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ARTICLE INFO ABSTRACT

Editor: Don Porcelli In serpentinised peridotite and ultramafic rock systems, methane (CHy4) origin is frequently considered abiotic,
but variable microbial and thermogenic components can also exist. Typically, the origin of CHy4 is studied using
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microbiology and geological context. Recent advances in CH4-clumped isotope methods have yielded novel in-
sights into the formation of CHy4: nonetheless, their interpretation in natural gas samples is often uncertain and
requires additional research. Here, we study the origin of the gas released in hyperalkaline (pH > 10) springs in
the Ronda Peridotite Massifs (southern Spain), combining bulk and clumped CH4 isotopes with molecular gas
composition, hydrochemical (Total Organic Carbon and Platinum Group Elements in water), geothermal and
geo-structural data. Five springs analysed in 2014 have been re-examined for changes in gas chemistry over time,
and three newly discovered gas-bearing springs are analysed for the first time. Regardless of whether springs
have microbial or abiotic isotopic fingerprints, we find that bulk CHy4 isotopes are fairly stable over a seven-year
period. This suggests that the CH4 source(s) or postgenetic processes (such as oxidation and diffusion) have not
undergone significant temporal changes. Major variations in Hy and CH4 concentrations in certain springs may be
the result of changes in gas pressure and migration intensity. Paired CH,4 clumped isotopes (A'2CH,Dy -
A'3CH3D) were analysed in two bubbling springs, where the presence of CHy can be interpreted as non-microbial
based on 13C enrichment, absence of 14C, and the presence of ethane and propane. However, these isotopes are in
disequilibrium, which prevents the quantification of the gas formation temperature. Within the A'>CHyD, -
A'3CH3D diagram, the data lie within both the microbialgenic zone, suggested by previous authors, and the
abiotic zone that results combining data from laboratory gas synthesis and other natural gas samples. Therefore,
attributing a microbial origin to CH4 based only on clumped isotopes is less definite than previously assumed.
The amount of Total Organic Carbon appears to be correlated with the origin of CH,, as it is higher in 3C-
depleted CH, samples and lower in '3C-enriched samples. Palladium (Pd) and Rhodium (Rh) dissolved in water
(the more soluble Platinum Group Elements) can be a proxy for the chromitite ore deposits contained in
plagioclase tectonite layers throughout the investigated area, which may act as catalysts for abiotic CO, hy-
drogenation. Clumped isotope disequilibrium and the reported absence of diffuse CH4-bearing fluid inclusions in
the peridotites appear to rule out high temperature gas genesis in post-magmatic inclusions. These observations,
along with the moderate temperatures at the base of the peridotite massifs and the consistent occurrence of gas
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along tectonic contacts between serpentinised (Hy-bearing) peridotite and carbon-bearing rocks, are compatible
with the theory of low-temperature CO» hydrogenation.

1. Introduction

The majority of natural gas used as a fuel source is biotic methane
(CHy), which is produced in sedimentary basins by microorganisms and
the thermal cracking of kerogen or oil. Despite the absence of organic
matter, methane is increasingly discovered in non-sedimentary habitats,
such as aquifers or free gas in Precambrian shields, and surface seeps or
hyperalkaline (pH > 10) springs in serpentinised ophiolites and peri-
dotite massifs (see reviews by Etiope and Sherwood Lollar, 2013; Etiope
and Whiticar, 2019; Monnin et al., 2021; Etiope and Oze, 2022). In
continental environments, where serpentinization is often developed at
low temperatures (<150-200 °C), three major origins have been
hypothesised for the formation of CHy: two are associated with abiotic
processes, while the third is related to microbialgenesis. The first abiotic
hypothesis refers to CH,4 generated at a moderate temperature (<150 °C)
through Fischer-Tropsch Type (FTT) reactions, specifically COy hydro-
genation (or Sabatier reaction: COy + 4Hy = CH4 + 2H20) occurring in
fractures (Etiope and Oze, 2022, and references therein). Methane is
produced by combining H; from serpentinization and CO; from the at-
mosphere, soil, carbon bearing rocks, or mantle (e.g., Etiope and Sher-
wood Lollar, 2013). Metal catalysts (e.g., chromium, ruthenium, iron
minerals) promote the Sabatier reaction by decreasing the activation
energy required for the reaction to move forward. Chromitites, which
are common in ophiolites and peridotite massifs and are rich in chro-
mium and Platinum Group Element (PGE, in particular ruthenium, a
crucial catalyst for low temperature CO, hydrogenation; Etiope and
lonescu, 2015), contain significant amounts of Hy (up to 22 vol% in the
gas extracted by milling) and *3C-enriched CH, (8'3C from —0.5 to —20
%o) compared to other mafic and ultramafic rocks, and have been
considered as potential source rocks of abiotic gas (Etiope et al., 2018;
De Melo Portella et al., 2019; Etiope and Oze, 2022). This abiotic model
of CH4 production is supported by (a) a combination of stable C and H
isotope composition of CHy (8'3Ccg typically > —40 %o, 52H approxi-
mately from —100 to —400 %o; Etiope and Oze, 2022), which is distin-
guishable from microbial and thermogenic fingerprints; e.g., Milkov and
Etiope, 2018); (b) the molecular gas composition (presence of heavier
hydrocarbons and Hy); (c) the absence of radiocarbon *C)in CHy; and
(d) petrological and geological data indicating the presence of catalyst
rich rocks (e.g., Cr and PGE in chromitites) and faults as preferential
pathways of gas migration from depth. This model’s limitations refer to
the actual capacity of the metals, particularly the low-abundance PGE,
to sustain considerable and persistent gas generation.

