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Abstract Multiple drillings in the Yorke Peninsula, South Australia, recently confirmed the presence of
natural hydrogen (H2) in shallow sedimentary units. While radiolysis and Fe‐oxidation in the basement are
potential generation mechanisms, their respective contributions remain unconstrained. This study investigates
the H2‐generation potential of Fe‐rich Hiltaba Suite granites (∼1.5 Ga) through petrographic analyses of a
basement drill core collected near H2 occurrences. Fluid circulation, a prerequisite for both radiolysis and Fe‐
oxidation, is evidenced by feldspar sericitization and fluid inclusions. Raman spectroscopy and sample crushing
analyses reveal H2 (0.46 mmol/kgrock) and He (0.70–0.88 μmol/kgrock), suggesting that the Hiltaba granites
contribute to the gas budget observed in the overlying sedimentary units. He isotopic analyses from bulk granites
yield 3He/4He ratios from 0.0003 to 0.0056 Ra, indicating a crustal He origin and a radiolytic H2 generation. A
combination of SEM, TEM, EPMA and STXM analyses showed that biotite chloritization did not involve Fe‐
oxidation. As biotite is the only primary Fe‐bearing mineral affected by alteration, this rules out any significant
contribution of Fe oxidation to H2 generation. Geothermometric calculations indicate that the last fluid
circulation event occurred at 300–400°C, implying that the system last opened dynamically at least 370 Ma ago.
Consequently, we propose that diffusivemigration of H2 andHe from the basement accounts for the gas fluxes in
the sedimentary cover. This study represents a first step toward understanding subsurface H2 and He generation
in theYorkePeninsula and highlights theHiltaba Suite's potential to sourceH2 andHe over geological timescales.

Plain Language Summary Natural hydrogen is an emerging potential clean energy resource, and
recent discoveries in South Australia have driven strong interest. In the Yorke Peninsula, shallow sedimentary
units contain substantial amounts of co‐occurring hydrogen (H2) and helium (He). The genetic processes leading
to this subsurface gas blends are not fully understood and constrained, and there are still more to be debated.
Two main possibilities exist, each involving water‐rock interactions: water molecule reduction associated with
iron oxidation, and water molecule breakdown induced by the natural radioactive decay in rocks (that also
produces helium). To test these ideas, we studied a drill core from granites constituting the basement near the H2‐
He discoveries. We reveal clear evidence of fluid circulation coupled to H2 and He measurements within the
granite, validating that the studied rock participates in the H2 and He budget in the region. The He composition
indicates that radioactivity plays a crucial role in producing H2. In contrast, we found no signs that iron oxidation
contributed. Additional interpretations suggest that, over time, these gases could have slowlymigrated upward to
the shallow rocks where H2 and He are now detected. This finding highlights the importance of granites as
potential natural H2 sources worldwide and provides valuable insights for future exploration in South Australia.

1. Introduction
On the Yorke Peninsula, South Australia, an oil and gas exploration drillhole named Ramsay Oil Bore was drilled
one century ago (Ward, 1933). During operations, elevated H2 concentrations (76%–84% after correction for air
contamination) were detected at the wellhead (Whitcombe et al., 2024), but the origin of this gas remained
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unexplored. Recent drillings conducted in 2023 by Gold Hydrogen Limited in the same area confirmed the
presence of world‐class H2 anomalies reaching up to 86% (air‐corrected) in the sampled gas, along with He
concentrations of up to 17.5% (air‐corrected) (see www.goldhydrogen.com.au/ramsay‐project/).

The co‐occurrence of H2 and He has been documented in multiple locations worldwide, for example, in the
Canadian and Fennoscandian shields (Sherwood Lollar, Frape, Fritz, et al., 1993; Sherwood Lollar, Frape, Weise,
et al., 1993) and in the Witwatersrand Basin, South Africa (Karolytė et al., 2022; Onstott et al., 2006; Sherwood
Lollar et al., 2007). Such a gas blend is commonly attributed to radiolysis driven by water‐rock interactions within
Precambrian basement rocks enriched in radioactive elements (Parnell & Blamey, 2017; Sherwood Lollar
et al., 2014; Warr et al., 2019). This slow process, fueled by the natural radioactive decay of U‐Th‐K, requires
several million years to generate significant 4He and H2 amounts, as observed in the Yorke Peninsula area.

In parallel, the Precambrian basement of the peninsula hosts multiple Fe‐rich units, suggesting that Fe oxidation
during water‐rock interactions may also contribute to the H2 budget on the Yorke Peninsula, via the generic
reaction R1. In particular, mafic metavolcanics have been reported, including the Daly Head metadolerite (Reid
et al., 2022) or the Curramulka gabbronorite (Zang et al., 2007). Their occurrence echoes the extensive literature
documenting natural H2 generation during serpentinization of (ultra)mafic rocks and alteration of ferromagnesian
minerals such as olivine (e.g., Fe0.5,Mg1.5SiO4), via the generic reaction R2 (Klein et al., 2013; Leong et al., 2023;
Marcaillou et al., 2011; McCollom et al., 2020; Neal & Stanger, 1983). Fewer studies have suggested that Fe‐rich
felsic rocks may also generate H2 during water‐rock interactions, based on petrographic observations (Potter
et al., 2013; Salvi & Williams‐Jones, 1997), experiments (Truche et al., 2021), and numerical simulations
(Murray et al., 2020). Building on this, Boreham, Edwards et al. (2021) and Boreham, Sohn et al. (2021) proposed
that the alteration of Fe‐rich biotite (e.g., KFe2+3(AlSi3)O10(OH)2) by circulating fluids could contribute to the
subsurface H2 generation, for instance via the generic reaction R3.

2FeOmineral A + 1H2O ⇔ 1Fe2O3 mineral B + 1H2 (R1)

2Fe0.5,Mg1.5SiO4 + 7/3H2O ⇔ Mg3Si2O5(OH)4 + 1/3Fe3O4 + 1/6H2 (R2)

1KFe2+3 (AlSi3)O10(OH)2 + H2O ⇔ (K,Al,Si)‐silicate + Fe3O4 + 1H2 (R3)

Utilizing petrographic and geochemical data obtained from a basement drill core sample recovered on the Yorke
Peninsula, this study investigates the respective contributions of radiolysis and Fe oxidation to the H2 fluxes
reported in the region. This work emphasize the importance of combining petrography, geochemistry, and
modeling to better understand H2 systems. It also supports the growing promise of H2 as an exploitable natural
resource in stable cratonic settings.

2. Geological Settings
2.1. Basement Geology of the Yorke Peninsula

The Yorke Peninsula is located along the southeastern margin of the Gawler Craton. Like much of the craton,
most of the peninsula is unconformably overlain by Phanerozoic sediments, mainly Cambrian in age, except for
limited coastal exposures of the basement (Reid et al., 2008). The crystalline basement is interpreted as a highly
faulted assemblage, predominantly oriented ∼120°N (Figure 1). To the east, the peninsula is bounded by the Gulf
of St Vincent, a localized foreland basin associated with the early Paleozoic Delamerian Orogen (Flöttman
et al., 1997). The Donington Suite orthogneiss constitutes the southwesternmost part of the peninsula while the
remainder corresponds to synorogenic intrusions previously assigned to the Lincoln Complex. In the central and
northern regions, the poorly outcropping basement is inferred to consist of metasedimentary and metavolcanic
sequences of the Wallaroo Group, mainly the Wandereah and Weetulta Formations. All terranes are crosscut by
later magmatic intrusions, predominantly belonging to the Hiltaba Suite, with numerous suspected plutons
identified across the peninsula and throughout southern Australia. Where exposed, the Hiltaba Suite exhibits
diverse compositions ranging from adamellite and granodiorite to the well‐documented gabbronorite of the
Curramulka pluton (Zang et al., 2007). Notably, a recent petrographic study of Hiltaba granites from the Olympic
Dam province, approximately 500 km north of the Yorke Peninsula, identified H2‐bearing fluid inclusions
(Bourdet et al., 2023).
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2.2. Sedimentary Cover Intersected by the Ramsay Oil Bore and TER1 Wells

A century ago, the Ramsay Oil Bore was drilled within the sedimentary cover for petroleum exploration, reaching
a total depth of 548 m. Significant H2 concentrations were detected in bubbling mud recovered from various
depths, corresponding to the Cambrian Parara Limestone and Kulpara Formation (Moretti et al., 2021;
Ward, 1933;Whitcombe et al., 2024). The Parara Limestone is interpreted to have been deposited in a mid to outer
shelf to ramp‐slope environment. It is described as a dark and nodular limestone containing clasts of peloidal
wackestone within a dolomitic matrix. The underlying Kulpara Formation is generally divided into two units: a
lower dolomite member carrying stromatolitic and oolitic horizons and an upper limestone member where thick
beds and bioclastic packstone occur (see Castle‐Jones et al. (2025), and references therein). Although the Ramsay
Oil Bore did not penetrate the basement, recent geological interpretations suggest that the intrusive Hiltaba Suite
constitutes the crystalline basement beneath these Paleozoic sequences (Boreham, Edwards et al., 2021;

Figure 1. Basement geology of the southernmost part of the Yorke Peninsula. Modified after the Maitland SI5312 geological
map of the Department for Energy and Mining SA. The black plain line represents the cross section presented in the
discussion (see Section 5.5, Figure 9).
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Boreham, Sohn, et al., 2021; Zang et al., 2007). Regionally, only a few boreholes have historically reached the
basement, as most were drilled to assess water and hydrocarbon resources. However, the TER1 borehole (No.
180584 on the SARIG website), drilled in 2000 approximately 20 km west of the Ramsay Oil Bore, successfully
intersected 9 m of the basement rock. It is interpreted as part of the Hiltaba Suite according to the latest in-
terpretations of the regional basement geology (Figure 1). Beneath a thin Quaternary sediment veneer, the TER1
borehole penetrated the Permian Cape Jervis Formation. It is composed of five different units, all of which contain
diamictites and/or glaciomarine clays that record diverse depositional environments during glaciation (Nor-
mington et al., 2018). The Cambrian Kulpara andWinulta Formations were then intersected (Figure 2a), the latter
being characterized in the Yorke Peninsula by arkosic sandstones where fossil occurrences are rare (Gravestock &
Shergold, 2000). Ultimately, the basement was reached at a depth of 190 m, and the drilling was terminated at a
total depth of 199 m.

