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ARTICLE INFO ABSTRACT

Editorial handling by: Wenfeng Tan Oxidation of Fe?* by anoxic water in the subsurface is a key geochemical process, contributing to the formation
of natural dihydrogen (Hy). The development and application of effective tools to accurately characterize the
content and speciation of iron in samples is thus a major concern for Hy prospection. Traditionally, the study of
iron has been conducted through either time-consuming analyses at the micrometer scale or faster analyses at the
bulk rock scale, raising concerns about the accuracy and representativeness of the characterization depending on
the chosen approach. Moreover, most techniques are typically limited to determining either Fe distribution or Fe
speciation, thus necessitating a full series of analyses to reach a comprehensive understanding of the sample. This
approach does not align with the need for rapid and numerous characterizations required in Hy prospection
programs. In this study, we investigated the relevance of using Mossbauer Spectroscopy (MS) on complex mineral
assemblage, by characterizing five Fe-rich natural samples. Among others, we conclude, based on the quality of
the resulting spectra fitting that room-temperature (295K) data collection is more effective than low-temperature
(6K) data collection, due to the challenges in deconvoluting the complex spectra of mixed mineral assemblages at
low temperature. Fe?*/SFe ratios obtained from MS are compared with those derived from conventional Fe?*
titration on the same samples. The comparison shows a great correlation between MS and titration results with
an average deviation of 0.04 on the Fe?*/SFe ratio. This confirms the reliability of MS, providing at the same
time insights into both Fe distribution (i.e., Fe mineralogy) and Fe speciation, contrary to titration that only gives
access to bulk Fe?'/SFe ratio. Finally, results show that the accuracy of MS spectra fitting is significantly
influenced by prior knowledge of the sample mineralogy, which can be easily leveraged by rapid and routinely
performed characterization techniques (e.g., multispectral mineral imaging).
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stimulated Hy generation worldwide (Lévy et al., 2023; Osselin et al.,
2022; Templeton et al., 2024). Various techniques are commonly
employed to access this information. At the bulk rock scale (i.e., in three

1. Introduction

Quantifying Fe content, distribution, and speciation in rocks

involved in natural dihydrogen (H,) generation is crucial for accurately
assessing Hy yields resulting from Fe oxidation during fluid-rock in-
teractions. It is thus largely performed during petrographic inspections
and experiments (e.g., Malvoisin et al., 2012; McCollom et al., 2016)
that will then define places of interest for natural Hy exploration or

dimensions), X-ray diffraction (XRD) is commonly utilized to determine
mineralogy, providing first-order estimates of iron-bearing minerals’
nature and abundances by Rietveld methods (e.g., Carlin et al., 2024).
Elementary analyses, by Inductively Coupled Plasma techniques (ICP)
coupled with titration, offer more precise iron quantifications, albeit
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without revealing mineralogical details (e.g., Roche et al., 2024). At the
microscale (i.e., in two dimensions), in-situ techniques such as Electron
Probe Microanalysis (EPMA) or Scanning Transmission X-ray Micro-
scopy (STXM) enable accurate quantification of iron content and
speciation within individual minerals (e.g., Combaudon et al., 2024;
Pasquet et al., 2021), though requiring considerable time investment
due to specific sample preparation and mineral scouting required for
analysis. Recently, Kularatne et al. (2024) proposed a novel approach
coupling 2D chemical and mineralogical data (EDS-SEM) and 3D im-
agery (X-ray micro-computed tomography) to quantitatively assess the
distribution and speciation of iron at the bulk rock scale, unlocking new
perspectives to calculate Hy generation yields representative of the
studied bulk rock sample. However, the success of such a methodology is
currently constrained by (i) a high-level pre-knowledge of the sample
such as the formula unit of each type of mineral constituting the sample,
and (ii) the long time required for data acquisition and subsequent
computer processing (e.g., several days considering the whole analytical
chain). Furthermore, the literature emphasizes the significant variability
in both Fe content and speciation, commonly observed across all scales
(ranging from micrometer to outcrop) in samples sharing the same
geological age and history (e.g., Andreani et al., 2013b; Loiseau et al.,
2024). Therefore, conducting numerous rapid and cost-effective mea-
surements seems essential to prevent erroneous conclusions when
assessing rocks’ past and remnant Hy-generation potential.

In parallel, Mossbauer Spectroscopy (MS) allows the determination
of speciation and distribution of Mossbauer-sensitive elements, such as
iron, among the different crystallographic sites of the minerals consti-
tutive of a powder. The theoretical limit of detection reaches down to 1
atomic percent (i.e., 1 % of the ZFe present in the sample), although the
actual sensitivity may be slightly lower due to practical constraints (e.g.
signal noise, sample heterogeneity). The principle of MS has been dis-
cussed in a wide range of literature reviews (Dyar et al., 2006; Grandjean
and Long, 2021; Murad, 2010; Stevens et al., 2005; Yoshida and Lan-
gouche, 2013), and an overview of this technique is also provided in
Appendix Al to support the comprehensibility of this study for non--
Mossbauer specialists. For decades, this technique has been extensively
used in various fields of fundamental research, e.g., mineralogy and
crystallography of iron oxides (e.g., Daniels and Rosencwaig, 1969;
Gorski et al., 2012; Joos et al., 2016), or more recently in applied
research as in the field of new lithium-based batteries (e.g., Fehse et al.,
2019; Yamada et al., 2001). In the framework of prospection for natural
Ho-generating rocks, the use of MS has remained very sporadic so far,
except in a few sparse studies mainly focusing on serpentinization and
limited most of the time to the characterization of separate minerals
(Geymond et al., 2023; Seyfried et al., 2007; Syverson et al., 2017;
Tutolo et al., 2020). Working on a single mineral enhances precision
(McGuire et al., 1991), but implies that analyses on bulk natural rocks
are precluded by mineral extraction from the rock sample matrix. Such
an approach is therefore time-consuming and does not provide infor-
mation regarding the Fe>*/SFe ratio at the bulk scale. If MS analysis of
bulk rock samples proves successful in providing accurate Fe>*/SFe
ratios, this technique could become a gateway for determining Hy yields
of generation, and may therefore play a prominent role in this field of
research in the coming years. As with any other analytical tool, however,
MS should be used carefully, with consideration of its limitations.

Based on a compilation of petrographic analyses performed on Fe-
rich natural samples, this study investigates the possibility of perform-
ing MS analyses at the bulk rock scale to get accurate Fe?>"/SFe ratio
quantifications and the respective contribution of each mineral phase, in
reasonable time scales. Raw MS data are processed following XRD and
Scanning electron microscopy (SEM) analyses, and the results are
compared with the Fe?™/SFe ratio from titrations performed on the
same samples. This study explores the most suitable parameters, (e.g.,
temperature of spectra acquisition), and approach for framing Fe dis-
tribution and speciation in rocks. It also proposes an efficient method-
ology for natural Hy exploration purposes.
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2. Material and methods
2.1. Analytical strategy

In this paper, MS is used to quantify iron distribution and speciation
in Fe-rich rocks with complex paragenesis. Five samples (S1 - S5) were
chosen for this study, described in section 2.3. They were selected
because (i) they encompass a diverse range of iron content and mineral
assemblage typically found in continental regions, in Australia, Namibia
and France (Fig. 1), and (ii) all of them are currently being investigated
to assess their potential for Hy generation. Since Fe content significantly
impacts the time required to acquire high-quality MS spectra, the first
step of this study was to investigate the XFe concentrations of the
samples by performing bulk elemental analyses using ICP-OES. The XFe
concentrations in the samples range from 6.82 wt% to 52.90 wt% Fe,03,
ensuring that the MS analyses could be conducted under optimal con-
ditions and minimizing analysis time. Details on the ICP-OES method-
ology and results are provided in Appendices A2 and A3, respectively. As
the MS data processing also requires an a priori knowledge of bulk Fe-
bearing mineralogy, the second step of this study aimed to determine
the samples’ paragenesis, using conventional analytic methods such as
SEM and XRD. Details on these methods are given in Appendix A2. MS
data acquisitions were then performed under various setups to investi-
gate the best compromise between precision and time efficiency.
Initially, all samples were analyzed at room temperature (295K) and
over a wide range of source velocities (i.e., large band) to ensure the
detection of species with a broad spectral dispersion. Since the MS
spectral signature of magnetic materials is temperature-dependent, a
series of high-velocity analyses was also conducted at low temperature
(6K), tentatively to achieve more precise quantifications of Fe speciation
and distribution, as is commonly done in the literature (e.g., Doriguetto
et al., 2003). Analyses were finally conducted over a reduced range of
source velocities (i.e., short band) to assess the relevance of this
time-saving analysis setup. Practical details regarding MS acquisition
and processing are provided in the following subsection. Our Fe?*/SFe
ratio quantification results obtained by MS were then challenged
through a comparison with wet chemistry (Fe?* titration) to ensure the
precision of our MS methodology. Details on the titration protocol and
raw results are given in Appendices A2 and A3, respectively.

