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ARTICLE INFO ABSTRACT

Handling Editor: Dr A Iranzo Natural hydrogen (Hz) emanations in intracratonic areas offer potentially exploitable carbon-free energy. To

date, Hy seepages have been detected in more than sixty sites with exploration ongoing in many locations. One
mechanism of natural hydrogen generation is the oxidation of Fe?* in Fe-rich lithologies, and estimating the
potential for hydrogen generation by this pathway is an important aspect of characterizing Hy-generating rocks.
However, accurate estimation of Fe>* can be challenging due to large-scale heterogeneities and small sample
sizes used in conventional analysis. Here, we propose a correlative imaging technique to assess Hy generation
potential in Fe?*-rich source rocks by integrating 2D chemical information with 3D volumes of the rock imaged
using X-ray computed tomography (micro-CT). The advantage of this method lies in its ability to analyze a whole
drill core of the source rock to obtain the most representative values while preserving sample integrity. Our
method, validated on fractured monzo-diorite from a natural Hy-emitting well in Kansas, USA, yields an estimate
of 707.93 + 49.18 mol (Hy)/ton (source rock), as the upper limit. The proposed method could be useful in
characterizing source rocks and estimating their natural H, generation potential in the early stages of natural Hy
exploration.
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1. Introduction

Natural hydrogen is getting important as it could potentially offer
carbon-free energy [1-5]. The largest quantity of natural Hy on the Earth
is generated in the ocean floor, along the tectonically active mid-oceanic
ridges due to the hydrothermal alteration of ultramafic oceanic crust,
that serves as the major energy source for deep life to thrive [6-10]
while providing reducing conditions necessary for abiotic synthesis of

organic molecules [10-15]. However, natural Hy emanations have been
observed in intracratonic basins which are tectonically inert and within
various lithologies which are not necessarily ultramafic [3-5,16-23].
The number of reported sites with natural hydrogen seepages are sixty
and growing [24]. Among the many mechanisms known to date, such as,
mantle degassing, radiolysis of water due to decay of U, Th, and K,
mechanoradicles, decomposition of hydrocarbons, microbial activities
[25], Fe?* oxidation remains one of the major sources of natural Hj
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generated within the intracratonic basins [26].

No well-developed exploration guide established for natural Hjy
exploration [3]. Several proposed guidelines to date are based on geo-
dynamics [1], seismic [1], mineralogical analysis [1] and identification
and mapping large scale circular depressions of Hy seepages [26]. In
their work, Lefeuvre and colleagues emphasize that the current knowl-
edge of the hydrogen system is still insufficient to design specific drilling
campaigns based solely on one exploration method, but a combination
of geophysical, geochemical, and geological data is definitively needed
to achieve this goal [3]. In this context, we consider the characterization
of source rocks to be crucial, particularly for addressing the fundamental
question of how much hydrogen could be generated through the
oxidation of Fe** within the source rock, assuming that H. generation
occurs exclusively via fluid-rock interactions leading to Fe** oxidation.
Fe>™ content in a host rock can be alternatively estimated by
wet-chemical methods, Mossbauer spectroscopy, electron energy-loss
spectroscopy in a transmission electron microscope (TEM EELS) anal-
ysis or using a combination of these techniques with X-ray powder
diffraction. The latter are destructive techniques conducted on relatively
small samples (a few grams or a nm size thin section of the sample).
Therefore, obtaining Fe* content in a representative sample of a source
rock obtained from a geological formation producing natural hydrogen
is challenging.

X-ray micro computed tomography (micro-CT) is a non-destructive
imaging technique that allows characterization of many materials
including rocks [27-31]. Image formation in micro-CT is based on the
X-ray linear attenuation coefficient (LAC) of the material which is a
function of density and atomic number [27,30]. As a result, this method
has been successfully applied to distinguish phases with contrasting
densities and/or mineralogical compositions. However, analyzing
igneous rocks using micro-CT has been challenging as igneous rocks are
composed of multiple minerals with approximately similar LACs [32].
Although these minerals have different chemical compositions,
micro-CT lacks chemical information, which is a major limitation to this
powerful technique [32,33]. Chemical information can be incorporated
into micro-CT by multimodal imaging to characterize various geological
materials including reservoir and cap rocks [34-38], metamorphic rocks
[39], sediments [40], volcanic tuffs [41], fluid inclusions [42], ores
[43], meteorites and planetary materials [29] and granites [32]. These
studies demonstrate that the multimodal approaches essentially depend
on the sample type, sample size and the size of the heterogeneity needed
to be imaged.

In this paper, we propose a multiscale, multimodal imaging work-
flow tailored to characterize a fractured monzo-diorite obtained from a
natural Hy emitting well in the Precambrian basement in Kansas, USA
[44]. The proposed workflow combines 3D micro-CT with 2D chemical
information obtained using scanning electron microscopy energy
dispersive spectroscopy (SEM EDS), micro-Raman spectroscopy and
nano secondary ion mass spectroscopy (NanoSIMS). We identified two
Fe?t oxidation reactions leading to natural Hy generation within the
monzo-diorite. We attempted to quantify the potential of H, generation
per unit rock mass of the monzo-diorite formation assuming that all Fe?*
oxidizes while generating H,. We also extracted the veins to estimate the
% of early Fe?* oxidation in the rock. Finally, we discuss the applica-
tions and limitations of this method to characterize Fe>"-rich source
rocks in the context of natural hydrogen exploration in intracratonic
settings.