The sample studied in this work was collected from a TER1 drill core at a depth of 193.7 m. It consists of sub‐
millimetric felsic and mafic minerals, organized into pale‐dominated or dark‐dominated millimeter‐ to
centimeter‐scale bands, suggesting either foliation or crystallization processes during cooling (Figure 2b). Pre-
liminary visual modal estimates indicate ∼70–80 vol% dark‐dominated bands and ∼20–30 vol% pale‐dominated
bands. The felsic fraction includes translucent quartz, whitish plagioclase, and pinkish orthoclase, whereas the
exact nature of the mafic minerals remains to be determined before this study started. No macroscopic alteration
markers (e.g., pervasive veins) are observed at this scale, and the sample appears highly cohesive.

3. Analytical Tools
3.1. Bulk Rock Chemistry and Mineralogy

Inductively Coupled Plasma–Atomic Emission Spectroscopy (ICP‐AES) was used to quantify major element
concentrations in the bulk sample, including Fe expressed as Fe2O3 total. Analyses were performed on a powder
prepared from a single rock fragment representative of the entire sample, obtained by cutting across its full length.
A Horiba Jobin Yvon Ultima 2 spectrometer (SEDISOR, Plouzané) was used following a protocol adapted from
Cotten et al. (1995). Measurement precision is typically better than 4% for Fe2O3 concentrations above 1 wt%,
based on international standard calibrations (BHVO‐2, BCR‐2, GS‐N, JSD‐3). In parallel, FeO titration was
performed (SEDISOR, Plouzané) to determine the Fe3+/∑Febulk ratio in the sample, using the methodology
detailed in Geymond et al. (2025). Briefly, KMnO4 was used as the oxidizing agent following sample dissolution
in HF + H2SO4. The protocol was validated using the same standards of known FeO concentrations. Titrations

Figure 2. (a) Synthetic stratigraphy of the TER1 drillhole. Gray colors correspond to Cambrian‐aged formations. Additional
information on the TER1 drillhole can be found on the SARIG website, using the drillhole No 180584. (b) Photo of the
sample studied. A representative photo of the thin and thick sections prepared for petrographic inspection is also provided,
along with representative rock fragments used to perform quantitative analyses (e.g., helium isotope concentrations, see
Section 3).
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were performed in triplicate to ensure reproducibility, yielding an overall uncertainty of ∼2% on the estimated
Fe3+/∑Febulk ratio. Finally, trace element concentrations were determined by Inductively Coupled Plasma–Mass
Spectrometry (ICP‐MS) with a Thermo X‐Series spectrometer (SEDISOR, Plouzané). GS‐N international
standards were used as external controls, ensuring measurement precision better than 10%.

X‐ray diffraction (XRD) analyses were conducted on the same representative rock fragment to characterize the
bulk rock mineralogy. A Malvern‐Panalytical Empyrean diffractometer was used, equipped with a copper tube
(CuKα = 1.541874 Å) and a Malvern‐Panalytical multi‐channel PIXcel detector (UPC, Paris). Measurements
were performed over an angular range of 5°–80°, with a step size of 0.007° and a counting time of 80 s per step,
corresponding to a total acquisition time of ∼1 hr. Diffractograms were interpreted through peak fitting and
Rietveld refinement using the Malvern‐Panalytical HighScore Plus software. Optical microscopy was subse-
quently employed to refine the XRD interpretations and offer a more detailed view of the mineral paragenesis.
Observations were conducted on thin‐sections using a Zeiss Axio microscope under both cross‐ and plane‐
polarized lights in transmission and reflection modes (IPGP, UPC, Paris).

3.2. Fluid Inclusions and Bulk Sample Gas Concentrations

Raman microspectrometry analyses were conducted on a 100 μm‐thick section representative of the sample,
covering both the felsic‐ and mafic‐dominated portions (Figure 2b). Fluid inclusion compositions were inves-
tigated with a particular focus on H2 detection. Measurements were performed using a Horiba LabRam HR
Evolution spectrometer equipped with a 532 nm single‐frequency 100 mW diode laser, delivering 12 mW at the
focal point through a 100× objective (CSIRO Energy, Kensington). Gas detection was optimized using a grating
setting of 1,800 Lines/mm. The signal was recorded with a 1,024 × 256 pixel Peltier‐cooled CCD Synapse de-
tector, sensitive in the 300–1,050 nm range. The 4,156 cm− 1 Raman peak of H2 was calibrated across densities
ranging from 1 to 300 bar using pure H2 calibration gas (Coregas) in a high‐pressure optical cell (Chen &
Chou, 2022; Chou et al., 2005; L. Li et al., 2018) and a reference calibration xenon lamp, as described in Bourdet
et al. (2023).

Additionally, the composition of gases trapped within the bulk rock sample was analyzed by preparing a 56.58 g
slab of the drill core sample, cut across its full length to ensure analytical representativeness. The slab was crushed
in a modified ring‐mill crusher under an argon atmosphere. The released gases, corresponding to the fluid in-
clusion fraction, were collected and analyzed using an Agilent gas chromatograph (CSIRO Energy, Kensington).
The detection and quantification was optimized for H2, CH4, C2H6, N2, and CO2. To ensure analytical accuracy,
blank tests were conducted prior to sample analysis by crushing the baked sand powder to assess potential H2

generation artifacts. The absolute H2 concentration measured in the drill core slab was then corrected for blank
levels and normalized to mol/g of rock. In parallel, helium isotope (3He and 4He) bulk concentrations were
measured on separate bulk rock aliquots that were fused in vacuum (CRPG, Univ. de Lorraine, Nancy), following
the protocol described in Doll et al. (2024). This high‐precision methodology is designed to operate on small
cohesive samples (i.e., not ground prior to analysis in order to prevent He loss), which precluded analysis of our
entire sample in a single measurement. For this reason, two cm‐sized slabs were prepared to evaluate sample
heterogeneity, comprising a 224 mg felsic‐dominated sub‐sample and a 227 mg mafic‐dominated sub‐sample
(Figure 2b). These slabs were melted at 1,500°C under ultra‐high vacuum for 15 min to release trapped gases from
both the crystal lattice and fluid inclusions. The gases were purified by physisorption onto various hot and cold
traps to isolate He from other gas species. Helium was subsequently condensed using a 12 K cryogenic trap and
released at 75 K for isotope measurement in static mode using a GV Instruments Helix Split Flight Tube multi‐
collector noble gas mass spectrometer (CRPG, Univ. de Lorraine, Nancy). Background levels were monitored
throughout the analytical period by daily quantification of 3He and 4He blanks, yielding 1.7 × 10− 19 mol and
1.1 × 10− 14 mol, respectively.

3.3. Mineral Texture and Chemistry

Scanning electron microscopy (SEM) was performed to further constrain the sample's paragenesis and qualita-
tively assess the chemistry of Fe‐bearing minerals. A Zeiss Auriga 40 SEM was used, equipped with a 1 nm
resolution Field Emission Gun (FEG) and a Bruker Quantax 800 Energy Dispersive Spectroscopy (EDS) system
featuring a Bruker XFlash 410‐M detector (IPGP, UPC, Paris).
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An electron probe microanalyzer (EPMA) was utilized to determine the chemical composition of minerals of
interest, specifically biotite and chlorite. Analyses were conducted using a Cameca SX‐100 (ISTeP, SU, Paris),
operating at an accelerating voltage of 15 keV and a beam current of 30 nA, with a counting time of 50 ms per
pixel and a spatial resolution step of 4 μm. Diopside (Ca, Mg, Si), MnTiO3 (Mn, Ti), orthoclase (K, Al), Fe2O3

(Fe), and albite (Na) were used as internal standards for the calibration of elements in parentheses. Once the
detectors were calibrated, representative point analyses were performed across the entire sample. For biotite,
mineral cores were targeted to minimize potential edge‐effect contamination. For chlorite, all EPMA analyses
yielding K2O + Na2O + CaO > 1 wt% were discarded to exclude contamination from surrounding minerals,
following the criteria established previously by Bourdelle, Parra, et al. (2013).

A location of interest was selected during the SEM observations to perform a Focused Ion Beam (FIB) section
into the thin section. The FIB section was extracted using a Zeiss Auriga 40 (IPGP, UPC, Paris). To prevent ion‐
induced damage, the selected area was protected with a 1.2 μm‐thick Pt coating prior to ion beammilling (Ga+) on
both sides of the section. The extracted FIB section, measuring approximately 10–15 μm× 5 μm, was welded onto
finger‐shaped TEM grids and subsequently thinned to a thickness of approximately 100 nm. Final cleaning was
performed using a low‐energy Ga beam at grazing incidence. Throughout the milling process, the ion beam
voltage and current were carefully controlled to minimize amorphization.

The FIB section was analyzed using Scanning Transmission X‐ray Microscopy (STXM) and X‐ray Absorption
Near‐Edge Structure (XANES) spectroscopy at the HERMES STXM beamline of the SOLEIL synchrotron
(Belkhou et al., 2015; Swaraj et al., 2017). The acquisition of XANES hyperspectral data cubes enabled the
determination of Fe speciation from the absorption spectrum of each pixel, ultimately providing a Fe speciation
map of the FIB section. XANES data were acquired from image stacks collected at energy increments of 0.1 eV
across the iron absorption range (690–740 eV), with a dwell time of 1 ms per pixel to prevent irradiation damage
(Wang et al., 2009). Following recent studies (Combaudon et al., 2024; Megevand et al., 2025) and adapting the
methodology initially developed by Bourdelle, Benzerara, et al. (2013) and Le Guillou et al. (2015), relative Fe3+/
∑Fe ratios were estimated by fitting Fe2+ and Fe3+ peaks after background subtraction and calculating peak
surface ratios. However, as noted by these authors, quantitative assessment of Fe3+/∑Fe using STXM‐XANES
remains highly challenging, as the signal intensity may vary depending on the nature of the clay minerals
investigated. Therefore, no such absolute quantification was conducted in this study to avoid potential
misinterpretation.