2.2. Mossbauer spectroscopy: data acquisition and processing

57Fe Mossbauer spectra were acquired in transmission mode using a
constant acceleration spectrometer with a 57Co/Rh source. Measure-
ments were initially conducted at room temperature in a zero-magnetic
field. Samples were then cooled in using a vibration-decoupled and
closed-cycle helium cryostat, until the low temperature target was
reached. The spectra were subsequently collected. The measurements
were performed in high velocity (source velocities ranging from —12 to
12 mm/s) and low velocity (from —4 to 4 mm/s). All isomer shifts
mentioned are referenced to a-Fe. The fitting of hyperfine parameters
was done using a Liouville operator-based program coded in C++,
allowing to fit the spectra with appropriate combinations of Lorentzian
lines. In this way, the respective subspectral parameters (e.g., the isomer
shift) and the relative areas of the different Fe contributions were
determined (Sougrati et al., 2008, 2016). The pre-Mossbauer analyses
were used as a starting basis for the spectra fitting, in addition to
theoretical hyperfine parameters of the minerals, available in the liter-
ature and gathered in Appendix A4. Spectra were refined to improve the
XZ values (ideal fitting XZ = 1). However, it is important to remember
that the y? value depends not only on the quality of the fit but also on
other criteria such as the initial signal-to-noise ratio of the acquired
spectra and the number of Fe-contributions fitted. Therefore, even with
a reasonably low or high 2 value (yet remaining close to x* = 1), a
careful visual inspection of the spectral fitting should always prevail to
assess the quality of the MS spectrum processing. In this study, MS
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Fig. 1. Sampling locations of the 5 studied samples. S1: Slightly serpentinized Lherzolite from French Pyrenean foothills (1.3716E/42.8045N). S2: Highly ser-
pentinized Lherzolite from French Pyrenean foothills (0.6443W/43.0557N). S3: Fresh Archean BIF from Western Australia (119.0578E 21.2645S). S4: Altered
Neoproterozoic BIF from Namibia (16.0307E/28.0307S). S5: Altered Mesoproterozoic Granitoid from Southern Australia (137.76E/34.09S). Four of them are
currently under investigation to evaluate their link with natural H; seepages occurring in their vicinity.

quantifications are simply derived from the respective subspectrum
areas obtained during the spectra fitting. Since there is no consensus on
the efficiency of correcting the relative areas of each iron contribution
based on their recoilless factor (Dyar, 2002), which is characteristic of
each Fe site in a given mineral environment, such a correction was not
applied. This approach, which may introduce some bias, is addressed in
the discussion (Section 4.3).

2.3. Studied samples

S1 and S2 samples consist of ultrabasic rocks. They represent low-
grade and high-grade serpentinized types of the main lithology stud-
ied for Hy generation, particularly in ophiolites (Barnes et al., 1978; Neal
and Stanger, 1983). The two samples are lherzolites collected in the
Pyrenees Mountains, where natural H, seeps have been detected and the
exploration is currently active (Lefeuvre et al., 2021; Loiseau et al.,
2024). S1 comes from the Etang de Lherz massif in the eastern part of the
Pyrenees and is dated between 110 and 85 Ma (Lagabrielle and Bodinier,
2008). It is considered as a sedimentary-type peridotite associated with
breccias suggesting an emplacement during the dismantling of the
platform (Clerc et al., 2012; Lagabrielle et al., 2010). Its serpentinization
grade is less than 10 %, making it one of the least serpentinized rocks in
the Pyrenees (Le Roux et al., 2007). S2 comes from the Saraillé Massif,
located in the western part of the Pyrenees (Fig. 1). It is a
highly-serpentinized tectonic-type peridotite, resulting from the
emplacement of the Sarrance anticline (Corre et al., 2016; Lagabrielle
et al., 2019).

S3 and S4 are Precambrian-aged Banded Iron Formations (BIF) that
have recently been suggested to generate Hy (Geymond et al., 2022;
Moretti et al., 2022; Roche et al., 2024). S3 is a drill core sample from the
Archean iron member of the Pincunah Hill Formation (Van Kranendonk,
2006), obtained from 50 to 100 m depth during the drilling of the Iron
Bridge Magnetite Project, in the Pilbara Craton (Western Australia,

Fig. 1). The iron member age has been constrained isotopically to 3.19
Ga (Rasmussen et al., 2007), and is interlayered with greenstone belts
for a total thickness of up to 800 m. S4 is a BIF sample coming from the
Neoproterozoic Jakkalsberg Member Unit (Frimmel, 2011) that out-
crops near the border between Namibia and South Africa (Fig. 1). It
differs significantly from S3 in both age and the degree of meta-
morphism undergone. No radiometric data is available but micropale-
ontological data indicates an Ediacaran-aged sediment deposition,
around 635 - 541 Ma (Frimmel, 2011). This rock records
greenschist-facies metamorphism marking the subsequent collision
(Frimmel, 1998).

S5 corresponds to a Fe-rich granite. In addition to the commonly
accepted radiolysis (Sherwood Lollar et al., 2014), recent studies suggest
that granite may generate Hy during the weathering of iron-bearing
minerals such as biotite or amphibole (Murray et al., 2020; Truche
et al., 2021). S5 was collected from a drill core recovered at 86.4 m
depth, extracted during the DDH221 drilling campaign performed in
Yorke Peninsula (Southern Australia, Fig. 1). It belongs to the intrusive
Hiltaba Suite, dated at 1.6 Ga (Reid et al., 2021). This Suite is assumed to
play a role in Hy fluxes measured in Yorke Peninsula (Boreham et al.,
2021).

3. Pre-Mossbauer analyses: accurate paragenesis determination

This section aims to describe the specific paragenesis of the samples,
with a special focus on Fe-bearing phases. They were determined
through optical microscopy, XRD, and SEM. All the Fe minerals, specific
to each sample, were then used to efficiently process the raw Mossbauer
spectra. Results are presented in the main manuscript for S1 (Fig. 2), and
in Appendices A5-A8 for the four other samples. Table 1 summarizes the
paragenesis of all the samples.

S1 (slightly serpentinized peridotite) mainly consists of olivine (ideal
formula: [Fe2+,Mg]2SiO4), clino- and orthopyroxene (ideal formula:
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Fig. 2. Initial characterization of the S1 sample. The corresponding results for S2-S5 are provided in Appendices A5-A8. (a,b) Photomicrograph of the thin section
observed in Polar-plane light. (c) Elementary mapping highlighting the distribution of Si, Fe, and Cr in the sample. (d) XRD pattern and peak indexing of the bulk
sample powder. Fs refers to forsterite, Lz to lizardite, CrSp to Cr-spinel, Ilm to ilmenite, Px to pyroxene. In this sample, Fe is carried by olivine, pyroxene, serpentine,

Cr-spinel, and to some extent magnetite and ilmenite.

[Fe2+,Mg,Ca] 2Si20g), all of which being milli-to plurimillimetric in size.
These primary minerals are densely fractured and slightly serpentinized
(ideal formula: [Fe2+,Mg]3Si205[OH]4), as highlighted by both SEM
elementary mapping and XRD (Fig. 2). Opaque minerals/oxides are
disseminated and are part of the primary paragenesis. Most of them
correspond to ilmenite (ideal formula: Fe2+Ti03) and Cr-rich spinel
(ideal formula: Mg[Cr,Al],04) according to XRD peak indexing (Fig. 2b),
where a significant part of aluminum is substituted by chromium
(Fig. 2e). Fe also enters the composition of these oxides (Fig. 2d),
substituting either Mg?" as Fe?* or AI** as Fe>'. By order of decreasing
abundances, the main minerals carrying iron in this sample are olivine,
pyroxene, serpentine, and spinels. These phases have been used as a
starting point to process S1 Mossbauer data. Below XRD detection limit,
very sparse magnetite crystals (ideal formula: Fe>*Fe3"0y) are also
observed in SEM, as well as a few pyrite (ideal formula: Fe2+82)
sporadically found in the rock (Fig. 2c,d).

S2 (highly serpentinized peridotite) is dominated by Fe-poor
serpentine (see Appendix A5). A few primary mineral relics of olivine
and pyroxene are preserved within serpentine and as mesh texture cores.
A notable feature is the presence of 3-6 mm bastite that corresponds to
fully pseudomorphosed serpentinized orthopyroxene relicts. The pres-
ence of serpentine veins of 0.4 mm might reflect different serpentini-
zation events. Oxides/opaque minerals are widely developed in the
mesh texture (~10 vol% of the paragenesis) and correspond to primary
Cr-rich spinel (~1 mm) and aggregates of smaller magnetite occurring at
chromite edges.

S3 (Archean BIF) paragenesis is consistent with the descriptions of
the Iron Member of the Pincunah Hill Formation (Trendall and Blockey,
1970), corresponding to thinly layered cherty levels (ideal formula:
SiO2) and Fe-oxide levels (see Appendix A6). Oxides/opaque minerals
are essentially magnetite. In addition to these dominant constituents,
our analyses reveal the presence of accessory minerals such as albite
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Table 1
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Summary of the Fe-bearing minerals constituting the studied samples. Ol refers to olivine, Cpx to clinopyroxene, Opx
to orthopyroxene, Serp to serpentine, CrSp to Cr-spinel, Mgt to magnetite, Carb to Fe-carbonate, Bi to biotite, Chl to
chlorite, Py to pyrite, Stilp to stilpnomelane, Hem to hematite and Ilm to ilmenite. Due to the minor amounts observed
in the sample for Py, Stilp and Ilm, these phases are not expected to contribute to the MS spectra but were tentatively
fitted. « + » symbol describes the relative volume abundances. Both Fe?* and Fe>" are commonly found in most of
these minerals, demonstrating the relevance of performing MS analyses.

Observed Fe-bearing minerals in the paragenesis
Sample

(0] Cpx Opx Serp CrSp Mgt Carb Bi Chl minor
S1 +++ +++ +++ + +++ + Py, Ilm
S2 + + + +++ + +++
S3 ++ +++ Stilp, Hem
S4 +++ +++ +
S5 -+ +++ + IIm

(ideal formula: NaAlSi3Og). Some of them contain significant iron con-
tents such as Fe-bearing dolomite (ideal formula: [Fe2+,Ca,Mg]2[C03]2)
and stilpnomelane (ideal formula: K[Fe?",Mg,Fe3*15[Si,Al]l;2[0,0H] ;.
l'leo).

S4 (Neoproterozoic BIF) is predominantly made up of quartz and
fine-grained magnetite (c. 5-10 pm) disseminated in the bulk rock (see
Appendix A7). Fe-bearing biotite is also observed (ideal formula: K
[Fe?* ,Mg,Fe>*]5[Si,Fe>*,Al]40,0[OH],). Minor components complete
the paragenesis such as Fe-bearing chlorite (ideal formula: [Fe?* Mg,
Fe*16[Si,A114010[OH]g).