2. Materials and methods
2.1. Sample description

A core sample of a monzo-diorite obtained from the Precambrian
basement of Kansas (DR1-A well), at a depth of 450 m was used in this

study. The sample location, geological setting and a detailed mineral-
ogical description of the sample can be found in Combaudon et al [44].
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The sample consists of a matrix of orthoclase (AlKggNag 2Si3Og) and
plagioclase (Al; 2Nag gCag 2SizgOg), with fayalite (Fe; gMng1Mgo.1-
Si04) +  pyroxene  (Fe;gMgpsMng1SisOg) +  amphibole
(Fes 5Al; 9Caj 7Mg1.1Nag 4K 2SigO22) + metal oxides assemblages scat-
tered within this matrix, according to preliminary quantitative SEM EDS
performed by Combaudon et al [44]. Preliminary X-ray powder
diffraction (XRD) analysis revealed the volume percentages of plagio-
clase (44 vol%), orthoclase (39 vol.%), mafic minerals (fayalite, py-
roxene, amphibole; 10 vol.%), and Fe-Ti oxides (3 vol.%). The XRD
pattern is given in SI. 1. All minerals are coarse grained and their sizes
are; feldspar (>1 mm-500 mm), pyroxene (~800 pm), amphibole (500
pm-1 mm), fayalite (400 pm-1 mm) and oxides (~500 mm) [44]. Two
networks of veins were identified. The first is a network of thicker veins
observed only within the fayalite grains and the second is a network of
fine veins that cuts across pyroxene, amphibole and then propagates into
the feldspar matrix. The FIB-TEM and XANES analysis performed by
Combaudon et al [44] indicated that the veins are composed of a
mixture of a serpentine + chlorite + micas with [Fe3+] /XFe ~ 0.19, and
interstratified layers of chlorite + smectite and Fe>*-serpentine with
[Fe®']/2Fe ~ 0.27.

2.2. Multiscale, multimodal imaging workflow

The multiscale, multimodal imaging workflow was developed on a
cylindrical sample of d = 8.75 mm, 1 = 17 mm as illustrated in Fig. 1, and
elaborated in sections 2.2.1 and 2.2.2. The primary goal is to obtain the
volumes of FeZ"-rich phases in the monzo-diorite sample and to estimate
the H, generation by Fe?" oxidation per unit mass of the rock. The
second goal is to obtain the volume and the chemical composition of
vein filling minerals to estimate the H; that has been already generated
as Combaudon et al [44] showed that the veins are filled with Fe3" rich
phyllosilicates. The workflow was developed after preliminary SEM EDS
and 3D micro-CT analyses conducted on the monzo-diorite sample in the
present study and additional characterization given in Combaudon et al
[44]. These studies revealed the mineralogical composition, sizes of the
minerals and veins which were crucial in determining sample sizes,
imaging methods, imaging parameters and resolution.

2.2.1. Phase identification and quantification using 2D chemical analyses
and 3D-micro-CT

The LACs of the minerals present in the monzo-diorite sample were
calculated based on the NIST XCOM Photon Cross Sections database
(www.nist.gov) using “Material Creator”, a support tool for the Arion
simulator [45] (Fig. 2). The parameters used for this calculation are
given in SI. 2. Well-separated curves represent the phases that are
distinguishable on the reconstructed micro-CT images, whereas amal-
gamated curves represent those that appear in approximately similar
grey values. Fayalite and Fe-Ti oxides exhibit the highest LAC values
when compared to the remaining minerals. Their curves are amalgam-
ated throughout the spectrum of kV values. Plagioclase and serpentine
display the lowest LACs and their LACs vary in a similar pattern within
the studied range of kV. To summarize, all minerals, with the exception
of the latter mineral pairs (fayalite and Fe-Ti; plagioclase and serpen-
tine), can theoretically be differentiated through imaging at energies
below 70 kV. We are aware that these theoretical calculations are valid
for monochromatic X-ray radiation and that the laboratory measure-
ments, with a polychromatic X-ray source, may yield slightly different
results.

To identify the phases in 3-dimensions, first the cylindrical sample of
the natural monzo-diorite (Fig. 1a) was imaged at 6 pm voxel size using a
Bruker Skyscan 1172 X-Ray microtomograph (DMEX Centre for X-ray
Imaging, Pau, France) operated at 70 keV tube voltage with a 0.5 mm Al
filter. The whole cylinder was scanned in three batches. Post processing
of the image data was done by using the Dragonfly software, version
2022.2.0.1361 for Windows [46]. The 3D visualization revealed that the
imaged volume contained a matrix of low-attenuation minerals
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Fig. 1. A sketch showing the multiscale, multimodal imaging workflow developed to study the fractured monzo-diorite, showing the main steps including (a-f)
sample preparation, (g) 3D micro-CT imaging, (h) various 2D chemical and mineralogical imaging techniques used to identify phases, (i) combination of 2D chemical
and mineralogical information with 3D micro-CT using Dragonfly software, version 2022.2.0.1361 for windows (Comet technologies Canada Inc) to, (j) fully
characterize the fractured monzo-diorite sample, non-destructively to quantify potential of H, generation by Fe?* oxidation.
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Fig. 2. Variation of calculated linear attenuation coefficients (LACs) of the
minerals found in monzo-diorite sample as a function of X-ray energy.

interspersed with clusters of high-attenuation minerals, which is not
visible in the thin section scale. X-Ray micro-CT imaging allowed
locating one of the typical mineral assemblages within the sample
(Fig. 1b). The sample was cut and polished through the chosen assem-
blage to expose the region of interest (Fig. 1c).