The FIB section was further studied via Transmission Electron Microscopy (TEM) using a JEOL 2100F
equipped with a FEG operating at an acceleration voltage of 200 kV (IMPMC, UPC, Paris). Specifically,
Scanning Transmission Electron Microscopy (STEM) mode was employed to perform EDS analyses on re-
gions of interest and to generate elemental maps, utilizing a rastering electron beam with a spot size ranging
from 0.7 to 1.5 nm. Given the potential sensitivity of the FIB section to STEM analyses and the risk of beam‐
induced mineral alteration, the sample was examined by STXM‐XANES before being analyzed in TEM‐
STEM mode.

4. Results
4.1. Bulk‐Rock Chemistry and Paragenesis

The sample is characterized by an elevated iron concentration, with ∑Fe (expressed as Fe2O3) reaching 5.65
wt%. A significant portion of the iron is in the ferrous state, with an Fe3+/∑Febulk ratio of 0.14. Other major
elements include SiO2 (64.86 wt%), Al2O3 (14.12 wt%), TiO2 (0.55 wt%), MgO (2.39 wt%), CaO (3.51 wt%),
Na2O (3.04 wt%), and K2O (3.38 wt%). Regarding trace elements, U and Th show concentrations of 2.57 and
20.81 ppm, respectively. The complete bulk geochemical data set is provided in Table S1.

The XRD analysis (Figure 3a) and subsequent mineral quantification indicate that the bulk sample is composed of
quartz (17.3 wt%), feldspars—including orthoclase (15.1 wt%) and anorthite (42.1 wt%)—as well as amphibole
(8.0 wt%), biotite (11.6 wt%), chlorite (3.1 wt%), and clinopyroxene (2.9 wt%). The latter is only weakly visible in
the XRD pattern. This paragenesis was confirmed by optical microscopy observations (Figures 3b and 3c).
Feldspar grains exhibit pronounced sericitization, giving them a flaky appearance. Although quartz is less
abundant than feldspar, it is widely distributed throughout the sample. Observations also confirm the presence of
amphibole, identifiable by its olive‐green color and characteristic 120° cleavages, as well as pyroxene, which
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appears light green with distinctive 90° cleavages. Biotite is clearly visible as light brown lamellae, distinguished
by its strong basal cleavage and high birefringence. The irregular rims of biotite suggest an alteration pattern
consistent with the presence of chlorite, as detected by XRD.

Interestingly, local‐scale observations reveal the presence of thousands of gas‐bearing fluid inclusions within
quartz, ranging in size from 1 to 10 μm (Figure 3d). These inclusions exhibit rounded to irregular shapes.

4.2. Fluid Inclusions and Gas Content

Among the diversity of fluid inclusions (FI) observed in the sample, we focused our investigation on those
identified within the quartz matrix (the sample is quartz‐vein‐free). A significant proportion of the FI are
distributed along planar arrays, exhibit highly irregular morphologies, and vary in size from 1 to 20 μm
(Figures 4a–4c). Raman microspectrometry was performed exclusively on the largest inclusions to minimize light
scattering for too small inclusions. In many of the analyzed FI, the presence of H2 and N2 is identified by the peak
positions (i.e., Raman shift) at 4,156 cm− 1 and 2,330 cm− 1, respectively (Figure 4d; Frezzotti et al., 2012). A
broad spectral band corresponding to liquid H2O is also observed, with an intensity varying as a function of
inclusion size and scattering. Importantly, no Raman signals corresponding to CH4 (2,917 cm− 1) or CO2 (1,285
and 1,388 cm− 1) could be detected in any of the analyzed FI.

Crushing analyses provide complementary results consistent with the Raman microspectrometry data, showing
the presence of N2 and H2 with relative concentrations of 0.17 and 0.46 mmol/kgrock, respectively. No other
gaseous species could be detected using this technique.

Finally, helium isotope measurements indicate the presence of He in both mafic‐dominated and felsic‐
dominated sample slabs (raw data are available in Table S2. Concentrations in the mafic‐dominated slab

Figure 3. (a) XRD pattern and associated peak indexing. Mineral abbreviations: Amp, amphibole; An, anorthite; Bi, biotite;
Chl, chlorite; Or, Orthose; Qtz, quartz. (b) Representative paragenesis of the studied sample, observed by optical microscopy
under cross‐polarized (LPA) and plane‐polarized (LPNA) light. Clinopyroxene identified by XRD is not present in the
image. (c) Close‐up view of biotite undergoing pseudomorphosis into chlorite. (d) Close‐up view of a cluster of gas‐bearing
fluid inclusions (FI) within quartz.
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yielded (8.83 ± 0.06) × 10− 1 μmol.kg− 1rock (
4He) and (6.79 ± 0.66) × 10− 9 μmol.kg− 1rock (

3He), while they
were (7.03 ± 0.05) × 10− 1 μmol.kgrock (4He) and 2.99 × 10− 10 μmol.kg− 1rock (3He) for the felsic‐dominated
slab. The corresponding ratios of 3He/4He are 0.0056 ± 0.0005 R/Ra (mafic‐dominated slab) and
0.0003 R/Ra (felsic‐dominated slab), where Ra refers to the 3He/4He atmospheric ratio (Ra = 1.39 × 10− 6;
Boucher et al., 2018).

4.3. Fe2+‐Bearing Mineral Textures and Chemistry

According to bulk‐sample mineral and chemical characterization, Fe occurs mostly as Fe2+, mainly carried by
amphibole and biotite. A deeper investigation of their textures and chemistry is relevant to quantify the contri-
bution of Fe oxidation to H2 generation. This was performed using high‐resolution observation and quantifica-
tions, using SEM, EPMA STXM and TEM.

4.3.1. Amphibole and Clinopyroxene

SEM images show well‐preserved rims on amphibole grains, indicating that the minerals did not undergo sig-
nificant alteration (Figures 5a and 5b). Amphibole is surrounded by quartz and feldspar, with the latter being
easily identified by its characteristic glittery sericite texture. Primary euhedral titanite is also observed. A few
fractures are observed, crosscutting both amphibole and adjacent minerals. These fractures are filled by calcite,
forming discrete veins. No Fe‐rich secondary phases are visible within the veins, and vein walls in contact with
amphibole are sharp, lacking any visible chemical gradients (e.g., in Fe) or alteration textures. These features

Figure 4. (a–c) Quartz‐hosted fluid inclusions (FI) observed by optical microscopy on thick sections and (d) typical Raman
spectra obtained after FI analyses. For one fluid trapping episode (inclusions aligned), FI are highly heterogeneous in size,
allowing Raman analyses only on a few of them. The peak at 2,330 cm− 1 and the four peaks from 4,125 to 4,160 cm− 1 are
characteristic of N2 and H2, respectively. Please note that the presence of CH4 (2,917 cm− 1) and CO2 (1,285, 1,388 cm− 1)
was also investigated but was not detected. The bulge of water is observed and varies in intensity with the size of the
inclusion due to scattering of Raman rays.
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suggest that amphibole remained stable during the fluid circulation event responsible for vein formation. Similar
observations were made for clinopyroxene (Figures 5c and 5d). Grain boundaries are sharp and show no evidence
of dissolution textures that suggest iron mobilization. As no textural or mineralogical indicators of iron oxidation
could be observed in either amphibole or clinopyroxene, detailed chemical analyses of these phases are not
discussed further.

4.3.2. Biotite and Chlorite

SEM observations and potassium mapping validate the presence of biotite along with alteration textures corre-
sponding to chlorite (see Figure 3c), as K is a preponderant component of biotite and is absent in chlorite
(Figures 6a and 6b). Representative EPMA point analyses performed on biotite and chlorite are presented in
Tables 1 and 2, respectively. Several of the analyzed spots are visible in Figure 6a. These raw results are further
discussed in Section 5.1.2. Along with chlorite, secondary titanite and sparse Fe‐oxides were detected, labeled Ttn
(II) and Fe‐ox(II), respectively. Ttn(II) and Fe‐ox(II) are distinguished from titanite and Fe‐oxide of primary
origin by their morphologies. Primary minerals appear euhedral and hundreds of micrometers in size (see Figure 5
for an example of primary titanite), while secondary titanite and Fe‐oxide are micrometric to sub‐micrometric in
size with irregular shapes (Figure 6b). More specifically, Fe‐ox(II) is observed infilling sub‐micrometric cracks
following former biotite cleavages. Due to its very small size, the nature of Fe‐ox(II), magnetite or hematite could
not be constrained unambiguously. The extracted FIB section crosscuts all phases of interest, as observed with
elemental mapping performed during TEM sessions (Figure 6c). Fe‐ox(II) and Ttn(II) are easily distinguished by
Ti and Fe mapping, and the variability in potassium concentrations within the surrounding silicate minerals
highlights interlayered sheets of biotite and chlorite at the micrometric scale (K mapping). The STXM‐XANES
transect performed on the FIB section allows for the qualitative investigation of Fe3+/ΣFe in chlorite and biotite
(Figure 6d). Apart from Fe‐ox(II), which could not be analyzed via STXM due to its too high Fe content, the
results highlight heterogeneities in Fe speciation at the sub‐micrometric scale. These variations correspond to
chloritization and biotite replacement, where the more oxidized sheets primarily correspond to biotite and the less
oxidized sheets primarily correspond to chlorite. This is supported by the TEM chemical mapping of potassium
(Figure 6c), allowing biotite (K‐rich) and chlorite (K‐poor) to be located along the transect. Any other

Figure 5. (a) Scanning electron microscopy backscattered electron image and (b) chemical map of an amphibole. The mineral
boundaries are sharp and no alteration pattern is observed. Calcite vein crosscuts both amphibole and feldspar but does not
seem to be related to Fe solubilization. Same conclusions apply for clinopyroxene, as visible in (c) Backscattered electron
image and (d) chemical map of a clinopyroxene. Primary titanite is evidenced thanks to Ca and Ti chemical maps (as well as
Si map, not provided here). Mineral abbreviations: Qtz, quartz; Fld, feldspar; Amp, amphibole; Seri, sericite; Cal, calcite;
Ttn(I), primary titanite.
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intermediate Fe3+/ΣFe presumably corresponds to a close mixing between the two “end‐members,” chlorite and
biotite sheets, at the sub‐micrometric scale and below the spatial resolution threshold. Iron speciation in biotite
and chlorite is further discussed in Section 5.1.2.