S5 (Hiltaba granite) consists mostly of quartz, albite, K-feldspar
(ideal formula: KAlSi3Og), and biotite (see Appendix A8). The latter
appears altered into chlorite and both minerals contain iron although
the Fe content is higher in biotite. Disseminated minerals of primary
origin occur locally and correspond to apatite (ideal formula:
Cas[PO4]3[OH,F,Cl]), magnetite, and ilmenite.

4. Mossbauer results and discussion

The following section presents the MS processing results for both
low-temperature (6K) and room-temperature (295K) acquisitions in
high-velocity and low-velocity. All raw data can be found in supple-
mentary material. The hyperfine parameters used to perform the pro-
cessing were selected from an abacus of hyperfine parameters of each
mineral of interest for Hy generation, built for the specific purpose of this
study and available in Appendix A4. The details of each spectrum fitting
discussed in this section are provided in Appendix A9.

4.1. High-velocity spectra

4.1.1. Qualitative room-temperature fitting

Except for S1 (Fig. 3a), all samples exhibit sextets at 295K, indicating
the presence of at least one Fe-bearing magnetic phase (Fig. 3b-e) and
justifying the acquisition of high-velocity spectra. The processing was
initiated by fitting the sextets to help later constrain the respective
contributions of doublets in the inner part of the spectrum. Using the
initial sample characterization results, two sextets were successfully
fitted for the S2-S5 acquisitions with the hyperfine parameters of
magnetite (see abacus in Appendix A4). These two sextets represent Fe
distributed in the tetrahedral site () as Fe®! and in the octahedral site
[1g as both Fe?" and Fe3", with respect to the ideal magnetite structural
formula (Fe%*)A[Feg+,Fe§+]3032. Electron hopping between Fe?* and
Fe®t in sites [1g above the Vervey transition (Ty ~ 120K) results in a
mean ionic charge of Fe>>*. The apparent quality of the sextets fitting
indicates that, within the detection limit, no other Fe-bearing magnetic
phases are present in the S2-S5 samples.

At 295K, the S1 spectrum (Fig. 3a) was fitted with two contributions
of olivine, corresponding to the M1 and M2 octahedral sites where Fe?*
can occur. It must be noted that hyperfine parameters of Fe>" in the M2
site of olivine are hardly distinguishable from Fe" in serpentine (see
specific hyperfine parameters of each mineral in Appendix A4). How-
ever, the low amount of serpentine present in S1 as well as iron poorness
in serpentine versus olivine highly suggest that this contribution is
related to olivine. It highlights the need to have an a priori knowledge of
the sample before MS processing. Two contributions were successfully
attributed to pyroxene although three crystallographic sites can theo-
retically incorporate Fe in such a mineral. This can be explained by the
iron poorness of pyroxene in this rock. One final contribution was fitted,
corresponding to Fe*! in Cr-rich spinel. Since a few sparse magnetite
growths were observed in S1 under SEM, it may seem puzzling that no
contribution from magnetite was fitted. However, it only reflects the
amounts of Fe present in olivine and pyroxene, which “overprint” the
small contribution of Fe from magnetite (theoretical detection limit of 1
% atomic > _Fe, though slightly higher in practice). For S2 (Fig. 3b), only
one contribution of Fe?' was evidenced in serpentine, although
serpentine is thought to incorporate one octahedral Fe?*, one octahedral
Fe3+, and one tetrahedral Fe®" (Fuchs et al., 1998; Tutolo et al., 2020).
Fe3" in Cr-rich spinel was also revealed and no Fe?' could be fitted for
this phase. For S3 (Fig. 3c), one doublet was fitted corresponding to a
FeZ* contribution from Fe-carbonate. Since carbonate only incorporates
Fe?" in one single crystallographic site with similar hyperfine parame-
ters regardless of the exact nature of the carbonate (e.g., ankerite or
siderite), the nature of the carbonate cannot be determined unambigu-
ously. For S4 (Fig. 3d), two contributions were fitted from biotite, cor-
responding to one Fe?* and one Fe>', both of them in octahedral
position. A contribution of chlorite was tentatively added during the
processing without success, suggesting a very minor contribution from
chlorite in the total Fe budget, which is consistent with the low amount
of chlorite in the sample according to XRD. For S5 (Fig. 3e), three
distinct contributions were identified from biotite, corresponding to two
Fe" and one Fe®*, all of them in octahedral position. This demonstrates
that a high level of precision can be achieved to characterize one single
mineral in a complex mineral assemblage. Despite prior analyses high-
lighting the presence of chlorite and titanite as additional Fe-bearing
phases, no contribution from them could successfully be fitted to the
spectrum.

4.1.2. Qualitative low-temperature fitting

A common reason for conducting low-temperature MS analyses is to
detect the presence of magnetic phases, that typically exhibit sextets
below their temperature of ordering, while they present only doublet at
295K. For our samples analyzed at 6K, S1 still exhibits only doublets as
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Fig. 3. MS spectra fitting for data collected in high-velocity at (a—e) 295K and (f-j) 6K. The y? are provided for each fit in Appendix A9. Fe occupies either octahedral
sites (M) and/or tetrahedral sites (T) in silicate and oxides. Dots correspond to the raw data and the black line to the fitting result. Abbreviations remain identical as
the one provided previously. For more quantitative information regarding the relative areas of each subspectrum, see section 4.3.
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for the acquisition at 295K (Fig. 3f). The absence of any sextet even at
such a low temperature provides robust evidence that only trace
amounts of magnetic Fe-bearing phases are present in the sample, sup-
porting the XRD and SEM data. Otherwise, sextets would have been
evidenced below the temperature of ordering. Specifically, the presence
of chromite, a presumed catalyst of Hy generation during serpentiniza-
tion (Neubeck et al., 2011), would have been revealed during 6K ac-
quisitions since the transition temperature of ordering occurs around
70K (Lodya et al., 1994). Similarly, superparamagnetic magnetite,
typically sized <50 nm and formed during early stages of serpentini-
zation (Maffione et al., 2014), presents a doublet at 295K and a sextet at
6K (Wareppam et al., 2022). Although the S1 spectrum acquired at 6K
appears similar to the one acquired at 295K, it shows some differences.
The two Fe?' contributions of olivine and the Fe*! contribution of
Cr-spinel are still successfully fitted at 6K. On the contrary, only one
Fe?t contribution of pyroxene is resolved, which could be associated
with an unresolved bump at around 4 mm/s that possibly corresponds to
a shift in the hyperfine parameters of the missing Fe>™ contribution of
pyroxene.

Significant changes are observed at low temperature for S2-S5
samples, mainly associated with the multiplication of magnetite con-
tributions that result from the higher ordering of Fe and rearrangement
of electron distribution in the mineral lattice. Numerous studies in the
literature have, with varying degrees of success, focused on decompos-
ing the MS signal of magnetite into several contributions, with up to 6
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subspectral sextets (e.g., Garcia and Subias, 2004). Recently, a study
demonstrated the efficiency of considering four contributions to fit low
temperature magnetite spectra (Reznicek et al., 2017): one contribution
for 8(Fe3*),, one for 8[Fe®']p, one for 5[Fe**]z and one last for 3
[Fe?*1p. Following this methodology, the S2-S5 spectra were processed
by imposing four sextets. The resulting fittings of the external peaks of
the S2-S5 spectra appear acceptable, though not as accurate as at 295K.
This lies in the multiplicity of magnetite sextets that overlap at 6K and
involve large gaussian-shaped peaks. This highlights a difficult decon-
volution of MS spectra and uncertain MS data processing for low tem-
perature acquisitions without a strong a priori knowledge of the samples.
For instance, a complementary magnetic phase in addition to magnetite
(e.g., another Fe-oxide), might have been more easily hidden by all other
contributions at 6K than 295K. This observation demonstrates the ne-
cessity to realize pre-Mossbauer analyses and raises the question of the
relevance of performing low temperature MS analyses for the purpose of
bulk rock sample characterization. For S1-S4, the same doublets as for
295K spectra were fitted. On the contrary, the multiplicity of magnetite
contributions prevented to converge towards a solution with three
biotite contributions for S5, giving access only to two of them (Fig. 3j).
Once again, this strongly shades the efficiency of low-temperature MS
analyses, as it hides other contributions and complexifies the fitting.

1.00 |-

= —@O—E-,i 3
/’*“x\\

CrS

T & G

)] ) - 295K - LV

0.95

0.90
ol

- Fe*

0.85 [ Of = Fe*M

1.00 e VA

Sp

0.5 Srp - Fe?*/

Velocity (mm/s)

Fig. 4. MS spectra fitting of S1 and S2 samples, for data acquired at room temperature in (a,c) high velocity and (b,d) low velocity. The 2 is provided for each fit in
Appendix A9. Dots correspond to the raw data and the black line to the fitting result. The comparison highlights the relevance of low-velocity acquisitions when the
sample does not contain Fe-oxides, both to save time and improve velocity resolution, allowing for the detection of additional Fe contributions. Conversely, working
on low-velocity acquisitions when ferromagnetic phases constitute the sample can involve a loss of precision since the sextets are badly resolved and truncated. Fe
occupies either octahedral sites (M) and/or tetrahedral sites (T) in silicate and oxides. CrSp refers to Cr-spinel, Mgt to magnetite, Srp to serpentine, Opx to
orthopyroxene, Ol to olivine. For more quantitative information regarding the relative areas of each subspectrum, see section 4.3.
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4.2. About the relative relevance of low-velocity acquisitions

The acquisition of MS spectra within a wide range of source veloc-
ities (i.e., high-velocity spectra, labeled HV) as presented in the previous
section provides access to the full spectrum of sextets associated with
magnetic phases. This consequently involves a loss of resolution to
accurately fit the doublets, which may necessitate an acquisition in a
small range of source velocities (i.e., low-velocity acquisition, labeled
LV). The benefits and disadvantages of working on HV and LV spectra
are discussed through the meaningful comparison of HV and LV data
collected at room temperature for samples S1 and S2.