At this point, the identification of minerals present on the exposed
surface on micro-CT images is challenging due to the partial volume
effect, artefacts, low resolution and also due to the approximately
similar or often overlapping grey values of minerals. To improve the
image quality, the cylinder with the polished surface (Fig. 1c) was
imaged again using a Tescan UniTOM XL Spectral (DMEX Centre for X-
ray Imaging, Pau, France). Image acquisition was done at 60 kV and 15
W, with a 1 mm Al filter, to obtain a voxel size of 3.5 pm (Fig. 1g).
Although the image quality significantly improved by the latter process,
additional chemical information was still necessary to confirm the
minerals on the 2D micro-CT slice corresponding to the polished surface
of the monzo-diorite sample. This was done by conducting SEM EDS
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element mapping and micro-Raman spectroscopy (Fig. 1h), as described
below.

SEM analysis ((both back scattered electron imaging (BSE) and EDS
element mapping) were performed on the polished surface using a
MEBFEG JEOL JSM 7100F instrument (Raimond Castaing Microanalysis
Centre, at Toulouse, France). 2D elemental distribution of Al, Ca, Fe, K,
Mg, Mn, Na, Ni, O, Si, Ti and Zn over the polished surface of the sample
was obtained (SI. 3). The instrument was operated at 15 kV, a working
distance of 10 mm, and a step size of 1.18 pm. The resulting map is a
mosaic of 1969 fields with a magnification of x500, covering a total
surface area of approximately 60 mm?. The total acquisition time was
19 h. The superposed SEM EDS element maps indicated zones of
different mineral phases.

Micro-Raman point analysis was performed to identify the mineral-
ogical composition of the zones with different greyscale values on the
micro-CT slice corresponding to the polished sample surface and also to
confirm the minerals present in the zones visualized by superposed SEM
EDS maps. Micro-Raman spectroscopy was conducted using a Horiba
Scientific Xplora Raman spectrometer (Institute des Sciences Molécu-
laires, University of Bordeaux, France). Point analysis was performed
using a 532 nm laser beam, grating 1800 lines/mm, confocal hole
aperture 280 pm and slit 100 pm, objective magnification x50, giving a
spatial resolution of ~10 pm and a spectral resolution of ~5 pm,
acquisition time 60 s and laser power 10 mW. Peak search-matching was
performed using Labspec 6-HORIBA scientific software suit and Kno-
wlItAll Raman spectral searching integrated with HORIBA. The location
of analysis and Raman spectra of the phases are given in SI. 4.

Once the minerals present on the polished surface of the monzo-
diorite sample were corroborated, the phase segmentation was per-
formed on the 3D micro-CT data set by manual thresholding using the
Dragonfly software. Prior to segmentation, the noise and artefacts in the
data set were filtered using the anisotropic diffusion filter. The seg-
mentation was performed on the micro-CT slice corresponding to the
polished surface. The superposed SEM-EDS element distribution maps
were used as references to determine the boundary between minerals.
The volumes of phases were obtained using the statistical calculation
integrated in the same software. Further information about the grey
value histograms are given in supplementary information (SI. 5).

Following the same imaging protocol, four additional samples of
volumes 511.92 mm?® (voxel size = 3.5 pm), 944.62 mm? (voxel size = 6
pm), 3254.74 mm? (voxel size = 10 pm) and 18756.4 mm? (voxel size =
30 pm) were imaged to evaluate the representativity of the sample.
Further information about this analysis is given in supplementary in-
formation (SI. 6).

The mineral volumes, theoretical FeZ*

content in the Fe-rich
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minerals (fayalite and pyroxene) and the theoretical densities of the
minerals were used to calculate the iron content (g) in each mineral.
Potential Hy production per unit mass of the rock (mol(12)/kgmonzo-dio-
rite)) Was then calculated assuming all Fe?t oxidizes according to the
stoichiometrically balanced reduction-oxidation (redox) reaction:

2Felineral) + 2H20(1) = 2Fediineral) + 20Hqq) + Hagg) Eq. 1

2.2.2. Imaging veins in 3D and obtaining the composition of vein-filling
materials

Two types of veins were identified as mentioned in section 2.1. The
first is a network of thick veins (thickness~18.50 pm) observed only
within the fayalite grains and the second is a network of fine veins
(thickness~5.50 pm) that cut across pyroxene, amphibole and then
propagate into the feldspar matrix. The preliminary micro-CT images
showed that these two types of veins are filled with two different vein-
filling materials which appear in two different grey values on the
micro-CT. Moreover, the preliminary studies showed that these veins
could not be extracted successfully when imaged in a single sample due
to lack of contrast between the host and the veins. Therefore, we ob-
tained two sub-samples (d~2 mm) cored individually into fayalite and
feldspar to perform vein extraction individually. The former was imaged
at 60 kV, 5W with 2.5 pm voxel size. The latter was imaged at 40 kV, 3W
with 2.5 pm voxel size. Both were imaged using a ZEISS Xradia Versa
510 microtomograph (DMEX Centre for X-ray Imaging, Pau, France). In
order to extract the veins, the Segmentation Wizard, a deep learning tool
from the Dragonfly software, was used. Twelve slices containing veins
were chosen and the veins were painted using the ROI painter. The veins
and the rest of the sample were labeled as class 1 and 2 respectively.
Then the U net model, one of the deep learning architectures integrated
in the Dragonfly software, was chosen as the model generation strategy
and this model was trained to identify the predefined veins. The final
model was applied for the segmentation of the whole volume to extract
the veins in 3D and to obtain the volume fraction of veins.

