rather than mean
in haematitic oolite characterisation improved the results. The
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u distribution histogram from a HECTOR slice is bimodal
(Figure 10). It is quite different from the one reported in
Figure 9, but the dissimilarity can easily be explained by the
image resolutions, 600 pm for medical CT and 25 pm for
HECTOR, which allows the latter to better discriminate
between the two main components of this rock.

Table 7 shows that the bias with Zug coie and pe_caic is
the smallest, entailing the best results among these three
scanners. However, using grey level mode and p calculated
at high energy, 220 kV, is the best choice to determine p..

CoreTOM

The calibration curves obtained with the CoreTOM
scanner using the same acquisition conditions as HECTOR
and the same set of calibration materials (m-set) (Figure 6)
yielded high correlation coefficients (R?> between 0.88 and
0.97). An outlier (15% Nal) and a mismatch between data
points and curves are visible in both Z ¢ models (Figure 6a
and d). The outlier is difficult to explain because other
solutions perform well; moreover, this 15% Nal sample,
despite not perfectly fiting the curve is not an outlier in the
HECTOR calibration. Here, the Zog curve, unlike the one
obtained with HECTOR, has a convex shape. This rock
characterisation (Table 8) does not perform as well as those
accomplished using HECTOR (Table 7), even though the
acquisition settings were the same.

The calibrafion curves covering a wider range of energies
(Figure 7) have lower correlation coefficients than those
obtained using the same acquisition condition as HECTOR
(Figure 6). As in the case of the medical CT scanner, using the
mean rather than the mode of the histogram grey values did
not provide an overwhelmingly lower percentage difference.

The poo v /10 kv seftings of the CoreTOM are the
closest to the medical CT scanner (ie, 70/140 kV). It is
interesting to note that the difference between calculated
and measured properties is more pronounced when using
the CoreTOM (a mean difference of about 7% for medical
CT vs. a mean difference of about 12% for both Z g and p,
with CoreTOM). This is probably due to the differences in the
defectors’ technology with dissimilar sensitiviies and to
the use of two different kinds of filter for the incident X-ray
beam; indeed, the bowtie filter for medical CT makes the X-
ray bandwidth narrower than metal plates typically used in
micro-CT (Primak et al. 2010).

Although the results presented in Table 9 show high
variability, it is observed that w160 kv /u230 v allowed a
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Table 8.

Zotf Meas ANd po meas measured using the CoreTOM
scanner and the same DECT protocol previously
used for the HECTOR scanner, and using both the
mean and mode of grey level histograms

CoreTOM
Chalk |Haematitic| Chert
oolite

Zeoft Cale 14.67 18.81 1175
Pe _Calc 435E+23| 7.70E+23 |[7.00E+23
Zeﬁ‘,Meas 1541 1607 13.81 Grey
% difference 5% 14.5% 17.6% level
Pe Meas USING p110 kv | 5.52E+23| 1.05E+24 |679E+23| Mode
% difference 3.8% 36.7% 2.9%
Pe Meas USING fiooo ky |421E+23| 971E+23 |[6.53E+23
% difference 3.4% 26.03% 6.6%
Zoff Meas 1541 20.33 1378 | Grey
% difference 51% 8.2% 17.4% level
Pe Meas USING p110 kv |4.63E+23| 9.45E+23 [6.83E+23| Mean
% difference 6.4% 227% 2.3%
Pe Meas USING piooo ky |4.32E+23| 8.61E+23 |[6.57E+23
% difference 07% 11.8% 6%

The percentage difference is with Zo cole and pe calc of Table 4.

The electron density p, values are in units of moles &” cm™.

lower percentage difference with calculated values, and this
was observed to happen whenever the curve of the Zog
model had a concave shape. In summary, the parameters
that best characterise the three rocks using the CoreTOM
scanner are: 60 kv / 230 kv for Zeg characterisation, p 160 kv
for Pe characterisation, use of the grey level hisfogrom mode,
with the g-set of calibration materials (Table 1).

Curve shape in Zg calibration model

The most important inferaction between photons and
materials in dual-energy CT techniques are photoelectric
absorption and  Compton scattering. As illustrated in
Figure 11, the former dominates at lower energies and
depends on target chemical composition (Zyg, while the
latter is predominant at higher energies and is more related
to sample density (po) (Saldana-Gonzalez et al 2012). It is
not possible to defermine a precise threshold energy
between these two phenomena because it depends of the
target composition and X-ray spectrum, which are specific to
each X-ray tube of CT scanners (Johnson 2012).