5. Discussions
By highlighting the presence of H2‐bearing fluid inclusions, our petrographic study supports the recent hypothesis
that Hiltaba Suite granites generated H2 within the basement of the Yorke Peninsula (Boreham, Edwards
et al., 2021; Boreham, Sohn, et al., 2021). The mechanisms responsible for such H2 occurrence warrant further
investigation and are discussed herein. We specifically focus on radiolysis and Fe oxidation, which are the main
H2 production pathways proposed in the literature. It is important to note that this discussion relies on a new
petrographic data set acquired from a single sample. As such, any proposed interpretation or extrapolation to the
regional scale must be viewed with caution.

5.1. Constraints on a Possible H2 Contribution From Fe Oxidation

5.1.1. The Promise of a Fe2+‐Rich Lithology

The studied sample is Fe2+‐rich at the bulk scale (5.65 wt% ΣFe, Fe3+/ΣFebulk = 0.14). This suggests that Fe
oxidation may play a role in H2 generation if the sample undergoes alteration (see Reaction R1). Ferrous iron is
mainly hosted by primary silicate minerals. Some of them (i.e., clinopyroxene, amphibole) have been identified as
H2 sources during anoxic water‐rock interactions (e.g., Marcaillou et al., 2011; Truche et al., 2021). Interestingly,
clinopyroxene and amphibole do not show any textural markers of alteration that could suggest Fe2+mobilization
and subsequent oxidation (Figure 5). This observation rules out any significant H2 production from those min-
erals. Conversely, biotite appears chloritized, with secondary Fe‐oxide present in cracks and cleavage planes. This
suggests the mobilization and oxidation of Fe during chloritization, raising the potential for H2 generation
associated with the destabilization of biotite. This observation supports an earlier work proposing that the H2

measured in the Yorke Peninsula may originate from the alteration of Fe‐rich biotite, a major constituent of the

Figure 6. (a, b) Scanning electron microscopy backscattered electron image and corresponding chemical map showing a
biotite grain undergoing alteration into chlorite, titanite and Fe‐oxide. Mineral abbreviations: Fld, feldspar; Bi, biotite; Chl,
chlorite; Ap, apatite; Ttn(II), secondary titanite; Fe‐ox(II), secondary iron oxide. Representative spots selected for EPMA
analyses are indicated in (a). (c) TEM chemical mapping of the Focused Ion Beam (FIB) section extracted within an altered
biotite grain, highlighting secondary titanite (green) and Fe‐oxide precipitates (red). Potassium mapping (blue) allows to
distinguish interlayered biotite (K‐rich) and chlorite (K‐poor) sheets at the micrometer scale. The exact position of the FIB
section is shown in (b). (d) STXM‐XANES transect performed in the FIB section qualitatively showing Fe3+/ΣFe variability.
Higher Fe3+/ΣFe (bright green) is interpreted as unaltered biotite, whereas lower Fe3+/ΣFe (blue color) is interpreted as
chlorite. The gray color represents the area with “no data” due to complete X‐ray absorption by Fe‐rich, dense, or overly thick
minerals, preventing transmission through the FIB section. In this case, these areas correspond to Fe‐ox(II).
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granitic basement beneath the Ramsay Oil Bore (Boreham, Edwards et al., 2021; Boreham, Sohn, et al., 2021). It
also aligns with recent numerical modeling evaluating H2 generation during the alteration of biotite‐rich granite
by brine under open‐system conditions at temperatures of 130–200°C (Murray et al., 2020). This study predicted
biotite dissolution coupled with the precipitation of secondary magnetite or hematite—consistent with our ob-
servations (Figure 6)—along with H2 generation. At first glance, such numerical simulations support the hy-
pothesis that biotite chloritization within the Hiltaba granite could lead to H2 generation. The apparent agreement
between literature‐based assumptions and our petrographic observations highlights the need to better constrain
the biotite chloritization reaction in our sample.

5.1.2. Composition and Fe Redox of Biotite and Chlorite

A precise determination of the composition and Fe redox state of biotite and chlorite is required to evaluate
whether H2 in the sample originates from biotite chloritization. Concerning Fe redox, uncertainties prevent ac-
curate quantification from the STXM‐XANES data due to the intimate mixing of minerals at the sub‐micrometric
scale (Figure 6). Consequently, no attempt was made to perform absolute Fe3+/ΣFe estimates from STXM‐
XANES, although data clearly indicate that the Fe is more reduced in chlorite than in biotite (Figure 6d).

Concerning the composition and Fe redox state of biotite, formula units were reconstructed using EPMA raw data.
The low oxide totals (mean = 91.40 wt%, Table 1) relative to standard biotite (typically <95 wt%) can be
interpreted as resulting from partial alteration, which lowers oxide totals. This is consistent with our TEM ob-
servations, which highlighted interlayered chlorite‐biotite at the sub‐micrometric scale (Figure 6). The machine
learning‐ and PCR‐based methodology developed by X. Li et al. (2020) was employed, enabling the direct

Table 1
EPMA Raw Data (wt%) and Formula Units of Biotite Calculated Following the Methodology of X. Li et al. (2020)

Analysis 1 2 3 4 5 6 7 8 9 10 11 12 Mean

SiO2 35.37 34.63 35.21 34.71 35.53 35.15 34.74 35.06 35.07 35.42 34.01 34.41 34.94

TiO2 2.99 2.88 2.92 2.83 2.82 2.65 2.84 3.30 3.29 2.91 3.03 2.76 2.94

Al2O3 14.17 14.70 13.93 14.10 14.24 14.19 13.66 13.69 13.65 13.82 14.00 14.28 14.03

FeOt 18.14 17.84 17.12 17.87 17.87 17.57 17.38 17.34 17.67 17.48 17.66 17.92 17.65

MnO 0.27 0.21 0.22 0.20 0.24 0.25 0.27 0.23 0.27 0.20 0.23 0.24 0.24

MgO 13.14 13.12 12.89 12.77 12.73 12.79 12.27 12.18 12.13 12.72 12.67 12.69 12.68

CaO 0.04 0.19 0.03 0.02 0.00 0.01 0.03 0.05 0.13 0.08 0.05 0.09 0.06

Na2O 0.08 0.09 0.05 0.07 0.10 0.11 0.09 0.07 0.08 0.13 0.10 0.08 0.09

K2O 8.73 7.36 9.22 8.91 8.81 9.20 9.51 9.16 9.19 8.36 8.72 8.12 8.77

Total 92.92 91.03 91.59 91.46 92.34 91.92 90.79 91.09 91.49 91.12 90.47 90.58 91.40

Si 2.76 2.72 2.79 2.75 2.78 2.77 2.79 2.80 2.80 2.80 2.74 2.74 2.77
IVAl 1.05 1.10 0.96 1.02 1.02 1.03 0.97 0.98 0.96 0.96 1.04 1.02 1.01
VIAl 0.26 0.27 0.34 0.30 0.30 0.29 0.32 0.31 0.32 0.32 0.29 0.32 0.30
IVFe3+ 0.19 0.18 0.25 0.22 0.20 0.20 0.24 0.22 0.24 0.24 0.23 0.24 0.22
VIFe3+ 0.10 0.18 0.05 0.08 0.08 0.06 0.01 0.04 0.04 0.10 0.08 0.12 0.08

Fe2+ 0.89 0.81 0.84 0.88 0.89 0.90 0.92 0.90 0.90 0.82 0.88 0.83 0.87

Mg 1.54 1.55 1.57 1.54 1.50 1.52 1.52 1.50 1.49 1.54 1.56 1.55 1.53

Ti 0.18 0.17 0.18 0.17 0.17 0.16 0.18 0.20 0.20 0.18 0.18 0.17 0.18

K 0.88 0.78 0.91 0.90 0.89 0.92 0.95 0.92 0.92 0.84 0.89 0.83 0.88

Σ vacancy 0.16 0.25 0.12 0.13 0.18 0.14 0.11 0.14 0.13 0.21 0.12 0.18 0.15

OH− 1.60 1.62 1.65 1.67 1.65 1.69 1.67 1.61 1.61 1.62 1.65 1.65 1.64

O2‐ 0.33 0.38 0.26 0.32 0.34 0.31 0.32 0.38 0.37 0.37 0.34 0.33 0.34

Fe3+/ΣFe 0.25 0.31 0.26 0.26 0.24 0.22 0.22 0.22 0.24 0.29 0.26 0.30 0.26

Note. The spreadsheet used for the calculations was developed by Gündüz and Asan (2023).
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determination of biotite formula units and Fe3+/ΣFebiotite with greater accuracy than previously proposed
methods. This methodology was specifically selected because it provides Fe3+/ΣFebiotite values representative of
initial biotite, even when the mineral has undergone post‐crystallization alteration. Iron appears partially
oxidized, with a mean calculated Fe3+/ΣFebiotite of 0.26 (Table 1). The uncertainty in the Fe3+/ΣFe ratio is
estimated at ±10%, given that the total Fe content in biotite reaches 18 wt% FeO (see X. Li et al. (2020) for a
detailed discussion of the associated uncertainty). Overall, the simplified composition of biotite, excluding trace
elements such as Mn, Ca, and Na, is mostly homogeneous across the 12 analyses (Table 1). The mean calculated
formula unit is as follows, where , represents vacancies within the mineral lattice:

(K0.88,,0.12) (Mg1.53,Ti0.18,Fe
3+

0.08,Fe2+0.87,Al0.30,,0.04) (Si2.77,Al1.01,Fe3+0.22)O10(OH,O− )2.