When polishing the samples, we observed that the densities of the
vein-filling minerals and the host-mineral are significantly different,
especially in the zones of fractured fayalite, which causes slight topo-
logical variations in the polished surface. One of the limitations in SEM
EDS element mapping is that it does not correct the beam for topological
variations. This could induce an error in the element distribution map-
ping. Therefore, element distributions in the fractured zones were ob-
tained using NanoSIMS, to avoid the error induced by the topology and
to image the veins with sufficiently high spatial resolution. The analysis
was conducted using a NanoSIMS 50L CAMECA equipped with a Hy-
perion™ RF plasma primary oxygen ion source (IPREM, UPPA, France).
The oxygen source is necessary for the detection of the elements of Na,
Mg, Al, K, Ca, and Fe in this study. The instrument is equipped with
seven parallel electron multipliers detectors enabling the simultaneous
detection of seven elements during each analysis. We selected repre-
sentative zones on each type of vein and mapped the distribution of
12¢*) 28Nat, 2*Mg*, ZAlY, 3°KT, “°cat, and “°Fe™ (SL 7, 8, 9). The
samples had been coated with carbon to improve conductivity and ion
yield, and 2C distribution was used to monitor the homogeneity of the
sputtering during measurements. Mass calibration was performed with
drops of standard solutions (PlasmaCAL, SPC Science, Canada) evapo-
rated on silicon wafers, and interferences were eliminated by optimizing
the mass resolution. The sample was coated with 5 nm of gold layer to
improve conductivity and ion yield using a 108-auto sputter coater
(Cressington, UK). Images covering 50 pm x 50 pm areas were pre-
sputtered with an O™ current of 580 pA and then collected with a cur-
rent of 5 pA, with 512 x 512 pixels and 10 m s of dwell time per pixel,
and a spatial resolution of approximately 100-150 nm. Images were
then fused to obtain mosaics when necessary and processed using the
software Winlmage (Cameca).
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3. Results
3.1. 2D and 3D phase identification and quantification

The 3D micro-CT volume of the sample and the 2D micro-CT slice
corresponding to the polished surface of the monzo-diorite sample are
given in Fig. 3a and b, respectively. The histogram of grey values of the
2D micro-CT slice in Fig. 3a is given in SI.5. The SEM BSE image of the
polished surface imaged at 1.18 pm resolution is given in Fig. 3c. On this
image, the major mineral phases previously identified [44] are also
marked. Fig. 3d shows an image of superposed SEM EDS element dis-
tribution maps of Fe, Mg, Ca and Al acquired on the polished surface of
the monzo-diorite sample. Similar to Fig. 3c, the major mineral phases
identified using micro-Raman point analysis are also marked.
Micro-Raman spectra are given in SL.4. According to this identification,
it can be seen that the majority of the sample consists of orthoclase and
plagioclase indicated by the lowest greyscale values on Fig. 3a and b.
Oxides are present as few small grains that correspond to the highest
greyscale values (Fig. 3a and b). Fayalite is highly fractured. Fine veins
within the feldspar could be clearly observed on Fig. 3c and d (higher
resolution SEM BSE images highlighting the veins are provided in SI. 7).
The seven major mineral phases can be easily distinguished on the su-
perposed SEM EDS element distribution map (Fig. 3d). The individual
SEM EDS element maps showing the distribution of Na, K, Fe, Ti, Ca, and
Mg are given in supplementary information (SI.3).

Five phases were segmented on the 2D micro-CT slice using manual
thresholding (Fig. 3e). These phases are (1) oxides (greyscales
17,000-65508), (2) fayalite (greyscales 13,500-17000), (3) pyroxene
(greyscales 10,100-13500), (4) amphibole (greyscales 8675-10100)
and (5) feldspars (greyscales 3474-8675). The veins within fayalite are
composed of a mixture of serpentine and chlorite, however they were
thresholded together with pyroxene due to their similar greyscale range
restricting the segmentation possibility. 3D visualization of phases
(without feldspar) is given in Fig. 3f. The average volume percentages
(vol%) of minerals are; feldspar (81.51 + 1.26 vol%), pyroxene (11.38
=+ 0.77 vol %), amphibole (vol. 5.31 + 0.36 %), fayalite (1.30 £ 0.09 vol
%), and oxides (0.5 & 0.03 vol %) (see also SI.6).