Most geological materials have a high X-ray attenua-
tion, so the energy used must be high enough to penetrate
the material but not too high so as not fo lose the influence of
photoelectric absorption. Obsenving the graph in Figure 11,
the best energy should be as close as possible to the

phenomena intersection to maximise the influence of
photoelectric absorption and achieve good material
penetration. Figure 12 shows an example of the attenuation
coefficient and the inferaction predominance according to

different energies.

Obsenving the Z.s model in Figure 7, the curve shape
changes with increasing energy and it occurs in each
calibration (Figures S1A and S1B show the curves achieved
using every set of calibration materials). The plot obtained by
oo kv /160 kv (Figure 7a) has a convex fit, like the one
obtained by the medical CT scanner (Figure 3), where the
energies involved are comparable (70 kV and 140 kV).
Increasing the high energy of the u ratio (oo v /1230 K
(Figure 7b) straightens the curve and increasing both
energies further (1740 kv /1230 k), makes the curve concave
(Figure 7¢). The 5% Nal solution is an outlier in Figure 7q, ¢;
however, it does not exhibit the same behaviour in other
calibration curves, and other solutes present in the
calibration sets perform well. If these outliers were removed,
the curve would remain concave (although less pro-
nounced). Thus, the presence of this outlier seems not to
change the concave/convex nature of the curve shape of
the calibration models. The 160/230 kV couple of energies
involved here is the most similar with those used in HECTOR
(110 kV and 220 kV), where the Z_g model also presents a
concave shape (Figure 5).

Observing the results, the best estimation of the chemical
composition of the rocks (by Z.s and po) occurs at higher
energies and when the shape of the Z¢ calibration curve
becomes concave. The change from convex to concave of
the Z.g curve could be interpreted as revealing the shift from
a photoelectric absorption dominated state to a Compton
scattering dominated state.

Finding the best energy couple for each material
based on the specific attenuation can be mathematically
done if spectrum information is available. However, few
laboratories have the necessary resources to calculate and
measure the incident X-ray spectrum, and yet it is feasible
to calculate the best acquisition settings as was done in this
study with Arion. Thus, examining the curve shape in the
calibration step could be a quick altemative to guide the
choice of the best settings for material characterisation
using stoichiometric DECT.

Scanner comparison

The three CT scanners characterised three different rocks
with different levels of accuracy. The least effective scanner
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K230 kv (f); using mode grey level histogram and p90 v (i)

was the medical CT, which led to measured Zoft Meas and
Pe Moas having up to a 10% bias on average compared
with calculated values. This is not surprising because the
medical CT and the image reconstruction algorithms are
optimised to scan human bodies as quickly as possible, with
the lowest possible doses and normalising the outcomes for
air and water attenuation. They are not designed for

#160 kv (k) and p230 kv (I).

geo|ogicc1| moteriq|s, ono|, as reporTed by Van Geet
et al (2000), they can be used before the micro-CT in a
scaling-down approach. However, medical-CT can quickly
scan large samples, and this is an advantage, especially
when studying long geological core sequences for example.
The CoreTOM performs better (the bias between the
measured values and the expected values is approximately
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Zotf Meas ANd pe meas measured using DECT with three different energy couples, both mean and mode of