Similar to biotite, the formula units of chlorite were reconstructed using the EPMA raw data on the basis of 14
oxygens (Table 2). For the sake of clarity, trace elements such as K, Na, and Ca were not considered when
calculating the simplified formula units. This approximation is justified as the use of a chlorite‐based geo-
thermometer (presented in Section 5.3.1) requires a pure end‐member composition (see for instance Inoue
et al. (2018)). Concerning Fe redox, there is currently no established consensus on a reliable methodology for
determining Fe3+/ΣFechlorite directly from EPMA data. Therefore, all iron was assumed to be Fe2+ in the cal-
culations. This approximation is supported by STXM‐XANES, which show that Fe3+/ΣFechlorite < Fe3+/ΣFebiotite,
while Fe3+/ΣFebiotite= 0.26 according to our biotite formula unit reconstruction. In addition, this approximation is
convenient since reaction balancing (presented in Section 5.1.3) and geothermometer calculations (Section 5.3.1)
require the assumption that ΣFe = Fe2+. Chlorite appears heterogenous in composition across the 11 analyses
(Table 2). The simplified mean calculated chlorite composition, where , represents vacancies within the mineral
lattice, is given as follows:

Table 2
EPMA Raw Data (wt%) and Formula Units of Chlorite Calculated on the Basis of 14 Oxygens

Analysis 13 14 15 16 17 18 19 20 21 22 23 Mean

SiO2 27.99 27.24 26.93 27.41 27.56 28.09 27.62 27.22 27.07 28.77 28.18 27.64

TiO2 0.08 0.06 0.10 0.05 0.15 0.13 0.14 0.08 0.03 0.15 0.03 0.09

Al2O3 16.27 16.80 17.03 17.00 16.05 15.63 16.78 15.75 16.22 16.22 16.72 16.41

FeOt 21.91 20.74 21.15 21.05 21.06 22.03 20.15 22.16 22.10 18.95 19.67 21.00

MnO 0.37 0.34 0.43 0.48 0.38 0.49 0.53 0.41 0.37 0.30 0.42 0.41

MgO 17.94 18.46 18.38 18.64 18.49 17.68 19.08 17.74 17.61 20.09 20.39 18.59

CaO 0.09 0.03 0.10 0.08 0.09 0.05 0.07 0.09 0.04 0.07 0.02 0.07

Na2O 0.03 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.02 0.01 0.02 0.01

K2O 0.03 0.02 0.03 0.02 0.24 0.15 0.15 0.00 0.03 0.23 0.05 0.09

Total 84.70 83.68 84.17 84.73 84.02 84.25 84.53 83.47 83.49 84.80 85.50 84.30

Si 3.02 2.95 2.92 2.95 3.00 3.06 2.97 2.99 2.97 3.05 2.97 2.99
IVAl 0.98 1.05 1.08 1.05 1.00 0.94 1.03 1.01 1.03 0.95 1.03 1.01
VIAl 1.09 1.10 1.10 1.10 1.06 1.06 1.10 1.04 1.07 1.08 1.05 1.08

Mg 2.84 2.89 2.91 2.87 2.89 2.89 2.76 2.95 2.81 2.78 3.08 2.90

Fe2+ 1.65 1.82 1.86 1.85 1.83 1.85 1.93 1.75 1.97 1.96 1.63 1.82

Σ Vacancy 0.05 0.03 0.01 0.02 0.03 0.06 0.03 0.02 0.02 0.06 0.01 0.03

OH 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Fe3+/ΣFea 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

R2+b 4.86 4.87 4.89 4.88 4.92 4.88 4.87 4.95 4.91 4.86 4.94 4.89

Note. The spreadsheet used for calculations is available in Table S3. aFe3+/ΣFe is set to 0 to calculate the formula units from
EPMA raw data (ΣFe= Fe2+) to calculate a geothermometer and equilibrate a reaction equation. bR2+ =Mg2+ + Fe2+ and is
used to calculate a geothermometer (see Section 5).
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(Mg2.99, Fe
2+

1.90,Al1.08,,0.03) (Si2.99,Al1.01)O10(OH)8

Overall, EPMA‐derived formula unit calculations for biotite and chlorite, as well as the STXM‐XANES transect
performed at the biotite‐chlorite interface, indicate that Fe is more oxidized in primary biotite than in secondary
chlorite (Figure 6d). This casts doubt on the possibility that this mineral transformation sources H2. However, a
precise mass balance calculation, accounting for the Fe partitioning between Fe‐ox(II) and chlorite during biotite
alteration, is still required to conclude on a possible Fe‐driven H2 generation during chloritization.

5.1.3. H2 Generation Estimate From Reaction Balancing of Fe‐Biotite Alteration

To further test the hypothesis of a Fe‐driven H2 generation during chloritization, a chemical reaction was
tentatively balanced using the methodology developed by Godard (2010). This methodology must be applied with
caution, as it is a purely mathematics‐based protocol for reaction balancing that does not account for the phys-
icochemical feasibility (e.g., thermodynamics) of the resulting reaction. In addition, it assumes a closed and
conservative reactive system, whereas natural systems are most likely open, and most mobile elements may thus
be lost from the system. Despite these limitations, the methodology provides a valuable first‐order framework for
exploring mineral transformations. Ten phases were considered as input data:

1, 2. Chlorite (Chl) and biotite (Bi), using formula units calculated in Section 5.1.2. For the purpose of this
reaction balancing, all iron was treated as a single, undifferentiated component (ΣFe), regardless of its
oxidation state, to maintain a conservative system. The redox state of Fe is addressed separately in the
following discussion;

3, 4. Ideal titanite (Ttn(II), CaTiSiO5) and Fe oxide (Fe‐ox(II), Fe3O4), both observed as products of the
alteration reaction. It should be noted that the precise identity of the Fe‐ox(II) precipitate remains
uncertain; consequently, the formula unit for hematite (Fe2O3) could have been used instead of
magnetite (Fe3O4) to balance the reaction;

5, 6, 7. Ideal quartz (Qtz, SiO2), anorthite (An, CaAl2Si2O8) and sericite (Seri, KAl3Si3O10(OH)2), which
all occur in the matrix surrounding the chloritized biotite. The formula unit for muscovite (KAl3-
Si3O10(OH)2) was used to balance the reaction, as it is the dominant white mica endmember in the
sericite;

8, 9, 10. Water (H2O) and highly mobile cations (H+ and K+). By constraining the systemwith the dissolution
of 1 mol of biotite, the remaining nine phases are defined by nine independent components (Si, Al, ΣFe,
Mg, O, H, K, Ti, and Ca), thus forming a fully determined system (i.e., a Cramer's system; see Figure S1
in Supporting Information S1). This allows for a single balanced reaction R4 to be calculated:

1Bi + 0.18An + 1.38H2O + 0.10H+ → 0.51Chl + 0.07Fe − ox(II) + 0.18Ttn(II) + 0.20Seri + 0.82Qtz

+ 0.68K+ (R4)

According to this reaction, biotite destabilization leads to the precipitation of Fe‐ox(II) and chlorite, which
sequester the released ferrous iron. The limited amount of magnetite predicted by the reaction balancing is
consistent with SEM observations, where Fe‐ox(II) appears only sporadically. During biotite dissolution, Ti is
also released and subsequently incorporated into Ttn(II), as observed in the sample. Ttn(II) growth requires Ca2+,
supplied by anorthite dissolution, which also furnishes the required substrate for sericite precipitation. The newly
formed sericite incorporates part of the K+ released during biotite dissolution, while the remaining fraction is
likely mobilized and removed from the system by circulating fluids. Finally, H+ is considered as a reactant in this
reaction. It is worth noting that our proposed reaction closely resembles those in the literature describing the
chloritization process, which is known to induce Fe mobilization and Fe‐ox(II) precipitation, namely magnetite
(Eggleton & Banfield, 1985; Parry & Downey, 1982). In these earlier studies, H+ is also considered as a reactant.
However, in all cases, ferrous iron is treated as a non‐redox component during reaction balancing (i.e., fixed ΣFe
in this study, and fixed Fe2+ and Fe3+ in previous works). As a result, the redox dynamics of Fe, and consequently
the potential for H2 generation or consumption, cannot be directly assessed through these equations. To address
this caveat, another reaction R5 was balanced by substituting H+ by H2 as a reactant:
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1Bi + 0.18An + 1.38H2O + 0.05H2 → 0.51Chl + 0.07Fe − ox(II) + 0.18Ttn(II) + 0.20Seri + 0.82Qtz

+ 0.68K+ (R5)

This new reaction introduces the redox state of the fluid as an active factor, with H2 now explicitly participating in
the reaction. As Fe is the only other redox‐sensitive element considered, the consumption of 0.05 mol of H2 (i.e.,
its oxidation) necessarily implies the simultaneous reduction of 0.10 mol of Fe3+ (see reaction R1). Therefore,
considering that Fe from biotite (ΣFebiotite = 0.17, Fe3+/ΣFebiotite = 0.26, see Table 1) is partitioned between Fe‐
ox(II) (i.e., magnetite Fe3O4, Fe

3+/ΣFemagnetite = 0.67) and chlorite during the reaction, the reduction of 0.10 mol
of Fe corresponds to a theoretical Fe3+/ΣFechlorite = 0.08 (refer to Text S1 in Supporting Information S1 for the
detailed calculations). As no quantitative in situ data currently confirm this Fe3+/ΣFechlorite = 0.08 value, it re-
mains speculative. Nevertheless, it is qualitatively supported by the STXM‐XANES transect, which shows a
higher Fe3+/ΣFe in biotite compared to chlorite. Given that EPMA data indicate a Fe3+/ΣFebiotite = 0.26, the
estimated Fe3+/ΣFechlorite = 0.08 appears consistent with the redox contrast observed on the STXM‐XANES
transect.

Altogether, the data collected in the present study suggest that the biotite alteration observed in the investigated
sample most likely involved the consumption of H2 rather than production. Among other factors, this limited H2

potential appears to stem primarily from the high initial biotite Fe3+/ΣFe ratio, which significantly reduces the
Fe2+ budget available for H2 generation.

5.2. Radiolysis as a Direct Pathway for H2 Generation

5.2.1. The Co‐Occurrence of H2 and 4He

Radiolysis is widely recognized as a key process responsible for H2 generation in intracontinental settings (Lin
et al., 2005a; Sherwood Lollar et al., 2014; Warr et al., 2019), particularly where granites constitute the basement.
In the Yorke Peninsula, elevated concentrations of helium were evidenced alongside H2 during recent exploration
drilling, suggesting a radiolytic origin for the H2. In the studied sample, H2 co‐occurs with He presenting

3He/4He
ratios ranging from 0.0003 to 0.0056 R/Ra (see gas results in Section 4.2). Such ratios are typical of those reported
in rocks having granite‐like compositions (e.g., Ballentine & Burnard, 2002), where the 4He budget is dominated
by in situ alpha decay of U, Th and Sm, whereas 3He is primarily produced by nucleogenic reactions involving
thermal neutron capture by 6Li (Blard, 2021). In this regard, the similar 4He concentrations observed in the two
analyzed slabs (0.88 μmol·kg− 1rock in the mafic slab and 0.70 μmol·kg− 1rock in the felsic) highlight the homo-
geneity of 4He content within the sample at first order. On the contrary, 3He concentrations are markedly more
heterogeneous between the two slabs (6.79× 10− 9 μmol·kg− 1rock in the mafic slab and 2.99× 10− 10 μmol·kg− 1rock
in the felsic slab), which may reflect higher 6Li contents in the mafic slab (e.g., hosted in biotite). This finding
supports the interpretation that at least part of the H2 in the sample may be derived from radiolysis within the
Hiltaba Suite granite. From a geochemical perspective, the U, Th, and K contents in the sample (2.57 ppm, 20.81
ppm, and 2.91 wt%, respectively) are not exceptionally high compared to typical granitic rocks and the average
continental crust (Hu & Gao, 2008). However, assessing the reality of radiolytic H2 generation over geological
timescales requires proper quantitative calculations accounting for the observed H2 and He concentrations re-
ported in these rocks of the Yorke Peninsula.