3.2. H, generation per unit mass of source rock

Two reactions were identified as potential Fe?* oxidation reactions:
(1) pyroxene transformation into amphibole, (2) fayalite transformation
into a mixture of serpentine and chlorite that precipitate within the
veins. The chemical formula of pyroxene (ferrosillite) and fayalite used
for the calculation are Fe; Mg sMng 1SioO¢ and Fe; gMng 1Mgg 1SiO4,
with densities 3.95 g/cm® and 4.39 g/cm® respectively (SI.10). The
theoretical Fe?* content in pyroxene and fayalite with the chemical
formula above are 0.43 g/mol and 0.50 g/mol respectively. The average
volume percentages of pyroxene and fayalite obtained from X-ray micro-
CT are 1.3 vol% and 11.38 vol%. The volume of full sample, pyroxene
and fayalite was taken as 100 mm®, 1.3 mm® and 11.38 mm®. Density of
the rock is 2.8 g/cm>. The calculated Fe>" content in pyroxene and
fayalite in 100 mm® volume of the rock are 35.2 mg and 2.9 mg,
respectively. Assuming that all iron in both minerals are divalent (Fe®*h)
and that they oxidize completely, generating Hy (Eq. (1)), then pyroxene
and fayalite oxidation would generate 615.03 + 8.61 mol (Hj)/ton
(source rock) and 92.90 4 27.26 mol (Hz)/ton (source rock) respec-
tively. The upper limit of Hy generation of the whole rock would be
707.93 + 49.18 mol (Hy)/ton (source rock).

3.3. Vein extraction in 3D and the composition of the vein-filling minerals

The veins within fayalite account for 3.83 £ 0.41 vol% of its volume
and 0.05 £ 0.39 vol% of the full sample volume, while those within
feldspar constitute 1.20 + 0.16 vol% of its volume and 0.98 + 0.15 vol%
of the full sample volume. Fig. 4a displays an imaged volume of fayalite
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Fig. 3. Identification of major phases in the monzo-diorite sample in 3-dimensions using the developed multimodal workflow (a) 3D micro-CT volume of the sample
imaged at voxel size of 3.5 pm (b) 2D micro-CT slice corresponding to the polished surface of the sample (c) Scanning electron microscopy imaging performed using
back scattered electron diffraction mode (SEM BSE), and (d) Superposed SEM EDS element distribution maps of Fe, Mg, Ca, and Al collected on the polished sample
surface showing the seven mineral phases distinguished based on their chemical composition reflected by different colors (e) 2D micro-CT slice corresponding to the
polished surface showing the five phases segmented using Dragonfly (f) 3D visualization of five phases identified in the monzo-diorite sample, feldspar (>80 vol.%) is
not shown in the figure for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

grain containing veins, with Fig. 4b showing the interconnected mesh-
like structure of extracted veins. Veins range in thickness from 5.00
pm to 63.00 pm with an average of ~18.50 pm. Similarly, Fig. 4d and e
illustrate the imaged volume of feldspar with veins and extracted veins
showing parallel planer arrangement, respectively. The veins exhibit
thicknesses ranging from 3.00 pm to 11.00 pm, with an average thick-
ness of approximately 5.50 pm. Fig. 4c illustrates the enrichment of
veins within fayalite in Fe, with small amounts of Al and Mg, and traces
of Na and Ca, but absence of K. In contrast, Fig. 4f depicts the enrich-
ment of veins within feldspar in Mg and Al, with Fe and Ca present in
trace amounts, and no Na or K detected.

The veins formed within fayalite show a close similarity to the
composition of host fayalite. Fig. 4c shows that both veins and fayalite
are poor in Na, K, Al, and Ca, but rich in Fe. However, the veins contain
less Mg than fayalite (note that fayalite contains low Mg content in the
structure as the fayalite in the current study has a chemical composition
of ~Fa90). On the contrary, the veins formed within feldspar do not
show a close compositional relationship to pyroxene and amphibole. As
shown in Fig. 4f the veins within feldspar are depleted in Na, Ca, but
enriched in Mg and Fe compared to the host feldspar. Both veins and
feldspar are depleted in K.

3.4. Veins and their contribution to hydrogen generation
The veins within fayalite provide direct evidence for Hy already

generated within the monzo-diorite [44]. Combaudon et al [44] details
that the veins within fayalite consist of a central vein with a mixture of

serpentine + chlorite + micas with [Fe>*]/ZFe value of 0.19 and a
border vein composed of interstratified Fe>* serpentine + smectite and
then a Fe>* serpentine in direct contact with the fayalite, each consisting
of a [Fe>*]/=Fe value of 0.27. The veins in feldspar are also rich in Fe3t
with a [Fe3*]/ZFe value of 0.45, however, they might not be linked to
iron oxidation but rather to the initial magmatic liquid composition,
thus do not contribute to H generation [44]. We attempted to calculate
the Hy already generated within the rock via fayalite alteration. For
simplicity of modeling, we assumed that the veins within fayalite are
composed of Fe>rich serpentine (Fe3Si;Os(OH)s) with [Fe3]/sFe
value of 0.27. The considered volume percentage of veins within the
rock is 0.05 + 0.39 vol%. Volume and the density of the rock is 100 mm?>
and 2.8 g/cm® respectively. The molar mass and density of the Fe3*-rich
serpentine is 371.7 g/mol and 3.35 g/cm3 respectively. The calculated
Fe3* content in 100 mm® volume of the rock is 1.35 + 0.24 pmols.
Assuming that all iron in both minerals are divalent (Fe2+) and that they
oxidize completely, generating Hy (Eq. (1)), the fayalite alteration in the
rock has generated 2.19 + 0.39 mol (Hy)/ton (source rock).