grey level histograms and the CoreTOM scanner

Energy couple CoreTOM
Chalk Haematitic oolite Chert
Zett Cale 14.67 18.81 11.75
Pe Cale 4.35E+23 7.70E+23 7.00E+23
190 kv /H160 kv Z ot Meas 1471 19.06 1375 Grey level Mode
% difference 0.3% 1.4% 17.1%
Do Meas USING 190 kv 501E+23 9.06E+23 6.48E+23
% difference 15.1% 20.2% 7.4%
Pe Meas USING 1160 k 3.77E+23 6.03E+23 527E+23
% difference 13.5% 217% 24.6%
H90 kv /1230 kv Zef Meas 1545 21.66 11.86
% difference 5.3% 152% 1%
Do Meoas USING 150 kv 550E423 9.78E+23 861E+23
% difference 26.2% 26.9% 23.1%
Pe Meas USINg f230 kv 3.78E+23 5.62E+23 6.54E+23
% difference 13.3% 27.02% 6.5%
H160 kv /H230 kv Zeff Meas 14.86 19.95 11.24
% difference 1.3% 6.1% 4.3%
Pe_Meas USING U160 kv 4.55E+23 7.67E+23 7.10E+23
% difference 4.6% 0.4% 1.4%
Do Meos USING 230 kv 499E+23 8.69E+23 7.60E+23
% difference 14.5% 12.8% 8.6%
Hoo kv /H160 kv Zetf Meas 14.62 22.42 1376 Grey level Mean
% difference 0.3% 19.2% 17.1%
Do Meoas USING 150 kv 475E+23 7.62E+23 6.13E423
% difference 9.1% 1.2% 12.5%
Pe_Meas USING 1160 kv 3.60E+23 4.66E+23 498E+23
% difference 17.4% 39.6% 28.8%
H90 kv /1230 kv Zef Meas 15.39 2474 11.96
% difference 4.9% 31.6% 1.8%
Pe_Meas USING oo kv 5.66E+23 1.03E+24 8.70E+23
% difference 30.1% 33.2% 24.3%
Pe_Meas USING f230 kv 3.90E+23 5.36E+23 6.61E+23
% difference 10.4% 30.4% 5.5%
K160 kv /1230 kv Zoft Meas 15.94 24.32 1174
% difference 8.6% 29.4% 0.02%
Pe_Meas USING f160 kv 4.33E+23 6.52E+23 6.98E+23
% difference 0.5% 15.4% 0.3%
Pe_Meas USING fi230 kv 4.76E+23 7.62E+23 747E+23
% difference 9.4% 1.1% 6.6%

The percentage difference is with Zog core and pe carc of Table 4. The electron density p, values are in units of moles & em™.

5%, being the lowest bias) using higher energy. Although
CoreTOM does not allow scanning large samples such as
medical-CT (e.g, core about 2 m long and up to 65 cm in
diameter (Martini et al 2024)), it does allow analysis of
cores up fo one metre in length and with excellent
measurement versotihty (ie, the source, somp|e holder and
detector can move). HECTOR was the scanner that had the
best characterisation results (less than 5% difference on
average compared with calculated values). However, source
and defector cannot move as CoreTOM does, |imifing
certain analyses. Moreover, HECTOR benefited from the
simulation of the attenuation by Arion, optimising the choice
of the best possible sefings.

Another important difference among the three experi-
ments is the reso|ufion, related to a different scanning time
(see section Data acquisition). Figure 13 shows the difference
of the images captured with the haematitic oolite, the most
he‘rerogeneous specimen. On the left, the sample has been
scanned with the medical CT at 140 kV and anisotropic
voxels of 0.1 x 0.1 x 0.6 mm: its heterogeneity is barely
visible. In the centre, the scan was obtained with CoreTOM
at 160 kV and isotropic voxel size of 50 pm: the resolution
markedly improves, and the rock heterogeneity is clearly
visible, although it is slightly noisy. On the right, the
haematitic oolite has been scanned with HECTOR at 110
kV and an isotropic voxel size of 25 pm, where details,
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Figure 8. Slices of chalk (left), haematitic oolite (centre) and chert (right) acquired with the HECTOR scanner at 220

kV; the dotted circle indicates where analyses were performed.

Attenuation coefficient histogram
Medical CT instrument

3.04 7.69

Figure 9. Grey level histogram of haematitic oolite
acquired at 140 kV using the medical CT instrument.

Attenuation coefficient histogram
HECTOR CT instrument

0.56 2.56

Figure 10. Grey level histogram of haematitic oolite
acquired at 110 kV using the HECTOR scanner.

sharpness and contrast are excellent. The used reconstruc-
tion 0|gorifhms and software are diﬂerenf, yet influencie the
final result. Reconstruction parameters were optimised in
each case fo obtain the best possible image, except for the
comparison between CoreTOM and HECTOR where
the same filters, such as beam hardening correction and
ring filter, were applied. A comparison of the influence of

reconsfruction algorithms on final results could further
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Figure 11. Rate of photoelectric absorption and
Compton effect in relation to the incident beam energy.
From Saldana-Gonzalez et al. (2012).
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Figure 12. Attenuation coefficient of CaCO; for differ-
ent photon energies and contributions of photoelectric

effect (green) and Compton scattering (blue).

improve the understanding of characterisation studies, but
is still under investigation.