5.2.2. Quantitative Assessment of H2 (and 4He) Generation Rates From Radiolysis

Since the early 21st century, several studies have attempted to estimate radiolytic H2 and
4He co‐generation rates

over geological timescales based on the physicochemical properties of U‐, Th‐, and K‐bearing rocks (Ballen-
tine & Burnard, 2002; Lin et al., 2005a, 2005b; Sherwood Lollar et al., 2014; Warr et al., 2019). Even though the
underlying equations rely on strong assumptions and idealized conditions (e.g., uniformly distributed porosity
without a fracture network, complete pore‐space saturation with water within the rock), they provide valuable
first‐order estimates of radiolytic H2 and

4He generation rates. Based on these foundational equations, a recent
study introduced a statistical approach using Monte Carlo simulations to assess not only mean H2 and 4He
generation rates but also the associated probability distributions (Warr et al., 2023). This methodology accounts
for the inherent variability and complexity of natural samples by incorporating ranges for input parameters rather
than single fixed values, thereby yielding the most probable generation rates under realistic geological conditions.
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In the present study, we applied the methodology and equations outlined by Warr et al. (2023) to estimate the
indigenous (i.e., in situ) H2 and

4He generation rates for our sample (see the original publication for a compre-
hensive description of the methodology). A custom Python script (provided in Figure S2 in Supporting Infor-
mation S1) was developed for this purpose, and 105 simulations were performed using the following input
parameters:

1. The concentrations of U (2.57 ppm), Th (20.81 ppm), and K (2.91 wt%) in the studied sample were
determined by bulk rock analysis. For K, the proportion of the radioactive isotope (40K) is incorporated in the
radiolytic generation equations considering a 40K/ΣK ratio of 0.012 (Draganić et al., 1991).

2. As the density of the sample is unknown, a range of plausible values from 2.7 to 3.2 g/cm3 was considered,
following Warr et al. (2023). While the upper limit of 3.2 g/cm3 may exceed that of a typical granite, it is
justified by the high content of mafic minerals observed in the sample.

3. As the density of the circulating fluid is also unknown and may have varied over time due to fluctuations in
salinity and/or temperature, a range from 1.00 to 1.22 g/cm3 was considered, in accordance with the pa-
rameters proposed by Warr et al. (2023).

4. As the porosity of the sample is unknown, a range from 0.55% to 1.45% was considered, consistent with
values reported for similar upper crustal rocks (see Warr et al. (2023) and references therein).

Simulation results indicate possible generation rates ranging from 0.39 to 1.17 × 10− 8 mol·kg− 1 yr− 1 for H2 and
from1.08 to 1.29× 10− 10mol·kg− 1 yr− 1 for 4He. The average rates are 7.59× 10− 9 and 1.19× 10− 10mol·kg− 1 yr− 1,
respectively (Figures 7a and 7b). Regarding the probability density distribution of the H2/

4He ratio, the simulations
yield a range between 32 and 101, with an average ratio of 64 (Figure 7c). Interestingly, the measured H2 and

4He
concentrations in our sample are 0.46mmol/kg and 0.883 μmol/kg, respectively (see Section 4.2). They correspond

Figure 7. Simulation outputs of 4He and H2 generation by radiolysis of the studied sample, based on the methodology ofWarr
et al. (2023). (a–c) Histograms showing the probability density distributions of H2 and

4He generation rates, as well as the
H2/

4He ratio. (d) Logarithmic‐scale plot illustrating the cumulated H2 and
4He generation yields over time, with shaded areas

representing the modeled minimum and maximum bounds. Estimated system closure times can be inferred by comparing
modeled yields to the measured H2 and

4He contents in the sample.
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to an H2/
4He ratio of 567, which lies well above the range predicted by the

simulations. This discrepancy suggests that additional geological processes
beyond indigenous radiolysis may influence the observed H2 and

4He con-
centrations. These might involve, for instance, preferential He loss or H2 gain,
which would modify the expected H2/

4He ratio compared to a purely closed
system. The following section discusses the factors controlling the H2/

4He
ratio in the sample, addressing the questions of open‐ versus closed‐system
behavior, and indigenous gas production versus external gas supply.

5.3. Questioning the System's Dynamics: Open or Closed?

5.3.1. Timing of Last System Opening Estimated From the Temperature
of the Last Brine Circulation

Constraining the timing of the last brine circulation in the sample is key to
assessing how long it has remained isolated and whether its gas content is of
indigenous origin. At least one brine circulation episode occurred within the
sample, as indicated by the presence of planar arrays of liquid‐rich fluid in-
clusions corresponding to healed microcracks (Figure 4). These microcracks,
as well as the irregular shapes of the associated fluid inclusions, are
commonly attributed to “late” fluid circulation events, in contrast to “early”
events that typically produce negative‐crystal‐shaped fluid inclusions (Van
Den Kerkhof & Hein, 2001). As discussed by these authors, however, the
distinction between “early” and “late” fluid circulation episodes provides
only a relative chronology of fluid inclusion trapping and does not strictly
constrain the temperature of fluid circulation.

On the contrary, low‐temperature brine circulation in the studied sample is highlighted by sericitized plagioclase
and chloritized biotite, two alteration processes likely correlated in time in our sample, as previously discussed
(see Section 5.1.3). Sericitization of plagioclase is a common low‐temperature alteration process in granitic rocks,
typically occurring during open‐system epithermal alteration at T < 300°C (Morad et al., 2010; Rogers, 1916;
Verati & Jourdan, 2014). Biotite chloritization is observed over a wider range of pressure‐temperature conditions,
spanning from early diagenesis to high‐grade metamorphism. Chloritization temperatures as low as 50°C have
been reported (Bourdelle, Benzerara, et al., 2013; Bourdelle, Parra, et al., 2013).

An initial estimate for the temperature of biotite chloritization in our sample was obtained using a graphical
geothermometer developed by Bourdelle and Cathelineau (2015). It estimates low‐temperature chlorite for-
mation conditions based on Si4+ and R2+ contents (where R2+ = Mg2+ + Fe2+). The resulting temperatures,
although falling near the limits of the diagram's reliability, provide homogeneous values ranging between
250°C and 350°C (Figure 8). To refine this estimate, a quantitative geothermometer was applied based on
chlorite formula units and its thermodynamic properties. Among the various thermodynamic‐based chlorite
geothermometers available in the literature (Bourdelle, Benzerara, et al., 2013; Bourdelle, Parra, et al., 2013;
Inoue et al., 2009; Lanari et al., 2014; Vidal, 2005; Vidal et al., 2016), the model proposed by Inoue
et al. (2018) was selected for this study because: (a) it was calibrated using natural chlorite samples within the
50–400°C temperature range, which presumably aligns with the conditions of interest here; and (b) it can be
used assuming ΣFe = Fe2+. This latter assumption simplifies the thermodynamic calculations and is justified by
the low Fe3+ content of the investigated chlorite (Fe3+/ΣFechlorite = 0.08; see Section 5.1.3). The calculations
(available in Table S3; for a detailed description of the methodology, refer to Inoue et al. (2018)) yield a mean
chlorite formation temperature of 351 ± 39°C (standard deviation calculated from the 11 chlorite formula
units), which is slightly higher than the graphical estimate. The consistent temperature estimates from both
geothermometers suggest a single fluid circulation event. Since the alteration is incomplete (i.e., primary biotite
is not fully pseudomorphed by chlorite), this episode likely represents the most recent hydrothermal event
recorded by the sample.

The estimated temperature of chlorite formation is not representative of the current thermal state of the studied
sample, which was collected at a depth of only ∼200 m. Given that South Australia is part of a stable cratonic
region that has not experienced significant geodynamic activity since the Delamerian Orogeny at ∼500 Ma

Figure 8. Graphical representation of the chlorite geothermometer developed
by Bourdelle and Cathelineau (2015), based on the Si4+ and
R2+(Mg2+ + Fe2+) contents in the chlorite formula unit. Chlorite
compositions calculated from EPMA data in this study are shown in red,
displaying relatively consistent values, although falling near the edge of the
model's reliability range.
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(Haines & Flöttmann, 1998), a typical cratonic geothermal gradient of ∼30°C/km can be assumed. This suggests
that the brine responsible for biotite alteration must have circulated at depths of ∼10 km to reach temperatures
around 300°C. Erosion rate estimates for the Yorke Peninsula remain poorly constrained and have likely varied
greatly over the last ∼500 Ma depending on the dominant erosional regime (ranging from ∼510 m/Ma for glacial
erosion to ∼0.32 m/Ma for subaerial erosion; Wilner et al., 2024). Regardless of the specific erosion rate, the
300°C fluid circulation episode recorded in the sample must be ancient, assuming that no external fluid warmer
than the surrounding rocks have circulated. For example, using the mean continental erosion rate since the
beginning of the Phanerozoic (estimated at 16± 11 m/Ma;Wilkinson &McElroy, 2007), a minimum of∼370Ma
would be required to erode 10 km and overburden and exhume the Hiltaba Suite granite sampled in this study.
Without drawing a definitive conclusion on the exact age of the last brine circulation, this first‐order analysis
provides evidence that the sample has remained in a closed state (i.e., without active fluid circulation and
advection) for the last hundreds of millions of years. Consequently, at least part of the H2 and He content in the
sample can be considered to be of indigenous origin.