The second abiotic hypothesis refers to CH4 synthesis at elevated
temperature within fluid inclusions in olivine-rich rocks, which then
migrates to the surface through seeps and springs (Klein et al., 2019;
Grozeva et al., 2020). Inclusions are regarded as “reactors” in which CHy4
is produced via high-temperature (>200-300 °C) FTT synthesis
following the cooling of magmatic fluids through the interaction of
olivine, oxidised carbon and Hj gas. Gas generation has been modelled
using the distribution and composition of fluid inclusions in olivines
(Klein et al., 2019) and the isotopic content of the gas (Grozeva et al.,
2020). The shortcomings of this model include inconsistencies with the
available clumped isotope analyses, which suggest temperatures of CHy
formation lower than those taken into account in fluid inclusions (Young
et al., 2017) and problems with gas flow dynamics (i.e., assuring long-
lasting and continuous gas leaching from the inclusions to the surface;
Etiope and Oze, 2022).

The microbial origin of CH4 is mediated by methanogens in low-
temperature aquifers utilising CO,, formate and/or acetate (Miller
etal., 2018; Nothaft et al., 2021). However, not all hyperalkaline springs
contain methanogens (e.g, Tiago and Verissimo, 2013; Suda et al.,

2022), and there are currently no models explaining how microbial
communities alone can produce enough fossil CH4 and generate long-
lasting high-pressure gas seeps, as those observed in a number of loca-
tions (Etiope and Oze, 2022). In this respect, the research of endoliths
that may utilise 1*C-free substrates within deep mafic-ultramafic rocks
may be useful (e.g., Fones et al., 2022), but it should include the analysis
of methane, and its 1“C content, occluded in the rocks.

Generally, bulk isotope studies (*3c/*%C and %H/H of CHy) are used
to discriminate between three major sources of CHy: thermogenic, mi-
crobial, and abiotic. Nonetheless, overlapping isotopic signatures from
different sources and difficulties in unravelling mixtures of sources or
postgenetic processes have led to the association of the bulk isotopic
analysis with multiply substituted “clumped” CH4 isotopologues
(A13CH3D and A12CH2D2; where D = 2H, see notation in Young, 2020),
which provide information on the temperature of CH4 formation when
C—H bonds are in equilibrium (e.g., Stolper et al., 2018; Young et al.,
2017; Young, 2020). The relationship between A13CH3D, AIZCHZDZ and
temperature provides a thermodynamic equilibrium reference curve in
the A13CH3D VS. AIZCHZDZ space (Young et al., 2017, and references
therein). Data falling on the equilibrium line represent the intra-
molecular temperature at which CH4 was formed or equilibrated. At
temperatures >150 °C, CH4 clumped-isotopes are more likely to be in
thermodynamic equilibrium (Young et al., 2017). Departures from
equilibrium may be expressed as A'3CH;3D and/or A'?CH,D, decrease or
12CH,D, increase. Clumped isotope disequilibrium may allow the
identification of kinetic isotope processes during methane generation
and other post-generation processes such as mixing, clumped-isotope
fractionation by molecular mass, desorption, oxidation, kinetics,
tunnelling, and combinatorial effects (Rockmann et al., 2016a; Wang
et al., 2016; Young et al., 2017; Taenzer et al., 2020; Young, 2020; Warr
et al., 2021; Etiope and Oze, 2022).

However, the interpretation of methane clumped-isotopes is not
straightforward, as a given combination of A3CH3D and A'?CH,D,
values may reflect different origins and post-genetic processes (Young,
2020; Labidi et al., 2020; Warr et al., 2021). For example, it was sug-
gested that microbial CHy4 is identifiable by a specific distribution of
AISCHgD and low ACH,D, values (e.g., Young, 2020). On this prem-
ise, groundwater in some wells in Oman was interpreted to contain
microbial methane (Nothaft et al., 2021). Nonetheless, gas in aquifers
devoid of methanogens, abiotic gas produced in laboratory and ther-
mogenic gas may exhibit clumped-isotope values within the range
attributed to microbial gas (Dong et al., 2021; Zhang et al., 2021; Etiope
and Oze, 2022). To better understand the overlap of biotic vs. abiotic gas
in the A'3CH3D vs. A'2CH,D, diagram, further clumped isotope data
from natural and laboratory samples is required.