For S1, the HV spectrum, as discussed previously (Figs. 3a and 4a),
exhibits no sextet. It demonstrates that the sample does not carry any
magnetic phase. Two olivine Fe?* doublets, two pyroxene Fe?* dou-
blets, and one Cr-rich spinel Fe> doublet are successfully fitted. In
parallel, the fitting of the LV spectrum interestingly displays an impor-
tant gain in resolution although not revealing any additional contribu-
tion compared to the HV spectrum (Fig. 4b). The relative gain in
resolution may thus appear useless since it does not help reveal other Fe
contributions. Yet, the use of LV acquisitions instead of HV acquisitions
can be seen as a time-effective way to perform MS analyses in non-
ferromagnetic bearing samples, since it reduces the time of acquisition
threefold from velocity source from —4 to 4 mm/s to velocity source
from —12 to 12 mm/s).

The relevance of performing such LV acquisitions on magnetic phase-
bearing samples is also arguable. For example, the HV spectrum of S2
was previously fitted at room temperature with two magnetite sextets
(Fe®* and Fe?>"), as well as one doublet from serpentine Fe?' and one
from Cr-rich spinel Fe** (Fig. 4c). In LV, the gain in resolution brings
more difficulty to fit the spectrum (Fig. 4d). Although its shape presents
more details suggesting that additional contributions can be fitted
compared to the HV spectrum, this task remains impossible due to the
poor constraining of contributions from the magnetite sextets. In this
example, the LV acquisition alone appears irrelevant. However, one
intermediate solution might be to acquire the HV spectrum and process
it to properly constrain the hyperfine parameters of sextets, before
diving into a more detailed analysis by subsequently acquiring and
processing a LV spectrum with the hyperfine parameters obtained from
the HV spectrum fitting.

4.3. Quantification of Fe distribution and speciation from MS analyses

Following the qualitative fitting of all spectra, the respective con-
tributions of each Fe (at%) were straightly estimated by considering the
relative area of each subspectrum (available in Appendix A9). It may be
considered more rigorous to calculate the respective contributions by

Table 2
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correcting the relative areas from the recoilless factor (f) of each type of
Fe. This factor corresponds to the variability between radiation ab-
sorption by iron from one to another, depending on its mineral lattice
configuration. For instance, tetrahedral Fe* in magnetite absorbs at
room-temperature 6 % more radiations than octahedral Fe>>*, with a
focta/ feetra Tatio = 0.94 that can usually lead to an underestimate of Fe25+
in the magnetite lattice (Sawatzky et al., 1969). The choice not to
consider the recoilless factors to further refine the quantification in our
samples was primarily led by the high variability in factors displayed in
the literature for some minerals (e.g., biotite). This can be explained by
the intrinsic variability in Fe environments in the mineral lattice for one
single mineral (Dyar, 2002), and can further bias the final quantification
by choosing an incorrect factor.

Fe distribution and Fe speciation into the samples are displayed in
Table 2, except for low-temperature acquisitions of S3 and S4 that were
not considered due to the poor reliability of the fitting (visually
approximate curve fitting). Regarding S2 and S5, both Fe2"/S Fe ratios
of magnetite (0.38 and 0.36, respectively) appear unrealistic since Fe?*/
>"Fe ratio in magnetite cannot exceed 0.33. Importantly, such a result
cannot be explained by the recoilless factor (not considered here)
because its consideration would involve a higher Fe?*/3 Fe ratio. On
the contrary, this highlights the challenge of deconvoluting the respec-
tive contributions of magnetite at low temperature (Reznicek et al.,
2017), and likely even more while working on complex mineral as-
semblages. In this context, it is clear that our data fitting was performed
using only Lorentzian profiles, which may be less effective at capturing
the spectral complexity of natural samples than Voigt profiles (Rancourt,
1994). Specifically, in the case of magnetite in our samples, an inaccu-
rate accounting for distributions in the hyperfine field (arising, for
instance, from particle size variability, altered surfaces, defect or
cationic substitutions) could contribute to both the apparent
non-stoichiometry and imperfect spectral fits. For these reasons, the
quantifications of S2 and S5 at low temperature also seem of poor reli-
ability with visually not always accurate curve fitting (see Fig. 3).
Altogether, these quantitative results underline that room-temperature
analyses should be privileged to characterize bulk rock samples.
Regarding high-velocity vs low-velocity acquisitions, our quantifica-
tions thus suggest the latest should be avoided if a magnetic phase
constitutes the sample, as it involves a bias in the quantification. For
samples that do not carry a magnetic phase, LV acquisitions might not
change the quantification dramatically but still reduce acquisition time
threefold.

4.4. Comparison with titration method and MS error determination

In the literature, the reliability of MS analyses is commonly

Fe distribution and speciation in the studied samples, according to the various MS acquisitions and processing performed at 6K and 295K, for radioactive source
velocities of +4 mm/s (LV) and £12 mm/s (HV). Fe>* * refers to the Fe2+/ZFe ratios calculated for each mineral and the bulk rock samples and is comprised between
0 and 1. For S3 and S4, Fe distribution was not considered (N.C.) for spectra recorded at 6K due to the extremely poor quality of the fitting (see Fig. 3).

Sample Ol Opx Serp Cr-Spn Mgt Fe-carb Bi Bulk
%at Fe?t = %at Fe?t * Y%at Fe*t * %at Fe*t * %at Fe*t * Y%at Fe?t * %at Fe?* * Y%at Fe?* *

S1-295K-HV 54 1.00 35 1.00 11 0.00 100 0.89
S1-295K-LV 52 1.00 36 1.00 12 0.00 100 0.88
S1-6K-HV 57 1.00 31 1.00 12 0.00 100 0.88
S$2-295K-HV 40 1.00 8 0.00 52 0.31 100 0.56
S2-295K-LV 33 1.00 12 0.00 55 0.28 100 0.50
S2-6K-HV 35 1.00 8 0.00 57 0.38 100 0.51
S$3-295K-HV 87 0.32 13 1.00 100 0.40
S3-6K-HV N.C. N.C. N.C. N.C. N.C. N.C.
S4-295K-HV 76 0.32 24 0.71 100 0.42
S4-6K-HV N.C. N.C. N.C. N.C. N.C. N.C.
S$5-295K-HV 55 0.28 45 0.67 100 0.45
S5-6K-HV 67 0.36 33 0.70 100 0.47
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estimated by comparison with wet chemistry, i.e., Fe?™ titration, notably
on single phase MS analyses such as isolated biotite (Dyar, 2002). From
the authors’ knowledge, such a comparison on bulk rock powder is rare
in the literature, if existent. In the present study, we apply this com-
parison methodology by cross-checking our MS results with the titration
results, performed on the same samples. Quantitative results and error
bars calculated for each titration are provided in Appendix A3. Due to
the uncertainties associated with low-temperature MS spectra fitting
and quantifications, as discussed in the previous section, only
room-temperature MS data are compared with titrations.

At first sight, the Fe?*/> Fe ratios obtained from MS and titrations
appear very similar, with crossplots falling very close to the 1:1 ratio
curve and displaying a Pearson correlation parameter of r = 0.96
(Fig. 5). In more detail, one sample (S4) lies on the 1:1 curve, two others
(S1 and S2) overlap the line when considering the titration uncertainty,
while the two lasts (S3 and S5) lie farther. Unfortunately, no direct way
of quantifying MS uncertainty exists since the sources of error are
multiple. It often resides in (i) a contribution drowned in the background
noise, (ii) a contribution hidden by another due to overlapping, which
can result for instance in a minor Fe>" subspectrum involuntarily
incorporated into a predominant Fe?* subspectrum, changing as a
consequence the overall Fe?"/S Fe ratio, (iii) a wrong choice in
selecting hyperfine parameters, that result in a wrong characterization
of the sample. Therefore, the comparison with Fe?* titration provides a
direct mean to estimate the uncertainty associated with the MS quan-
tification of Fe2+/ZFe ratios. The first way of quantifying it is to
calculate the deviation between the MS results and the titration results,
which corresponds to +0.03, +0.03, +0.05, 0.00, and —0.09 for S1, S2,
S3, S4, and S5, respectively (Table 3). Rather than providing a deviation
percentage from the titration result, it may be considered more robust to
provide a range of minimum and maximum deviation on the MS result,
with respect to the titration uncertainty. In that case, the ranges of MS
errors are 0 to +0.08 (S1), 0 to +0.06 (S2), +0.03 to +0.07 (S3), —0.02
to +0.02 (S4), and +0.05 to +0.13 (Table 3). From these deviation
calculations, the reliability of MS results appears high, with an absolute
mean deviation of 0.04 and an absolute mean range of deviation of
0.02-0.07.

Digging further into the cross-comparison highlights that three
samples show a slight overestimate of Fe>™ by MS, or an underestimate
of Fe?* by titration (S1, S2, and S3), while one other shows an

@ Experimental data (titration vs. MS)
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Table 3

Absolute Fe?*/S Fe obtained from MS and titration, along with the analytical
titration error and the estimated MS error. * In the table, the deviation is given as
absolute values, although some of them are positive while others are negative
with respect to titration.