5.3.2. Significance of H2 and 4He Contents in the Sample

Using the minimum and maximum H2 and He generation rates derived from the simulations, cumulative gen-
eration yields over time were estimated (Figure 7d). The measured H2 and

4He contents in the sample (0.46 mmol/
kg and 0.883 μmol/kg respectively) were converted to mol/m3 by considering a range of plausible rock densities
from 2.7 to 3.2 g/cm3. Assuming that all the measured H2 and

4He are of indigenous origin, a comparison of the
simulated yields with the measured concentrations (1.24–1.52 mol/m3 for H2 and 2.38–2.91 mmol/m3 for 4He)
allows for an estimation of the time elapsed since theoretical system closure. The H2 content suggests a closure
age between 354 Ma and 119 Ma, while the 4He content suggests a significantly younger closure age between
24 Ma and 21 Ma (Figure 7d). This discrepancy underlines the previously noted divergence between the simu-
lated and measured H2/

4He ratios (Figure 7c). Several hypotheses can be discussed to explain this offset, some of
which require a semi‐open system:

1. Indigenous radiolytic 4He and H2 generation may have been supplemented by indigenous H2 enrich-
ment from an unconstrained process. H2 production from Fe oxidation has been ruled out for this sample
(see Section 5.1). However, other indigenous processes not investigated here may contribute to the overall H2

budget. In particular, the production of H2 during the decomposition of NH3/NH4
+ into N2 has been proposed

to explain the co‐occurrence of N2 in hydrothermal H2‐rich systems (Jacquemet & Prinzhofer, 2024; L. Li
et al., 2009). Interestingly, gas chromatography after crushing revealed that our sample is N2‐rich, which is
consistent with previous studies reporting that nitrogen is commonly found in H2‐rich Precambrian rocks in
various redox forms, such as N2, NO3

− , NH3/NH4
+. The origin of nitrogen in these environments remains

debated and may result from various processes, including meteoric fluid circulation or the destabilization of
NH4

+‐rich minerals (Karolytė et al., 2022; L. Li et al., 2021; Silver et al., 2012). Although information is
currently insufficient to determine the exact source of nitrogen in our sample, the absence of CO2 and CH4

suggests a non‐meteoric origin. On the contrary, the high biotite content—a phyllosilicate known to incor-
porate significant amounts of NH4

+ (Bos et al., 1988; Honma & Itihara, 1981)—supports an indigenous N2

origin potentially associated with H2 production. Regardless of the specific additional H2‐producing process
involved, this hypothesis could explain the relative H2 enrichment. If the system had remained fully closed
since the last fluid circulation episode, such processes would have led to an increase in the H2/

4He ratio relative
to a purely radiolytic origin, aligning with our observations (Figure 7c). However, under this closed‐system
assumption, the age of system closure would be dictated by the 4He content, estimated at only 21–24 Ma
(Figure 7d). This does not correlate with the timing of the last fluid circulation episode, estimated at several
hundreds of millions of years based on the biotite chloritization temperature (see Section 5.3.1). Therefore,
additional mechanisms involving open‐system behavior must be considered, where H2 and

4He can be lost or
gained via migration.

2. Indigenous radiolytic 4He and H2 generation may have been supplemented by external H2‐dominated
enrichment from an unconstrained process. The results of our investigation, focused on a single sample,
provide no constraints on H2 and He production pathways in the surrounding rocks. In this regard, external gas
production followed by migration into our sample is plausible, occurring through either diffusion or advection.
Assuming an external gas input dominated by H2, this scenario would also provide a realistic explanation for
the high H2/

4He ratio measured compared to what would be expected from purely indigenous radiolysis
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(Figure 7c). However, if the external gas input consisted only of H2, this scenario would imply a maximum
system closure age of 24–21 Ma, as indicated by the radiogenic 4He content of the sample (Figure 7d). Any
enrichment of 4He in the external gas would add to the indigenous radiolytic 4He, further reducing the esti-
mated age of system closure. As with the scenario (1), such timing for system closure is ruled out by the age
estimated from biotite chloritization, which is thought to have occurred several hundreds of millions of
years ago.

3. The measured H2 and 4He contents may reflect radiolytic generation within the studied sample, with
differential diffusion leading to preferential He loss over time. Both previous scenarios proposed additional
H2 enrichment—from either indigenous or external sources—to explain the very high H2/

4He ratio measured
in the sample. However, they fail to reconcile the timing of system closure estimated from biotite chloritization
(>370Ma) with the actual amount of 4He found in the sample. Therefore, a third scenario is proposed, in which
the indigenous radiolytic 4He is continuously lost at a faster rate than radiolytic H2 since the last fluid cir-
culation episode several hundreds of millions of years ago. In fact, this apparent system closure would not
preclude the thermal diffusive loss of gases over time, that may have occurred under 300°C. This hypothesis is
supported by the fact that, due to its smaller atomic size 4He have a larger diffusivity than H2 in silicates under
these low temperature conditions (Cherniak & Watson, 2011; Farley, 2000; Ingrin, 2006). This scenario (3)
provides a single mechanism to explain both the relative H2 enrichment compared to 4He, and the low amounts
of 4He relative to the proposed timing of the last fluid circulation.

At this stage, it is clear that no definitive conclusion can be drawn to explain the sample's gas signature. The three
mechanisms proposed above represent simplified conditions that might occur concomitantly in the complex
reality of the natural environment.

5.3.3. Implications for Gas Migration in the Yorke Peninsula: Diffusion Instead of Advection?

From a general perspective, it is important to note that the Yorke Peninsula is crosscut by numerous crustal‐scale
faults (Figure 1). These faults may act locally as preferential conduits for advective migration and gas accu-
mulation in the overlying sedimentary cover. In the present investigation, however, no direct evidence of such
active and recent fluid circulation was observed. Specifically, the elevated temperatures estimated for the last
fluid circulation episode suggest a system closure age >370 Ma (see Section 5.3.1). This result casts doubt on a
scenario where advection is the primary mechanism responsible for H2 and 4He migration from the studied
basement sample to the overlying sedimentary rocks. In addition, the >370 Ma estimate is not significantly
different from the closure age estimated from H2 concentrations (354‐119Ma), but exceeds the closure age of 4He
(24‐21Ma), as discussed in Section 5.2.2. Regardless of whether the H2 and He contents in the sample are entirely
of indigenous origin or partly from an external source, this age comparison supports the hypothesis of a long‐term
diffusive gas migration inducing a preferential He loss (over H2) over the last several hundreds of millions of
years. This interpretation is in line with the higher diffusivity of 4He relative to H2 in silicates (Cherniak &
Watson, 2011; Farley, 2000; Ingrin, 2006). In addition, this scenario is also consistent with the significant He
enrichment reported in some horizons of the sedimentary cover (4He up to 6.8% once corrected for air
contamination, see Whitcombe et al. (2024)). This outcome contrasts sharply with the ratios obtained in this
study: a measured H2/

4He ratio of 567 in the sample and simulated H2/
4He ratios from 32 to 101. Altogether, the

evidence collected here points toward diffusive‐dominated migration of 4He from the bedrock to the sedimentary
cover in the area where the sample was collected. This interpretation does not preclude a significant contribution
of advective‐dominated migration elsewhere in the Yorke Peninsula, particularly where crustal‐scale faults occur.

5.4. Summary of the Sample History

The comprehensive petrographic characterization of the sample provides the basis for proposing the key stages of
its history within the framework of H2 and

4He exploration. These stages can be summarized as follows:

1. Emplacement of the Hiltaba Suite granite intrusions (~1.5 Ga). Primary paragenesis is dominated by
biotite, amphibole, pyroxene, quartz, feldspar, titanite, and magnetite. Crystallization conditions during
cooling (e.g., oxygen fugacity) imply that biotite, the main Fe2+‐bearing primary mineral, incorporates a
significant proportion of Fe3+ (see Section 5.1.2). Based on our interpretations, the sample does not record any
geodynamic of geological activity for the following ∼1.0 Ga.
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2. Water‐rock interaction and last system opening (>370 Ma). A fluid circulation event, the last recorded in
the sample, accompanied by chloritization of biotite and sericitization of feldspars, occurred at approximately
300–400°C. The uniform temperatures provided by the chlorite geothermometer suggest a single episode of
fluid circulation (see Section 5.3.1). Assuming standard crustal erosion rates and geothermal gradients, the
temperature event infers an age as recent as 370 Ma. During this fluid circulation episode, the system was
opened, allowing the advective release of H2 and

4He previously generated by radiolysis and other processes,
and accumulated within the sample. The chloritization of biotite involved a slight H2 consumption instead of
generation, highlighted by the reduction of Fe3+ during the reaction (see Section 5.1.3).

3. H2 and He generation and loss through diffusion (<370 Ma). Following the last circulation event, H2 and
4He generation continued within the system, essentially via radiolysis. Concomitantly, H2 and

4He have been
continuously lost out from the system through passive diffusion. This ongoing diffusive loss is reflected in the
measured H2 and He contents, which suggest younger apparent ages for the last system opening than those
inferred from the temperature of the last fluid circulation event (see Section 5.3.1). As 4He loss operates faster
than H2 loss, the apparent age of the last system opening appears younger for 4He than H2. Both gas losses
ultimately feed the overlying accumulations in the sedimentary cover.

5.5. Perspectives for the Strategy of H2 and He Exploration in South Australia

Following the drilling of the Ramsay Oil Bore in 1933, the Minlaton‐1 well was drilled nearby. Surprisingly, no
H2 was detected at Minlaton‐1, although it intersected the same sedimentary units as the Ramsay Oil Bore
(Figure 9). This apparent discrepancy in H2 occurrence between the Ramsay Oil Bore and Minlaton‐1 may be
attributed to differences in the underlying basement lithologies. Specifically, it suggests a greater H2 generating
potential for the Hiltaba granite compared to other basement units, such as the metasedimentary Wandearah
Formation, as previously proposed by Boreham, Edwards et al. (2021) and Boreham, Sohn et al. (2021).