A comparison of Figures 9 and 10 demonstrates that
the resolution matters when analysing heterogeneous
geological samples because the attenuation histograms

can be quite different. This observation also outlines the
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Figure 13. Haematitic oolite acquired with the three scanners. Slice scanned with medical CT and 600 pm resolution

(left), CoreTOM and 50 um resolution (centre), HECTOR and 25 pm resolution (right). The acquisition setting (see

section Data acquisition) is similar for CoreTOM and HECTOR, while medical-CT differs by the very nature of the

instrument.

need to use a p-CT scanner to detect fine scale
heferogeneiﬁes in a rock, for instance in the search for

ore-bearing minerals.

Different sets of calibration materials (Table 1) were tested
in this paper. Their choice played a fundamental role for the
final characterisation according to the instrument. The b-set
tumed out to be best for the medical CT scanner, the g-set for
the CoreTOM scanner and the m-set for the HECTOR scanner.
Thus, it is not possible to define a universal set of calibration
materials. The comparison between the calibration obtained
with the HECTOR (Figure 5) and CoreTOM (Figure 6) scanners
using identical settings confirms this observation: the attenu-
ation of the samples, the correlation coefficients and the shape
of the calibration curves change.

Conclusions

Three rocks (chalk, haematitic oolite and chert) with
contrasting density, chemistry and mineralogy were analysed
to precisely calculate their effective atomic number Z 4 and
electron density p. using chemical and mineralogical tests.
This was compared with Zog and p,, values obtained by the
dual-energy CT stoichiometric method using three different
instruments: a medical CT scanner, a custom-built micro-CT

device and a commercial micro-CT facility.

Five different energy couples, six sets of calibration
materials, two statistical descriptors of grey level histograms
to calculate p and different resolutions were tested to
study changes in the characterisation of the samples. The
best sefting of each scanner was evaluated using the lowest
bias between the measured and the calculated Z4 and pe:

e about 10% difference using the medical CT scanner;
o less than 5% difference using HECTOR;
e about 5% difference using the commercial micro-CT.

Three rocks were also characterised with different levels of
accuracy, having high, medium, and low relative bias
compared with properties calculated with chemical and
mineralogical data for medical CT, CoreTOM and HECTOR
scanners, respectively. Yet, defining a general DECT protocol
proved to be unfeasible because several factors must be
considered: each scanner has its own instrumental properties
thatinfluence the measurement resu|fs, Ond, depending onthe
sample and the expected outcome, one instrument is more
suitable than the other.

However, the following guidelines are proposed:

o the selection of the best stafistical descriptor of the grey
level histogram should consider the heterogeneity of rock
samples to calculate the attenuation y;

o the best characterisations are obtained when the Z.g
calibration curve has a concave shape;

o the knowledge of the incident spectrum and a basic prior
knowledge of the composition of the rock sample facilitates
the selection of the best acquisiion settings for a specific
instrument, as shown by the results obtained with the
HECTOR scanner. Yet, it does not turn out to be essential, as
demonstrated by the results from the CoreTOM instrument.

In short, there are no universal best acquisition settings
because they depend on the scanner characteristics, i.e, the
incident spectrum and scanner geometry, and there is no
perfect scanner because its choice depends on the type of
samples being analysed and laboratory need.

The stoichiometric calibration method for dual-energy
computed tomography (DECT) could be easilyimplemented in
anylaboratory equipped with a CTscannerto study geological
samples. This paper suggests some hints to faster implement
their laboratory protocol for a wide range of applications in
Earth science studying adelimited region of interest. Inthe future,

this measurement principle could be applied to the entire
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sample to achieve a perfect match of quantitative and
quohtaﬁve cmc1|ysis in three dimensions. Moreover, the
application of this method may be extended to different
acquisition modalities, e.g., helical CT, to decrease cone-beam

artefacts and improve the outcome precision.
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The following supporting information may be found in

the online version of this article:

Figure STA Z¢ calibration curves obtained with the
CoreTOM scanner at different energies and using different
sefs of calibration materials.

Figure SIB. p. calibrafion curves obtained with the
CoreTOM scanner at different energies and using different
sefs of calibration materials.

Table S1. Effective atomic number and electron density of

calibration materials.

Table S2. Example of effective atomic number and
electron density measured using linear attenuation coeffi-
cients p from the Arion Optimizer and different sets of

calibration materials.

Table S3. Results of the rocks’ Zug peas aNd pe Meas
measured using the DECT method with three different
energy couples and the CoreTOM scanner.

This material is available from: http://onlinelibrarywiley.
com/doi/10.1111/ggr.12608/abstract (This link will take
you to the article abstract).
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