4. Discussion
4.1. Advantages and limitations of the proposed workflow

The proposed workflow offers an imaging approach to estimate the
upper limit of Hy generation by Fe?* oxidation in Fe-rich lithologies.

This method is based on the major assumption that all Fe>" in the source
rock oxidizes generating Hy according to Equation (1), which offers a
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Fig. 4. Veins in the monzo-diorite sample (a) 3D micro-CT volume of the sub sample cored into fayalite (b) veins within fayalite visualized in 3D, the yellow areas are
the thickest (~40 pm) and the purple are the thinnest (~10 pm) (c) Composition of veins in a 50 pm x 50 pm area within fayalite obtained using NanoSIMS analysis,
where red represents the highest concentration and black represent the lowest concentrations, for all elements (d) 3D micro-CT volume of the sub sample cored into
feldspar (e) veins contained within feldspar visualized in 3D, the yellow areas are the thickest (~30 pm) and the purple are the thinnest (~10 pm) (f) Composition of
veins in a 50 pm x 50 pm area within feldspar, obtained using NanoSIMS analysis, where red represents the highest concentration and black represent the lowest
concentrations, for all elements. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

simple stoichiometric ratio between Fe?* and H, which is 2:1. There-
fore, accurate quantification of Fe2* in the source rock ensures accurate
amount of Hy generated via Fe?' oxidation. Fe?' content in a rock
sample can be determined either by using traditional wet chemical
methods such as Mohr’s salt method [47], 1,10-Phenanthroline Method
[48], Wilson’s method [49,50], or modern spectroscopic methods
including Mossbauer Spectroscopy, electron energy-loss spectroscopy in
a transmission electron microscope (TEM EELS), X-ray absorption
near-edge structure (XANES) spectroscopy, inductively coupled plasma
optical emission spectroscopy (ICP-OES) and atomic absorption spec-
troscopy (AAS). While the wet chemical methods, ICP-OES, AAS, and
Mossbauer Spectroscopy involve complete sample destruction, TEM
EELS and XANES are often performed on nanometer-sized zones on a 2D
thin section. Given the inherent heterogeneity of natural rock forma-
tions, ensuring sample representativity is paramount for accurate FeZ*

determination. To obtain representative Fe’™ value, the
above-mentioned methods often necessitate the collection of small,
multiple samples from a target formation, a process both

866

time-consuming and costly, ultimately resulting in sample destruction.
In contrast, our proposed methodology offers the capacity to analyze
larger rock volumes, such as 1-m long drill cores, leveraging advanced
tomographic instrument.

In addition to imaging larger volumes, choosing representative vol-
umes is crucial for the proposed workflow. The current workflow is
developed using a sample volume of 240.53 mm? (Fig. 1). A volume of
217.50 mm® was considered for the micro-CT data treatment. However,
four additional samples were used to evaluate the representativity of the
sample volume chosen for the analysis (SI.6). The larger sample volumes
such as 18756.4 mm® images at voxel size = 30 pm, and 3254.74 mm>
imaged at voxel size = 10 pm were used to obtained the volume fraction
between the matrix and the mineral assemblages. Then the volume
fractions between the minerals within the assemblages were imaged at
higher resolutions over volumes 944.62 mm® imaged at voxel size = 6
pm, and 511.92 mm® imaged at voxel size = 3.5 pm. The volumes ob-
tained from the four larger samples are seemingly coherent compared to
the volumes obtained from the small sample shown in Fig. 1, regardless
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of imaging at larger voxel sizes. Therefore, it is important to emphasize
that the sample used for the imaging must be sufficiently large and
representative for the mineral volumes of interest, whether it is on the
scale of the mineral cluster fayalite-pyroxene-amphibole-oxides only, or
on the scale of all minerals including the feldspar matrix.

The current method utilizes SEM EDS, micro-Raman analysis and
NanoSIMS to obtain element distribution and to confirm the minerals on
the 2D section of the sample, however, these techniques are not
mandatory. Users may employ any appropriate technique to identify
phases within the greyscale micro-CT images. Consequently, a stream-
lined workflow could integrate 2D data obtained from petrographic
microscopy of thin sections with 3D micro-CT imaging. This approach is
viable provided that the petrographic microscopy can sufficiently
identify the phases observed in the greyscale micro-CT images.

The developed method is capable of identifying five out of seven
phases present in the studied sample in three-dimension, while dis-
tinguishing minerals with similar grey scale ranges remain unresolved
(Fig. 3). For example, plagioclase, orthoclase and the veins within them
could not be distinguished due to overlapping greyscale ranges between
3474 and 8675 (Fig. 3a and b). Similarly, pyroxene and the vein-filling
mineral (mixture of serpentine and chlorite) found within the veins in
fayalite, could not distinguished due to their overlapping greyscale
ranges between 10,100 and 13500 (Fig. 3a and b). The similar grey scale
values of plagioclase and orthoclase arise due to their similar LACs,
which is a result of approximately similar molecular weights (238.44
mol? and 275.11 mol ™), and approximately similar densities (2.62
gem ™2 and 2.56 gem™3). Moreover, pyroxene and the vein-filling phase
have approximately similar molecular weights (631.4 mol! and 555.8
mol ) and densities (3.95 gcm’?’ and 2.6 gcm’?’) (SI.10) resulting in
approximately similar LACs. This induced a slight overestimation of the
volume of pyroxene. Similar problematics have been encountered in
phase segmentation in a granite containing quartz, feldspar and ferro-
magnesian phases, reported by Boone and colleagues [32], using a
laboratory micro-CT based multimodal imaging.