Sample  Fe?t/ Fe?"/3 Fe Fe**/ MS MS range of
> Fe Tit min- > Fe MS deviation* deviation* with
Tit max from mean respect to
mean Tit titration min-
max
S1 0.85 0.80-0.88 0.88 0.03 0 to 0.08
S2 0.53 0.50-0.56 0.56 0.03 0 to 0.06
S3 0.35 0.33-0.37 0.40 0.05 0.03 to 0.07
S4 0.42 0.40-0.44 0.42 0 0.02 to 0.02
S5 0.55 0.51-0.59 0.46 0.09 0.05 to 0.13
Mean 0.04 0.02 to 0.07
deviation

underestimate of Fe?™ by MS, or an overestimate of Fe?t by titration
(S5). These deviations, although no definitive explanation can be pro-
vided, might rely on one of the following points or a combination of
these, discussing the respective titration and MS limitations:

(i) The deviation is due to an inaccurate Fe2+/ZFe estimate during
the titration. The difficulty in accurately quantifying FeZ",
representative of the bulk sample digested, has been the subject
of numerous studies. Two main challenges are usually encoun-
tered. First, the complete dissolution of the bulk sample can be
difficult, as certain types of Fe-bearing minerals require stronger
reagents than others such as poorly reactive sheet silicate
(Hepburn et al., 2020). In the present study, the choice of using
HF-H,SO4 was made tentatively to prevent any incomplete
dissolution of the bulk sample and, especially, of the sheet silicate
(Anastacio et al., 2008) However, this possibility cannot be ruled
out. Second, the acid-titration has been reported to induce arti-
facts of Fe oxidation or reduction. Indeed, artificial Fe oxidation
during chemical reaction remains possible despite all precautions
taken during the dissolution and titration processes, as no specific
apparatus ensuring a complete oxygen exclusion was used (Xue
et al., 2017). Another concern is the destabilization of sulfide
minerals such as pyrrhotite or pyrite, introducing S?~ in the

titration uncertainty — |deal correlation (1: 1)
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Fig. 5. Cross-comparison of Fe?*/3 Fe results obtained from MS and titration analyses on the five studied samples. The green color refers to titration results and
associated analytical errors, and the blue color to MS results and estimated errors. Since no straight methodology exists to calculate uncertainty on MS quantification,
it can be estimated by calculating the deviation between MS results and titration results. (For interpretation of the references to color in this figure legend, the reader
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media that will likely reduce Fe>* into Fe?* to form S° pre-
cipitates (Husler et al., 2011). Regarding this point, none of the
studied samples presents significant amounts of sulfide minerals
(see Table 1), thus suggesting no artifact of such type. More
precisely, only S1 revealed minor amounts of pyrite, and the
Fe?t/ > Fe quantification obtained by MS fall within the titration
uncertainty range (the error bars cross the 1:1 curve in Fig. 5).
The deviation is due to an inaccurate MS spectrum deconvolu-
tion. Several algorithms exist to fit MS data, that lay on different
mathematic concepts and can occasion a certain variability in the
quantitative results (Dyar et al., 2006).

The deviation is due to the various recoilless factors that have not
been considered to correct the relative contributions of each Fe in
our samples from their relative subspectrum surface areas. Data
available in the literature suggest that these factors are lower for
Fe?' than Fe®' whatever the mineral, involving an increase of
Fe?'/3 Fe ratio of the sample when recoilless factor corrections
are made. Therefore, such a correction could explain the devia-
tion observed for S5, which shows an underestimate of Fe?* by
MS. It is, however, unlikely since it would then involve a
concomitant increase of MS deviations for the 4 other samples,
for whom MS quantifications are already in equilibrium or
slightly overestimated in Fe?™ with respect to titrations.

The deviation is due to Fe contributions in the samples, that are
invisible in high-velocity MS spectra. On the contrary to S1, S2
(MS deviation within titration uncertainty), and S4 (MS in equi-
librium with titration), S3 and S5 exhibit a positive and negative
MS deviation, respectively. These deviations, which signify an
overestimate and underestimate of Fe?" respectively, qualita-
tively correlate the findings of minor amounts of hematite (ideal
formula: Fe%*Og) in S3 and ilmenite (ideal formula: Fe2+Ti03) in
S5 that could explain these deviations. In the specific case of S5,
ilmenite exhibits a doublet that could be easily hidden in the
complexity of the inner part of the spectra (Fig. 3e). As such, an
additional LV acquisition may help gain resolution and get
insight to validate or invalidate this assumption.

(i)

(iii)

(iv)

4.5. Strengths and limitations of MS for studying Fe-rich Ha-generating
rocks and beyond

In Earth Sciences, the use of MS has been highly focused historically
on the characterization of natural single phases (De Grave and Vochten,
1985; Dyar, 2002; Lodya et al., 1994; McGuire et al., 1991; Vanden-
berghe and De Grave, 1989). More recently, MS gained much interest in
fundamental and applied Environmental Sciences where applications
developed to characterize synthetic experimental materials as well as
complex natural soils (Chen et al., 2023; Gorski and Scherer, 2009; Latta
et al.,, 2012; Notini et al., 2023; Thompson et al., 2006). Our study
demonstrates that MS is also a powerful tool to characterize iron in
complex natural rock samples. Our MS quantification results, only based
on first-order quantifications, align well with the titration results, with
estimates of Fe2+/ZFe ratio only deviating by 0.04 on average (see
section 4.4 for the related discussion). Unlike titration, it additionally
provides major insights on iron mineralogy.

This outcome carries interesting perspectives in the field of funda-
mental geology. For instance, Y Fe in bulk samples and minerals has
long been routinely measured only using microprobe, and is often
considered as Fe?" for simplicity. However, the Fe?*/3 Fe ratio is now
recognized as a key parameter for calculating effective geothermometers
and modeling phase equilibrium (Forshaw and Pattison, 2021; Inoue
et al., 2018). A widespread use of MS may help reevaluate many past
studies by considering the Fe2" /> Fe ratio. Meanwhile, in applied ge-
ology, the development of MS could be a game-changer for the explo-
ration and characterization of raw resources, such as iron ores or
Ho-generating rocks. The economic exploitability of an iron ore largely
depends on its grade, i.e., its Fe content, speciation, and mineralogy. The
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widespread use of MS through an effective workflow may positively
impact iron-ore exploration programs by reducing the analytical time
required for iron-ore characterization. Regarding the potential of
Ha-generating rocks, the kinetics of generation, and the P-T conditions
to generate Hy have been recognized to depend on the total budget of
Fe?" in the lithology as well as the mineral carrying this budget (Klein
et al., 2013). As such, our characterizations of S1 and S2 provide a
meaningful example of the effectiveness of MS. Studies highlighted that
Fe2+—serpentine (for instance S2 type rocks) is prone to generate Hj
below 100 °C (Ellison et al., 2021), although this mineral is known to
remain stable at higher temperature (Klein et al., 2013). Conversely,
experimental studies highlighted that the H; generation rate from
olivine (for instance S1 type rocks) is dramatically reduced at lower
temperatures, decreasing a thousandfold from 300 °C to 200 °C.
Therefore, it is of major interest to quantify not only the bulk Fe?*/S Fe
ratio (e.g., by titration) and mineralogy (e.g., by XRD), but also the
specific distribution of Fe?* in samples (e.g., by MS) , as it is expected to
involve different pathways for Hy generation.

Altogether, this study also raised limitations regarding the use of MS,
that are worth to frame for a conscious and efficient utilization. As
discussed below, it is clear that all these limitations can be addressed by
performing complementary analyses, which are often time-consuming
and mostly conducted at the micrometric scale, raising the question of
representativeness. It is up to the operator to balance the pros and cons
of complementing MS analyses with additional characterization
methods, depending on the desired level of precision. These limitations
can be broadly divided into four categories:

(i) MS analyses performed on bulk rock samples inhibit the detection
of minor Fe-contributions in the sample (as discussed earlier,
especially for S3 and S5), since their signal is drowned into the
others. This limitation can somehow be neglected in the frame-
work of Hy-generating rock characterization, if one considers that
the Hy potential of a rock resides in the dominant Fe contributions
and not in minor ones. Additional SEM observations may, how-
ever, be undertaken to evaluate the presence of these minor
contributions.

The respective Fe-contributions obtained from the deconvolution
of the different subspectra are averaged for each mineral species.
In other words, this technique does not allow to distinguish
different generations of the same mineral, bearing different
chemistries. As such, the use of this technique should be limited
to the determination of the Hp-generating potential of rocks and
not extended to the fine study of the history of the sample. For
instance, the pre-MS petrographic inspections performed on S2
highlighted different generations of serpentinization episodes,
that cannot be evidenced using MS. There, on possible solution
might be to conduct XANES analyses, that provide in-situ as-
sessments on Fe?'/S Fe ratio in micrometric spots, allowing to
constrain the respective Fe2+/ZFe ratio of different generations
of the same alteration mineral (Combaudon et al., 2024).

This technique only provides information on the Fe-distribution
and Fe-speciation in the sample but does not provide a quantifi-
cation of Fe content in the studied sample. Thus, a complemen-
tary analysis such as acid-digestion and titration of }_Fe may be
performed to quantify the total Fe-budget.

Finally, the Hy-generating potential of Fe-rich rocks does not only
depend on the Fe-content, Fe-distribution, and Fe-speciation. It is
also dependent on the presence of mineral or chemical catalysts
and inhibitors of reactions such as chromium, aluminum or nickel
(Andreani et al., 2013a; Mayhew et al., 2013), that cannot be
investigated through MS. Regarding this last point, although MS
must hold a central place in the characterization of Hy-generating
rocks, it must be completed by subsequent analyses and ICP-OES
analyses on bulk samples seem convenient.

(i)

(iii)

(iv)
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4.6. Using MS in an efficient workflow for Hy-generating rocks
characterization

This study demonstrates that MS has the potential to serve as a key
tool for characterizing the Hs-generating potential of (Fe-rich) rocks.
Especially for natural Hy prospection, its use may drastically shorten the
number of techniques required to characterize drill cores that come back
from drillings. Consequently, it would also reduce the time required for
a full sample characterization. A MS acquisition and processing can be
performed within 1-2 days (depending on Fe-content) without too
specific sample preparation and provides a full batch of information,
while other conventional techniques such as XANES provide only very
specific insights and require time-costly sample conditioning like FIB-
section preparation (usually several weeks required for the whole
analytical chain). However, to maximize the benefits of this technique, it
must be applied judiciously and integrated into a short and optimized
sequence of analyses (Fig. 6).