Concerning the H2 source rock, the petrographic investigation presented here provides evidence that the Hiltaba
Suite Granite likely contributes to the overall H2 budget in the Yorke Peninsula, through radiolytic production
from U‐Th‐K decay. Interestingly, 3He/4He ratios have been reported from recent drillings conducted close to the
historical Ramsay Oil Bore (see https://www.goldhydrogen.com.au/asx‐releases/helium‐3‐confirmed‐at‐ramsay‐
project/). At Ramsay 1, three 3He/4He ratios were measured in the basement (n = 1) and the Kulpara Formation
(n = 2), all from He‐rich horizons. Remarkably consistent values of 0.0069 R/Ra, 0.0067 R/Ra, and 0.0067 R/Ra
were obtained, similar to one of the ratios measured in our sample (0.0056± 0.0005 R/Ra), supporting a radiolytic
origin. At Ramsay 2, six 3He/4He ratios were measured in the basement (n = 1), the Kulpara Formation (n = 2),

Figure 9. NW‐SE cross‐section of the geology in the Yorke Peninsula. The exact location of the transect is reported in Figure 1. Red, yellow and brown colors represent
basement units, as presented in Figure 1. The sedimentary cover, from Cambrian to Quaternary in age, is represented from dark gray to white color. Abbreviations: (W),
early Cambrian Winulta Fm; (K), early Cambrian Kulpara Fm; (P), early Cambrian Parara Fm; (M), early Cambrian Minlaton Fm; (LEC), undifferentiated late early
Cambrian units; (Y), middle Cambrian Yuruga Fm; (CJ), Permian Cape Jervis Fm; (T&Q), undifferentiated Tertiary and Quaternary units. Following the drillhole data
available and this study, the H2‐ and He‐rich accumulations are expected to occur in the early Cambrian horizons above the Hiltaba Suite granites.
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and the Parara Formation (n= 3). The only He‐rich horizon, located in the Kulpara Formation, showed a 3He/4He
ratio of 0.0066 R/Ra. This result, consistent with the Ramsay 1 measurements, also supports a radiolytic origin. In
contrast, the five other horizons, which are comparatively He‐poor and H2‐rich, display highly variable 3He/4He
ratios ranging from 0.0489 to 1.2306 R/Ra. This relative 3He enrichment, with ratios approaching∼1 R/Ra only in
He‐poor samples, points to possible atmospheric contamination, for instance during sampling. Alternatively, a
mantle‐derived 3He contribution to the overall gas fluxes cannot be excluded at this stage. In this scenario, the
presence of a regional fault near the Ramsay Oil Bore may act as a migration pathway for mantle‐sourced 3He
(Figure 9). Complementary 20Ne measurements would enable quantitative correction for atmospheric helium,
given that 20Ne is mostly atmospheric in origin and serves as a sensitive tracer of air contamination, thereby
providing a robust test of whether the observed 3He/4He ratios reflect air contamination or a mantle‐derived
contribution.

Concerning the H2 reservoir rocks, among the numerous exploration wells drilled across the Peninsula, only the
Ramsay Oil Bore revealed H2‐ and He‐rich horizons. These accumulations are located directly above the Hiltaba
Suite granite, specifically in areas where the early Cambrian sediments of the Kulpara and Parara Formations are
the thickest (Figure 9). This spatial correlation suggests that westward exploration for subsurface accumulation
may appear irrelevant, if the progressive thinning of the sedimentary cover compromises the presence and
effectiveness of H2 and He reservoir‐and‐seal formations. For instance, the Parara Formation, which contains
alternating layers of mudstones and limestone recognized elsewhere to favor He sequestration in aquifers
(e.g., Marty et al., 2003), is mostly absent in the western part of the Peninsula. Reciprocally, the search for
surficial H2 micro‐seepages (e.g., sub‐circular depressions) in the western part of the Peninsula, where the
sedimentary cover is thinner, may appear promising as already proposed in the literature (Moretti et al., 2021).
Noteworthy, the accumulations reported from shallower subsurface horizons intersected by the Ramsay wells
contain H2, He, and N2 but also additional components such as CH4 and, locally, minor CO2 (Boreham, Edwards,
et al., 2021). In contrast, the gas composition identified in the analyzed basement sample is limited to H2, He, and
N2. This compositional difference highlights that the shallow blended gas composition cannot be explained solely
by generation within the underlying crystalline basement. Secondary processes that modify the primary gas
signature during upward migration and trapping must therefore be invoked to account for the presence of CO2 and
CH4. For instance, the occurrence of minor CO2 may be related to the carbonate‐dominated nature of the reservoir
rocks (e.g., the dolomite of the Kulpara Formation), whereas the presence of CH4 may result from low‐
temperature biogenic consumption of H2 by the deep biosphere (Nothaft et al., 2026) and/or mixing with CH4

generated by thermogenic processes (Etiope & Sherwood Lollar, 2013). At this stage, these hypotheses remain
provisional and will require validation through additional studies.

The findings presented here provide global perspectives for natural H2 and He exploration in South Australia
(SA), where numerous exploration blocks are currently under investigation. The presence of H2 within fluid
inclusions in the TER1 drill core sample echoes the recent reporting of H2‐rich fluid inclusions in Hiltaba Suite
granites from other locations across SA (Bourdet et al., 2023). Occurrences of Hiltaba Suite granites are wide-
spread in SA, representing more than 28,500 km2 according to basement geology maps (see Maitland SI5312
geological map of the Department for Energy and Mining SA). Extrapolating petrographic observations from a
single drill core to the entire extent of the Hiltaba Suite appears highly speculative, particularly given the expected
variability in composition and alteration grades depending on the nature and history of the intrusions. However,
our results highlight that Hiltaba Suite Granite is a promising lithology to prospect H2 and He accumulations. As
such, this rock unit warrants focused attention in ongoing and future gas exploration efforts across the region.

5.6. Limitations of the Study and Perspectives for Future Works

The interpretations detailed here provide an initial step toward addressing the timing and pathways of H2 (and He)
generation and subsequent migration—factors that are essential for constraining the origin of entrapped gases and
evaluating the resource potential. However, the current discussion is derived from several assumptions that must
be viewed with caution, given the inherent limitations of this study. In particular, the chloritization temperature
was used to provide first‐order estimates of the age of the last fluid circulation episode. This study would have
benefited from a more robust temperature estimate by cross‐comparing results from the chlorite geothermometer
with another independent proxy (e.g., δ18O of H2O–quartz in fluid inclusions; Bourdet et al., 2023). Furthermore,
absolute age constraints using radiochronological dating would have been more reliable. The formation of
chlorite can hardly be dated directly. However, dating titanite precipitation during biotite chloritization offers a
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promising perspective, as titanite typically incorporates U, enabling the use of U/Pb techniques (e.g., Simonetti
et al., 2006). In addition, only two H2‐generating mechanisms were deeply investigated in this study: radiolysis
and Fe‐oxidation. This does not preclude a possible contribution from one or several additional sources
(e.g., NH4

+ decomposition; Jacquemet & Prinzhofer, 2024), which will be worth investigating in future studies.
Finally, the present interpretations are derived from petrographic data acquired from a single drill core sample and
therefore do not capture the heterogeneities that may occur in natural environments (e.g., variable rock com-
positions or alteration grades). Such heterogeneities are expected to significantly influence the models of H2 and
4He generation via radiolysis (and other generation processes), as well as surmised migration pathways. For
instance, the absence of any fluid circulation event for several hundred million years, as estimated from the
studied sample, implies that gas migration into and out of the studied sample has only operated through diffusion.
This does not preclude the occurrence of more recent circulation events elsewhere in the Hiltaba Suite Granite,
particularly in structurally complex areas where fault networks are more extensively developed.

Altogether, there is no doubt that the current data set is insufficient to draw definitive large‐scale conclusions;
further work is therefore required to advance our understanding of gas formation and accumulation processes in
this region. Specifically, additional petrographic investigations are needed to better characterize the lithological
and alteration heterogeneities within the intrusive Hiltaba Suite.

6. Conclusions
Natural H2 is increasingly being investigated as a potential contributor to achieve net‐zero emission targets.
Exploration programs are being developed, particularly in Australia, leading to recent and future drilling cam-
paigns. The Yorke Peninsula, South Australia (SA), represents a unique case study to advance the understanding
of H2 systems—in terms of generation, migration and accumulation processes—as it is one of the few locations
worldwide known to host natural H2 accumulations both from historic and confirmed by recent drilling.

Through detailed petrographic and geochemical characterization of a drill core sample from the Hiltaba Suite
Granite (TER1), which forms part of the crystalline basement of the Yorke Peninsula, this study provides new
insights into the origin of H2 and He in the region. Our results suggest that radiolysis is the predominant
mechanism for H2 and 4He generation in this lithology, as evidenced by the presence of H2‐bearing fluid in-
clusions, and elevated concentrations of the two gases in the sample. The sample appears Fe2+‐rich and the
alteration of biotite, the only primary Fe‐bearing mineral altered, resulted in Fe mobilization and its incorporation
into secondary Fe‐oxide and chlorite. However, this transformation likely occurred without significant Fe
oxidation, implying that Fe‐driven H2 generation did not significantly contribute to the H2 budget in the sample.

The coupling of (a) 4He and H2 content measurements, (b) numerical modeling of radiolytic generation rates, and
(c) chlorite‐based geothermometry of the last circulation brine points to a system closure several hundred Ma ago
(>370 Ma). This phase was presumably followed by a protracted diffusion‐dominated migration of gas species.
The discrepancy between estimated closure ages derived from H2 and

4He contents, as well as the H2/
4He ratio,

reinforces the hypothesis of differential diffusion rates between H2 and 4He, while also aligning with He en-
richments observed in subsurface accumulations.

These findings identify the Hiltaba Suite as a compelling exploration target for H2 and He exploration programs
across the Yorke Peninsula and other regions of SA. However, the significant variability in lithology and
alteration grades likely to occur across the >28,000 km2 extent of the Hiltaba Suite precludes direct or simplistic
extrapolation based on a single sample.
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Availability Statement
Bulk geochemical analyses are provided in Table S1. Helium isotope measurements performed on the two sample
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Cramer's system methodology used for reaction balancing are provided in Figure S1 in Supporting Information
S1. Methodology for determination of Fe3+/ΣFe in chlorite is developed in Text S1 in Supporting Information S1.
The python script and the input/output data of the simulations performed to assess radiolytic H2 and

4He gen-
eration rates are provided in Figure S2 and Text S2 in Supporting Information S1. All the aforementioned data,
available in Supporting Information S1, are also archived in a permanent and freely accessible repository at
Geymond (2026).
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