Phase segmentation can be affected by unavoidable artefacts such as
the metal streak artefacts that are commonly found associated with Fe,
Ti-oxides. These artefacts are visible as a rim of white voxels on the 2D
micro-CT slices. These white voxels were assigned to fayalite, in order to
avoid a significant under-segmentation of fayalite.

In certain studies, 2D chemical information obtained by SEM-EDS
element maps are propagated over the 3D micro-CT volume by 2D-3D
registration [35,39]. However, due to the large number of phases with
overlapping grey-scale values, 2D-3D registration of SEM EDS maps was
not conducted. Moreover, phase segmentation in igneous rocks with
complex structures and textures needs human intervention in order to
conduct a reliable segmentation as automatic thresholding or Machine
learning based segmentation could cause errors in handling complex
igneous structures and textures, as also observed by Boone et al [32].

One of the major challenges associated with the veins in this sample
is the presence of two networks of veins within two types of matrices. As
a result, the veins cannot be extracted by imaging a single subsample
that contains both type of veins. Imaging a single subsample at an energy
suitable for the whole subsample, resulted in a low-contrast between the
veins and their respective host-minerals. The attempt to use machine
learning based segmentation on the whole sample was not successful as
the vein distribution is highly heterogeneous. However, we have shown
that this problem can be overcome by subsampling into two vein net-
works (located within feldspar and within fayalite) separately and by
imaging them separately at suitable energies. This allows obtaining
quality datasets of the two types of veins.

4.2. Quantification of natural H, generation in monzo-diorite from the
precambrian basement in Kansas, USA

Our estimation shows that the studied sample could potentially
generate 707.93 + 9.18 mol (Hy)/ton (source rock), by complete
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oxidation of Fe?* via (1) pyroxene transformation into amphibole, (2)
fayalite transformation into a mixture of serpentine and chlorite that
precipitate within the veins. Each reaction separately generates 615.03
4 8.61 mol (Hy)/ton (source rock) and 92.90 + 27.26 mol (Hy)/ton
(source rock), respectively. The alteration of fayalite into the Fe3*-rich
mineral assemblage within the veins has generated 2.19 + 0.39 mol
(Hy)/ton (source rock). The total Fe?' content in the monzo-diorite is
7.90 wt% as calculated based on the mineral volumes obtained from 3D
micro-CT imaging and the theoretical Fe>* content of minerals. This
value is in the same order of magnitude as in banded iron formations
(BIF) which contains ~20-40 wt% of Fe (tot) [21]. A BIF with 11 wt% of
Fe?" can theoretically generate 1000 mol (Hy)/ton (source rock), by the
oxidation of Fe?*' in magnetite into Fe>' in goethite and hematite
mixture [21], which is similar to the estimated Hy generation of Kansas
rocks in this study.

4.3. Implications to natural Hy exploration

The proposed method contributes to one of the major tasks in the
exciting natural Hy exploration, which is the global estimation of the
potential of Hy production per unit mass of the source rock, where Hy is
produced by fluid-rock interactions. The rocks that generate Hy through
the redox reaction between Fe> and water are grouped into H2_GR1
(Basic and ultrabasic rocks) and H2_GR2 (Iron-bearing rocks) according
to the recent work by Lévy and co-workers [51]. H2_ GR1and H2_GR2
encompasses peridotite, gabbro, basalt, ophiolite massifs, granites,
Fe-rich sedimentary formations and banded iron formations (BIF) [50,
52-81]. Within these lithologies, several Fe>" oxidation pathways
leading to Hy generation in the intracratonic settings have been
documented.

(1) Low temperature serpentinization [1,9,10,82-84]:
Olivine + H,0 — Serpentine + Brucite + Magnetite + Hy(g) Eq. 2

Olivine + pyroxene + H20 — Serpentine + Magnetite + Hag)  Eq. 3

(2) Fayalite decomposition in late stage crystallization of basic
magma [85]:

3Fe2SiO4(fayalite) +2H20(q) = 2Fe304(magnetite) + 35i02(quartz) + 2H2(g)Eq~
4

(3) Siderite alteration [86,87]:

3FeCOg(siderite) + H20q) <> Fe3O4(magnetite) + 3CO2(g) + Ha(g) Eq. 5
(4) Magnetite alteration [85]:

2Fe304(magnetite) + H200) — 3Fe203(hematite) + Ha(g) Eq. 6
(5) Pyritization [85]:

Fe2O3(hematite) + 4HaS(g) — 2FeSapyrite) + 3H200) + Hag) Eq.7

Fe304(magnetite) + 6H2S(g) — 3FeSapyrite) + 4H20q) + 2Hz(g) Eq. 8
(6) Alterations in granites [25,88-90]