MS requires prior knowledge to accurately interpret the acquired
spectra, and must be preceded by mineral characterization. In this study,
pre-MS characterization was conducted using both microscopy and
XRD. However, these techniques are time-consuming and do not meet
the need for rapid characterization of Hy exploration campaigns.
Instead, we propose the use of hyperspectral mineral mapping of raw
drill cores returned from the field, a non-destructive and efficient
technique that has been employed successfully in the mining industry
for decades, to quickly identify mineralized veins (Contreras Acosta
etal., 2021; Schodlok et al., 2016). Once this mapping is completed, MS
analyses can follow. As demonstrated in this study, 295K and 6K ac-
quisitions present intrinsic limitations. At 295K, it may be necessary to
apply a recoilless factor correction to achieve more accurate quantifi-
cations, while at 6K, there is difficulty in properly fitting all the
magnetite contributions below the Verwey transition. These two
extreme temperatures were investigated being aware that an interme-
diate temperature may be more suitable for characterizing H-gener-
ating rocks. For those analyzing magnetite-bearing samples and having
access to low-temperature cryostats, acquisitions at 140K may be ideal,
as it would remain above the Verwey transition (thus only requiring
fitting two magnetite sextets) and be cool enough to negate the need for
recoilless factor corrections (Gorski and Scherer, 2010). For those who
do not have access to low-temperature cryostats, room-temperature
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acquisitions should be privileged, as the spectral fitting is simplified
but sufficient enough to get relatively accurate Fe?*/SFe estimates. In
fact, the cross-comparison between room-temperature MS and titration
results realized in this study confirms that MS is a reliable technique for
assessing Fe?'/sFe ratios, with an average deviation of 0.04, and
without considering any recoilless factor correction that is debated in
the literature. For a more precise and confident estimate, applying these
corrections could be beneficial, but it presents challenges since not all
recoilless factors are well-constrained. Additionally to high-velocity
acquisitions, low-velocity acquisitions may be relevant in some cases
to increase resolution and better constrain the doublets. Spectral fitting
should be performed intelligently, based on the initial mineral charac-
terization to avoid misinterpretation. Finally, refining the Hy-generating
potential of the most promising rocks will likely require further char-
acterization of elemental contents, such as Ni and Al, which act as
chemical catalysts in Hy generation (Andreani et al., 2013a; Barbier
et al., 2020; Sissmann et al., 2013).

It is important to emphasize that this study, and the resulting
workflow presented earlier, aim to promote the broader use of MS as a
time-effective tool for characterizing Fe-bearing rocks in the context of
natural H; exploration, even for non-MS specialists. For that reason, the
focus was placed on traditional transmission-mode MS analyses on bulk
powders, which represent the most common and accessible approach for
actors in the exploration field. However, a wide range of analytical
protocols based on the Mossbauer effect have been developed and may
be useful for those seeking to exploit further the MS-related techniques.
In particular, significant progress has been made over the years in terms
of radiative source design and beam size. As extensively detailed by
McCammon (2021) and references therein, conventional 57Co sources
are optimized for analyzing samples as small as 2 mm in diameter, which
is well-suited for bulk analysis but limits the ability to analyze individual
mineral grains or very fine particles separately. To address this limita-
tion, higher-activity point-sources (i.e. sources with greater >’Co con-
centrations at first order) have been developed, enabling the analysis of
samples down to approximately 100 pm. Taking this miniaturization
even further, synchrotron-based Mossbauer spectroscopy has been
established at several facilities, offering high-intensity beams that allow
spatial resolutions as fine as 30 pm, with acquisition times as short as
few minutes (instead of several hours for point-sources and several days
for conventional sources). Ultimately, selecting the optimal MS source

Mossbauer Determination of Fe-distribution
and Fe-speciation in the samples

- Room-Temperature (or 140K) acquisition
- High-Velocity and additonnaly
Low-Velocity to gain in resolution
- Spectrum fitting using prior knowledge
- Quantification w/ or w/o recoill factor correction

[ Maéssbauer
Detector

aver

A

Méssbauer Fe- distribution specta

Elemental content analyses (Fe, Ni, Al, Cr)
for most promising samples

Fig. 6. Schematic view of the place of Mossbauer spectroscopy (MS) in an automatized and routinely-operated Fe-rich rock characterization, in the framework of Hy
prospection. This work demonstrates that MS acquisitions should be privileged at room-temperature (or 140K, see discussion), in high-velocity. No consensus exists
on the necessity to correct the MS raw quantifications at room-temperature by the recoilless factor, and it should be thus avoided. A quality MS spectrum fitting
requires prior knowledge of the sample mineralogy, for instance fast and non-destructive hyperspectral mineral analyses. MS should be performed afterward. To
refine the estimate of the H-generating potential of the samples, elemental analyses should be further performed to track the presence of any possible chemi-

cal catalyst.
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involves trade-offs between sample size and Fe-content, acquisition
time, and cost. Another significant MS development has been made in
parralel to the traditional transmission mode (i.e. based on detecting
absorbed y-rays during nuclear excitation), consisting in operating in
backscatter mode (i.e. based on detecting y-rays re-emitted during nu-
clear de-excitation). Among its advantages, this mode requires no
sample preparation and can be applied directly to cohesive surfaces such
as drill cores. It provides reasonably deep penetration, up to ~200 pm in
cohesive materials and up to ~2 mm in fine-grained powders, thereby
enhancing the representativeness of the analysis (see Klingelhofer et al.
(2003) and references therein). Therefore, the backscattered MS
approach may offer significant time savings for Hp-generating rock
characterization.

5. Conclusion

For H;, prospection, actors will have to find time-saving and efficient
solutions to assess the past or present Hy generation from Fe-rich rock
samples, as well as their remnant potential. Up to now, these questions
have been addressed through (i) time-consuming microscale charac-
terization methods that raise the question of the representativeness of
the results at the bulk scale, or (ii) quicker bulk rock sample charac-
terization methods that raise the question of their precision.

In this study, we used MS to determine the distribution and specia-
tion of Fe in powdered materials, coming from five samples containing
varying amounts of Fe?>* and different Fe-bearing minerals. The key
finding is that, with an appropriate acquisition setup (room-tempera-
ture, high-velocity) combined with prior mineralogical knowledge, MS
data processing can yield meaningful results comparable to those ob-
tained through conventional titrations. Importantly, the MS provides
access to the various iron-bearing mineral phases. This knowledge is
essential, as the Hy generated by redox reactions can be associated with
different Fe minerals, and therefore at various temperature and depths.

Our study shows that the MS could become a key tool in natural Hy
prospection. This study provides strong evidence that Mossbauer spec-
troscopy can be integrated into a simplified sequence of analyses,
significantly reducing the time required for rock characterization by
replacing more time-consuming methods such as microscopy. While it is
commonly employed to study iron in individual minerals, our results
show that MS can be used on complex mineral assemblages, and without
applying second-order corrections (e.g., recoilless factor). Finally, we

Appendix B. Supplementary data

Applied Geochemistry 187 (2025) 106399

propose a sequential approach to assess the most critical parameters for
evaluating the Hp-generating potential of rocks: bulk mineralogy
(hyperspectral imaging), bulk Fe-distribution and Fe-speciation
(Mossbauer spectroscopy), and bulk iron and catalyst content
(elemental analyses).
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Appendices.

Appendix Al. Overview of the Mossbauer Spectroscopy technique to support the comprehensibility of this study for non-Mossbauer specialists

Theory on the Mossbauer effect

The Mossbauer effect has been extensively studied and discussed in a wide range of literature reviews (Stevens et al., 2005; Yoshida and Lan-
gouche, 2013). This section provides a summary to support the comprehensibility of the present study and is based on the pre-existing literature on
Mossbauer Spectroscopy (Dyar et al., 2006; Grandjean and Long, 2021; Murad, 2010; Stevens et al., 2005; Yoshida and Langouche, 2013). For a given
isotope (in our case >’Fe), the Mdssbauer effect consists in the absorption of energy, y-ray, that slightly differs from the theoretical energy gaps of
electron transitions. Such an effect originates from interactions between the >’ Fe atom electronic shell and its close environment such as the speciation
of Fe or the nature of the mineral lattice embedding the atom. The shifts in energy are defined by the so-called hyperfine parameters (detailed below).
These shifts can easily be evidenced by changing the velocity of the y-ray source irradiating the material (expressed in mm/s), which results in a
change of frequency and thus the energy of y-rays according to Planck’s relation. Since hyperfine parameters are characteristic of each atomic
configuration, the study of absorption patterns provides a powerful tool to determine the Fe environment in a specific lattice. Non-ferromagnetic
materials generally exhibit a doublet spectrum (Figure Ala), visible in the low-velocity acquisitions (Low-V, source velocity from —4 to 4 mm/s).
The doublet is described with three hyperfine parameters, namely the isomer shift (IS or ge), the quadrupole splitting (QS or AEq) and the full width at
half maximum (FWMH or I') (Figure A1b). Conversely, magnetic material exhibits a doublet spectrum above the ordering temperature and generally a
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sextet below this threshold temperature, once the material is magnetically ordered (Figures Alc and Ald). It is common to perform analyses on
magnetic materials, for instance, some amphiboles, at various temperatures to characterize more accurately Fe distribution within the material and
constrain the ordering temperature (Van Alboom and De Grave, 1996). Three hyperfine parameters are mandatory to describe the shifts in energy of
iron carried by magnetic materials, the (8ge), the quadrupole shift (2¢), and the magnetic hyperfine field (Hy). In comparison with the doublets, the
sextet spans over a wider range of velocity sources, which require high-velocity spectra acquisitions (High-V, source velocity from —12 to 12 mm/s),
but appear then very convenient to evidence the presence of oxides.

Qualitative and quantitative determination of Fe distribution

From a practical point of view, the Mossbauer spectrum of a studied sample results from the sum of all the subspectra of the various types of Fe
present. As such, deciphering the various subspectra allows to get semi-quantitative information about Fe-distribution and Fe-speciation within the
sample. Unfortunately, achieving a high-quality Mossbauer spectrum fitting is often difficult when working with complex materials such as natural
samples, where all the subspectra overlap themselves. At least two leverages can be used to mitigate this limitation. First, a wise choice of the relevant
parameters, predominantly temperature, and width of spectrum acquisition, must allow a gain in resolution and better fits of the respective con-
tributions. Second, a lot of studies (e.g. Fukuyama et al., 2022; Sommerfeld and Friedrich, 2022; Winsett et al., 2019) devoted to constraining
Fe-mineralogy in natural samples attached their effort to separate each mineral and analyze it by MS independently, which increases precision
drastically. One may argue, however, that a good a priori knowledge of the sample is sufficient to accurately decipher the respective contributions of
each Fe within the bulk sample. Regarding the quantification of the relative contributions, each subspectrum area provides, in first order, the
respective abundances of the different types of Fe present in the sample. Further corrections can be applied to refine the quantifications, e.g. the
recoilless factor.
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Fig. Al. Simplified view of the dependency of hyperfine parameters on the Mossbauer effect and associated spectra for magnetic and non-ferromagnetic Fe-bearing
material. For doublets, the morphology is defined by (a) the isomer shift 8z and (b) the quadrupole splitting AEq. For sextets, the morphology is controlled by a third
parameter, (c) the hyperfine magnetic field (Hp). It results in a complex signal where all hyperfine parameters influence the shape of the spectra. Please note that 8
y-transitions are expected in theory but only 6 are evidenced for °’Fe. For more details refer to (Yoshida and Langouche, 2013).
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Appendix A2. Additional characterization methods

Bulk sample mineral compositions involved X-ray diffraction (XRD) analysis using a Malvern-Panalytical® Empyrean diffractometer equipped
with a copper tube (Ka = 1.541874 A) and a Malvern-Panalytical® multi-channel PIXcel detector (UPC, Paris). The experimental setup included an
angular range between 5° and 80°, with a step size of 0.007° and a time per step of 80 s, resulting in a total measurement time of 1 h per sample. Data
interpretation was facilitated using Highscore Plus software from Malvern-Panalytical®.

To ensure the reliability of the X-ray diffraction results, scanning electron microscopy observations were done using a Zeiss® Auriga40 microscope.
The microscope was equipped with a 1 nm resolution field emission gun and a Bruker® Quantax 800 energy-dispersive X-ray spectroscopy feature,
complemented by a Bruker® XFlash 410-M detector.

Bulk sample elementary compositions were analyzed by Inductively Coupled Plasma Atomic Emission Spectrometer using a Horiba Jobin Yvon
Ultima 2, following the protocol adapted from (Cotten et al., 1995). Each powdered sample was digested in Teflon vials with HF 32 N and HNO314.4 N,
and the resulting dry residue was dissolved in a H3BO3 solution. Mica-Fe and IF-G international standards served as internal and external control.
Typically, measurements conducted on this instrument exhibit a precision better than 4 % for concentrations exceeding 1 %.

Iron speciation (Fe2+/ZFe ratios) in the samples was determined through KMnOj titration of FeO after a HF + HSO4 dissolution, following a
method modified from Jen (1973) and Teagle (1993). For each sample, 0.5 g was carefully weighted. 8 ml of 1:1 H,SO4 and 5 ml of 32 N HF were
added to the sample in polypropylene bottles and left to digest for a minimum of 20 mn in a simmering water bath. Once the digestion step was
completed, the sample was transferred to a beaker for titration following HF neutralization by boric acid. Titrations on the studied samples were
replicated to ensure the reproducibility of the results. The mean value is provided in the results table in Appendix A3. Uncertainties were evaluated by
replicating several times analyses of 3 different sorts of standard material of known FeO concentrations. The deviation between the measured and the
expected FeO concentrations was then calculated. Empirically, the error on the measurements was found to depend on the FeO concentrations, which
emphasizes the loss of precision of the method when the sample becomes less concentrated in iron, following a power law relationship presented
below: Error (%) = 0.05[FeO (wt%)] %624 (Figure A2). For instance, this law imposes a 1.2 % uncertainty for samples containing 10 wt% of FeO.
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0 2 . ’ : ’ )

FeO concentration in the standards (wt%)

Fig. A2. Error on Fe?" titration of standards, depending on FeO concentrations in the standards. Error corresponds to the SD, calculated after several analysis
replications.

Appendix A3. Raw results of elementary analyses (ICP-OES) and iron titration performed on the samples, allowing determination of Fe?* /3" Fe ratios in the
respective samples

Table Al

Raw results of elementary analyses (ICP-OES) and iron titrations performed on the samples. FeoO3* refers to FeoOs total. The estimated uncertainties for iron ICP-OES
analyses and titrations are given in parenthesis, and correspond to a percentage of the value. For more details on the quantification methods, refer to Appendix A2. The
errors on Fe?t /3 Fe ratios are provided in parenthesis and calculated following the rules of uncertainty propagation.

Sample ICP-OES (wt%) Titration (wWt%) Fe“/ZFe
Si0, TiOy Al,03 FepO3* MnO MgO CaO Nay,O K>0 P,05 LOI Total FeO

S1 44.00 0.12 2.01 8.51 (4) 0.12 41.18 3.18 0.31 0.05 0.02 2.01 101.51 6.50 (1.6) 0.85 (5.6)

S2 39.84 0.09 2.44 7.87 (4) 0.11 38.31 1.99 0.14 0.06 0.02 10.48 101.36 3.83 (2.2) 0.53 (6.2)

S3 39.20 0.10 1.70 52.90 (4) 0.84 2.17 0.69 0.03 1.41 0.48 4.21 103.75 16.54 (0.9) 0.35 (4.9)

S4 29.75 0.50 8.55 49.59 (4) 0.17 4.30 1.10 0.13 4.27 0.80 0.00 99.16 18.56 (0.8) 0.42 (4.8)

S5 66.03 0.71 12.03 6.82 (4) 0.03 1.52 1.90 2.29 5.50 0.22 1.62 98.68 3.35 (2.4) 0.55 (6.4)
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Appendix A4. Abacus of Mossbauer hyperfine parameters of some key minerals studied for H, generation

Table A2

Abacus grouping room-temperature hyperfine parameters at of multiple mineral phases of interest for Hy exploration, according to data available in the literature.
Contrib* corresponds to the christallographic site incorporating Fe and is most of the time octahedrally (M) or tetrahedrally (T) coordinated in the mineral lattice.
Additional informations can be found in the related references, listed as followed: (1) Dyar et al. (2006); (2) McGuire et al. (1991); (3) Doriguetto et al. (2003), (4)
Malczewski and Popiel, 2008.

Mineral Contrib* Fe valency 5 (mm/s) QS/AEQ (mm/s) Byr (T) Reference
Olivine (Fex, Mg2.5)SiO4 M1 Fe?* 1.14-1.18 2.80-3.10 (1),(3),(6)
1.15-1.18  3.07-3.09
M2 Fe?* 1.13-1.16  2.83-2.91 (6)
Almandine Fe3"Aly(SiO4)3 dodec Fe?* 1.28-1.29  3.51-3.53 1),(3)
Andradite Cas(ALFe®)5(Si04)3 M Fe3t 0.40-0.41 0.5-0.6 (1),(3)
Epidote Cay(Fe®t,Al)30(0H)(Si207)(Si04) M3 Fe®* 0.34-0.36  1.9-2.1 3)
Px ferrosilite FesSiz0g M1 FeZ* 1.17-1.18 2.48-2.49 10,3
M2 Fe?* 1.13 1.91-1.93 1),(3)
Px ferrosi-ensta (Mg,Fe?*,Mn),Siz0g M1 Fe?* 1.15-1.18  2.35-2.69 3)
M2 Fe?t 1.12-1.16 1.91-2.13 3)
Px hedenbergite CaFe?*Siy06 M1 Fe?t 1.18-1.19 2.20-2.21 (1),(3)
M1 Fe* 0.34 0.68 1),(3)
Px diopside M1 Fe?* 1.16 1.87 (¢))
M2 Fe?t 1.15 2.14 (1)
Px heden-diop Ca(Mg,Fe?")Siy04 M1 Fe?* 1.19 1.85-2.30 3)
Px Aegirine (Na,Li)Fe3*Siy04 M1 Fe®* 0.39 0.30 3)
Amph Trem-a M1 Fe?* 1.11 2.85 (¢))
M2 Fe?* 1.12 1.80 @
M3 Fe?* 1.11 2.40 €Y}
Amph Grunerite Fe;SigO22(0OH)2 M1 Fe?t 1.16 2.82 3)
M4 Fe?* 1.10 1.8 3)
Amph Cummingtonite-grunerite  (Mg,Fe?",Mn);SigO2,(0H), M1-M3 Fe?* 1.16 2.82 3)
M4 Fe?* 1.10 1.5-1.8 3)
Amph Riebeckite Na(Fe?")3(Fe®*),Sig022(0H), M1 Fe?* 1.14 2.83 3
M3 Fe?t 1.11 2.32 3)
M2 Fe®* 0.38 0.43 3)
Amph Ferroactinolite CagFesSigO22(0OH)2 M1,M3 Fe?t 1.15 2.81 3)
M2 Fe?t 1.14 1.85-2.1 3)
M4 Fe?* 1.10 <1.8 3)
Chlorite T Fe®* 0.25 0.50 1
M Fe?t 1.09 2.59 1
M1 Fe?* 1.11-1.12  2.3-2.4 @
M2 Fe?* 1.12-1.14  2.66-2.68 1
T Fe** 0.12 0.39 (6))
M Fe®* 0.35 0.4 @
M Fe®* 0.35 0.65 1
Bi-Phlogopite M Fe?* 1.13 2.57 (6))
M Fe?* 1.12 2.15 @
M Fe* 0.40 0.87 €Y}
T Fe®* 0.20 0.75 1
Fe-Biotite M1 Fe?* 1.01-1.15  2.10-2.22 (2),(3)
M2 Fe?* 1.05-1.14  2.56-2.63 (2),3)
M1 Fe®* 0.39-0.50  0.72-0.88, 1.16-1.24 (2),(3)
M2 Fe* 0.39-0.54  0.34-0.66 (2,3
Fe-Talc Fe,Mgs.,Si4010(0H), M2 Fe?* 1.13 2.57-2.6 1),(3)
M Fe?* 1.12 2.15 1
Minnesotaite Fe3Si4010(OH)2 M Fe?t 1.13 2.72-2.75 (10)
Stilpnomelane K(Fe?* Mg,Fe>")g(Si,Al)12(0,0H)7-nH20 M1 Fe*t 1.13 2.27 ©
M2 Fe?* 1.16 2.66 (9)
M1,M2,M4 Fe3t 0.41 1.18 9)
M3 Fe®* 0.36 2.07 (9)
Glauconite M Fe?* 1.11 2.71 €Y}
M Fe®* 0.33 0.45 1
M Fe3t 0.34 0.99 (1)
Lizardite M Fe?t 1.14 2.70 @
M Fe®* 0.40 0.70 1
T Fe®* 0.24 0.39 1
Chrysotile M Fe?* 1.13 2.75 @
M Fe®* 0.31 0.86 €D}
T Fe®* 0.18 0.33 (¢D]
Hematite a-Fey03 Fe3t 0.36 -0.19 51.7 (€))
0.38 ~0.24 51.5 @)
Ilmenite Fej,xTi;xO3 FeZ* 1.0-1.1 0.65-0.70 3)
Fe®* 0.3 0.3-0.5 ©)
Pure magnetite a-Fe304 T Fe3t 0.28 49.0 3)
0.25 48.9 %)
M Fe?5* 0.66 45.9 ©)
0.65 45.7 @)