Biotite + H20 — Fe3 " Oa(goethite/hemaite) + Ha(g) Eq. 9

Biotite + H20 — Fe304(magnetite) + Ha(g) Eq. 10

Arfvedsonite + HyO — aegirine + Hy(g) Eq. 11
(7) Alterations in banded iron formations (BIF) [21,91]:

2Fe?" Ogsiticate) + H2O(g) = Fe> Oagoethite) + Hag) Eq. 12

2Fe?" Omagnetite) + HaO(g) = Fe3 ' Os(goethite/hematite) + Hagg) Eq. 13
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(8) Alterations in monzo-diorite (This study [44]):

Fayalite + H2O — serpentine + chlorite + Ha(g) Eq. 14

Pyroxene + H20 — amphibole + Ha(g) Eq. 15

The proposed workflow can be applied to model the upper limit of Hy
generation via most of the reported Fe?* oxidation reactions except for
the reactions involving multiple minerals with similar linear attenuation
coefficients at the measured energy. We calculated the theoretical linear
attenuation coefficients (LACs) of the minerals involved in the eight
reaction types given above (Egs. (2)-(15)) The parameters used for the
calculation and the variation of LAC as a function of energy are given in
SI. 2, respectively. The calculations indicate that the following mineral
pairs exhibit similar behavior of LAC as a function of X-ray energy:
brucite-serpentine (Eq. (2)), magnetite-hematite (Eq. (6)), aegirine-
biotite (Egs. (9)-(11)), biotite-arfvedsonite (Egs. (9)-(11)), pyroxene-
amphibole (Eq. (15)).

The LACs plotted in SI. 11 were calculated assuming that the entire
sample consists of the mineral involved in the reactions given in Egs.
(2)-(15). However, the rocks could contain other minerals that might
not participate in the Fe?' oxidation. When applying the proposed
workflow, it is important to consider the LACs of all minerals present in
the sample in order to understand whether there are other minerals
which could interfere with the LAC of the Fe?*-rich mineral/s of interest.
A more detailed assessment of the true LACs could involve simulating
the X-ray micro-CT scan prior to performing the experiment, e.g., using
the Arion software package [45]. To simulate a realistic X-ray micro-CT
image, this program utilizes the density and the chemical formula of the
phase together with the source, detector and operating parameters of the
micro-CT instrument [45,92,93]. This method can reconstruct realistic
greyscale images that are comparable to the actual micro-CT images
acquired with the equipment used in this study [93]. However, the
current study conducted only a general assessment of grey values of the
phases independent of the instrument.

However, two phases with similar greyscale values could also be
distinguished by using several other techniques yet out of the scope of
the current study. For example, the dual-energy CT technique (DECT)
[94] using either synchrotron monochromatic X-ray beam [95] or
recently developed laboratory-based method [92] allows distinguishing
phases with similar LACs. Moreover, with the developments in labora-
tory based spectral tomography techniques (sp-CT), modeling alter-
ations in rocks would no longer be limited by the minerals’ LACs, as
sp-CT allows phase identification based on the chemical composition
of the material [96,97].

Most natural rocks are heterogeneous. These heterogeneities could
vary from nano-meter (nm) scale to kilometer (km) scale. Therefore,
when modeling the Hy generation potential of a certain lithology it is
important to have a sound knowledge about the heterogeneities in the
considered rock formation and to obtain the most representative sam-
ples for imaging.

5. Conclusions

The proposed workflow provides a novel approach to estimate the
upper limit of hydrogen (H:) generation via Fe?* oxidation in Fe-rich
lithologies by correlative imaging of source rock. By merging 2D
chemical and mineralogical information with 3D volumes obtained by
X-ray computed tomography, this method allows the analysis of larger
rock volumes, including 1 m long drill cores. This approach addresses
the limitations of traditional wet chemical and modern spectroscopic
methods, which are often destructive and that require small and
potentially unrepresentative samples. Applying the developed work-
flow, a monzo-diorite in Precambrian basement of Kansas, USA was
analyzed. This work has led to following conclusions.
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1. Monzo-diorite in the Precambrian basement of Kansas, USA contains
fayalite and pyroxene, two Fe?*-rich minerals that could generate Hy
via the redox reaction with water.

. Assuming that all Fe>* contained in these two minerals oxidizes
generating Ho, this formation is capable of generating 707.93 +
49.18 mol (Hy)/ton (source rock), which is in the same order of
magnitude as that of BIF previously reported. This value sets the
upper limit to the Hy generation in monzo-diorite in Kansas, USA.

. The veins within fayalite represent Fe?* that has been already
oxidized generating 2.19 + 0.39 mol (Hy)/ton (source rock).

. The applicability of this workflow relies upon having mineral as-
semblages with distinguishable grey scale values when imaged with
micro-CT. This study shows that most of the reported Fe?* oxidation
reactions leading to natural Hy generation can be modeled using the
proposed method, except those involved with minerals with similar
LAGs.

. However, challenges remain in phase segmentation due to over-
lapping greyscale values of certain minerals, necessitating further
refinement through dual-energy CT or spectral-CT techniques.
Addressing these challenges will enhance the accuracy of mineral
identification and volume estimation in heterogeneous rock
formations.

. Overall, the proposed workflow represents a significant advance-
ment in natural Hz exploration, offering a comprehensive, efficient,
and non-destructive method for analyzing large rock volumes and
enhancing our understanding of natural hydrogen generation in
intracratonic settings.
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