(continued on next page)
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Mineral Contrib* Fe valency 5 (mm/s) QS/AEQ (mm/s) Byr (T) Reference
Oxidized magnetite Fe3xO4 T Fe®* 0.39 0.11 50.3 ®)
M Fe?t/3+ 0.78 0.28 46.5 @)
Pure maghemite v- FeoO3 T Fe3* 0.24 49.9 (€))
M Fe®* 0.36 49.9
Goethite y-FeO(OH) Fe®* 0.37 -0.28 38.1 3)
0.38 0.60 )
Pyrite FeS, Fe?* 0.31 0.61 3)
0.22-0.24  0.59-0.62 (&)
Triolite FeS Fe?* 0.7-0.9 -0.3 30-32 3)
Siderite FeCO3 Fe?* 1.2 1.79 3)
1.23-1.27 1.77-1.83 (5)
Ankerite Ca,Fe;(CO3)y Fe?* 1.2 1.44-1.48 3)
1.20-1.23 1.50-1.60 (4)
Greenalite Fe3"Si,05(0H)4 Fe?* 1.15 2.75 3)
Spinel (Mg1.5Fe2 ) (Al yFed )0y M Fe®* 0.31-0.34 0.64-0.78 (6)
M Fe?* 1.03-1.10 1.54-1.69 (6)
T Fe?* 0.90-0.91 0.83-0.92 (6)
T Fe?t 0.73-0.85 1.50-1.81 (6)

Appendix A5. S2 sample characterization through optical microscopy, XRD and SEM for Pre-Mossbauer processing
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Fig. A3. Pre-Mossbauer sample characterization, performed on S2. (a,b) Photomicrograph of the thin section observed in Polar-plane light. (c) Elementary mapping
highlighting the distribution of Si, Fe and Cr in the sample. (d) XRD pattern and peak indexing of the bulk sample powder. Lz refers to lizardite, Mgt to magnetite, Fo
to forsterite, CrSp to Cr-spinel, Px to pyroxene, En to enstatite. In this sample, Fe is carried by magnetite, forsterite, lizardite, pyroxene such as enstatite, and

Cr-Spinel.
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Appendix A6. S3 sample characterization through optical microscopy, XRD and SEM for Pre-Mossbauer processing
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Fig. A4. Pre-Mossbauer sample characterization, performed on S3. (a,b) Photomicrograph of the thin section observed in Polar-plane light. (c) Elementary mapping
highlighting the distribution of Si, Fe and Mg in the sample. (d) XRD pattern and peak indexing of the bulk sample powder. Stp refers to stilpnomelane, Mgt to
magnetite, Qz to quartz, Ab to albite, An to anorthite, Sd to siderite, Hem to hematite. In this sample, Fe is carried by magnetite, siderite, and to some extent possibly

by stilpnomelane.

Appendix A7. S4 sample characterization through optical microscopy, XRD and SEM for Pre-Mossbauer processing
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Fig. A5. Pre-Mossbauer sample characterization, performed on S4. (a,b) Photomicrograph of the thin section observed in Polar-plane light. (c) Elementary mapping
highlighting the distribution of Si, Fe and Mg in the sample. (d) XRD pattern and peak indexing of the bulk sample powder. Chl refers to chlorite, Bt to biotite, Mgt to
magnetite, Qz to quartz. In this sample, Fe is carried by magnetite, biotite, and to some extent possibly by chlorite.

Appendix A8. S5 sample characterization through optical microscopy, XRD and SEM for Pre-Mossbauer processing
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Fig. A6. Pre-Mossbauer sample characterization, performed on S5. (a,b) Photomicrograph of the thin section observed in Polar-plane light. (c) Elementary mapping
highlighting the distribution of Si, Fe and Mg in the sample. (d) XRD pattern and peak indexing of the bulk sample powder. Chl refers to chlorite, Bt to biotite, Kfs to
orthose, Ab to albite, An to anorthite, Qz to quartz, Ttn to titanite, Mgt to magnetite. In this sample, Fe is carried by biotite and to some extent possibly by chlorite,
magnetite and titanite.

Appendix A9. Hyperfine parameters used to fit the Mossbauer spectra acquired on the samples (S1-S5) at low or room temperature (6K-295K) in source
velocity of 12 mm/s or 4 mm/s (HV-LV). Relative areas (RA%) of each subspectrum contribution are also provided, as well as y? to provide first order
estimate of the relative reliability of the fitting

Table A3
Hyperfine parameters used to fit the Mossbauer spectra presented in Fig. 4 and associated Fe? /3 Fe ratios calculated for each sample. No error bar is provided in this
table, which is discussed in details in section 4.4.

Sample Contribution Fe valency & (mm/s) QS/AEQ (mm/s) Bys (T) RA (%) Xz Bulk Fe2+/ > Fe
S1-6K-HV Olivine M1 Fe?* 1.18 2.94 29 0.62 0.88

Olivine M2 Fe?* 0.94 2.55 28

Orthopyroxene M1 Fe?* 1.48 2.72 31

Cr-Spinel T Fe3t 0.38 0.83 12
$1-295K-HV Olivine M1 Fe?* 1.15 3.11 20 2.00 0.89

Olivine M2 Fe?* 1.14 2.91 34

Orthopyroxene M1 Fe?* 1.15 2.08 26

Orthopyroxene M2 Fe?t 1.23 2.44 10

Cr-Spinel T Fe®* 0.38 0.83 11

(continued on next page)
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Sample Contribution Fe valency 8 (mm/s) QS/AEQ (mm/s) Bur (T) RA (%) Xz Bulk Fe”/ZFe
S1-295K-LV Olivine M1 Fe?* 1.16 3.09 24 0.18 0.88
Olivine M2 Fe?' 1.14 2.88 28
Orthopyroxene M1 Fe?t 1.14 2.10 31
Orthopyroxene M2 Fe?* 1.29 2.40 5
Cr-Spinel T Fe®* 0.38 0.83 12
S2-6K-HV Serpentine M1 Fe?" 1.19 2.89 35 0.26 0.51
Cr-Spinel T Fe3t 0.34 0.49 8
Magnetite M1 Fe25+ 0.74 50.96 14
Magnetite M2 Fe25+ 0.85 54.16 10
Magnetite M3 Fe?* 1.24 35.44 8
Magnetite T Fe3* 0.19 52.51 25
$2-295K-HV Serpentine M1 Fe?* 1.11 2.74 40 0.97 0.56
Cr-Spinel T Fe3t 0.34 0.52 8
Magnetite M Fe?5* 0.70 46.04 33
Magnetite T Fe®t 0.29 49.37 19
S2-295K-LV Serpentine M1 Fe?t 1.14 2.77 33 1.21 0.50
Cr-Spinel T Fe3t 0.36 0.56 12
Magnetite M Fe25+ 0.74 46.89 35
Magnetite T Fe®* 0.28 51.75 20
S3-6K-HV Fe-carbonate Fe?t 0.96 1.55 3 0.58 0.35
Magnetite M1 Fe25+ 0.73 51.47 41
Magnetite M2 Fe25+ 0.78 55.60 11
Magnetite M3 Fe?* 1.10 2.03 34.87 8
Magnetite T Fe** 0.19 52.06 35
$3-295K-HV Fe-carbonate Fe?* 1.20 1.76 13 1.56 0.40
Magnetite M Fe?5* 0.65 45.67 55
Magnetite T Fe?* 0.29 48.96 31
S4-6K-HV Biotite M2 (?) Fe* 1.15 3.00 11 2.47 0.37
Biotite M1 (?) Fe 0.43 0.61 5
Magnetite M1 Fe?5* 0.73 52.85 37
Magnetite M2 Fe25+ 0.30 46.90 6
Magnetite M3 Fe?* 1.32 36.00 11
Magnetite T Fe’* 0.3 52.56 0.32
S4-295K-HV Biotite M2 Fe?* 1.12 2.60 0.17 1.44 0.42
Biotite M1 Fe? 0.37 0.76 0.07
Magnetite M Fe25+ 0.66 45.67 0.49
Magnetite T Fe3* 0.28 48.89 0.27
S5-6K-HV Biotite M2 (?) Fe?" 1.22 2.70 0.23 0.38 0.47
Biotite M1 (?) Fe3* 0.33 1.01 0.10
Magnetite M1 Fe?5* 0.40 52.31 0.38
Magnetite M2 Fe5+ 0.93 43.28 0.04
Magnetite M3 Fe?* 1.35 28.49 0.07
Magnetite T Fe3" 1.00 52.41 0.19
S5-295K-HV Biotite M1 Fe?* 1.09 2.29 0.14 0.77 0.46
Biotite M2 Fe?* 1.13 2.64 0.16
Biotite M1 Fe" 0.42 0.95 0.15
Magnetite M Fe?5* 0.34 45.89 0.31
Magnetite T Fe®* 0.30 49.36 0.24

Data availability

Data will be made available on request.
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