Here, we report an integrated study combining novel CH4 clumped
isotope data with other geochemical, hydrochemical and geological
proxies, which may shed light on the microbial vs. abiotic conundrum.
We present and discuss molecular and CHy isotopic (bulk and clumped)
data from gas released in hyperalkaline springs of the Ronda Peridotite
Massifs in southern Spain (hereafter RPM), likely the largest known
exposure of subcontinental lithospheric mantle (Obata, 1980). A portion
of these springs were analysed in 2014 (Etiope et al., 2016): some of
them contain '3C-depleted CHj, typically associated with microbial
sources; and others display 13C-enriched, 2H-depleted and fossil (**C-
free) CHy, indicative of an abiotic origin. We have resampled the gas
from five springs and studied new three gas-bearing springs discovered
within the RPM in 2015 and 2021 (Fig. 1). Analyses of paired clumped
isotopes of CHy4 (ISCHgD and 12CH2D2) have been performed in two
bubbling springs, containing ‘*G-enriched CH4 (one of which is *C-
free). The interpretation of methane origin is then performed by
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combining the following types of information: (a) bulk and clumped
isotopes of CH4 in the context of proposed genetic zonation in the
relative isotopic diagrams; (b) temporal variation of molecular and
isotopic composition of the gas; (c) the relationships between springs
and geo-structural and geothermal settings (e.g., presence of faults, deep
temperatures); (d) the amount in the water of PGE, as potential catalysts
of abiotic synthesis, and Total Organic Carbon (TOC) as potential
feedstock for microbial activity.

2. Geological setting and site description
2.1. The Ronda Peridotite Massifs

The Ronda peridotites (Fig. 1) are one of the world’s largest outcrops
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of subcontinental mantle (~450 kmz) distributed in three main massifs
bounded by shear zones: Ronda ultramafic massif, Carratraca ultramafic
massif and Ojen ultramafic massif. We use the term “Ronda Peridotite
Massifs” or “RPM” to refer to the ensemble of the three massifs.

The Ronda peridotites are primarily composed of lherzolite with
minor contributions of harzburgite, dunite, and mafic layers (Hernan-
dez- Pacheco, 1967). They crop out in the Internal Zone of the Betic
Cordillera, consisting in metamorphic rocks in their westernmost part,
which are grouped into the Alpujarride and the Malaguide complexes.
The Alpujarride complex is composed of Los Reales unit, a metasedi-
mentary sequence overlying the ultramafic rocks, and the Blanca unit,
which includes metamorphic rocks (metapelites and marbles) underly-
ing the peridotites (Fig. 1). The ultramafic massifs constitute a separate
tectonic unit placed between Los Reales and Blanca units (Fig. 1).
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Fig. 1. Geological map showing the main tectonomorphic domains of the Ronda Peridotite Massifs (modified from Gervilla et al., 2019) and location of the
investigated springs and known chromitite exposures. Ronda Peridotite Massif: BD: Banos del Duque; FR: Fuente Romana; VE: Vega Escondida (also known as
Amargosa Mine); LI: Lucildi; FA: Fuente Amargosa; BFA: Balneario Fuente Amargosa; AG: Alfaguara; FB: Fuente de la Burbuja. Ojen Peridotite Massif: BP: Banos del
Puerto. Carratraca Peridotite Massif: LH: La Hedionda. Bottom: cross-section (A-A’) of the southwestern sector (redrawn from Hidas et al., 2013).
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The Ronda peridotites host two types of springs: the first type, fed by
shallow groundwater circulation through the weathered zone, is slightly
to medium mineralised (electrical conductivity around 300-800 pS/
cm), with Mg2+—HCO§ facies, pH around 7-8, and average temperature
similar to atmospheric air (Jiménez-Gavilan et al., 2021). The second
type, which is investigated in this study, is less frequent and is related to
the circulation of deep water along the main faults of the peridotite
massifs. These springs are hyperalkaline (pH > 10), with Ca®"—OH™
facies, permanent but with lower outflow (<1 L/s; Vadillo et al., 2016;
Jiménez-Gavilan et al., 2021), and contain significant amounts of dis-
solved CHy, in some cases with active gas bubbling (Etiope et al., 2016).
Some of these springs have water residence times exceeding 2000 years
(Etiope et al., 2016). Previous studies have documented that the fluids
are poor in Mg?" and rich in Na®, K*, Ca?" and CI™; and carbonate
precipitates, found in some springs, are formed by discharge and reac-
tion with atmospheric CO and/or mixing with Mg?"—HCO3 river water
(Vadillo et al., 2016; Giampouras et al., 2019). This unique hydro-
chemistry results in an unusual distribution of rare earth elements
(REEs), restricted by the high pH and low dissolved carbon concentra-
tions of the fluids (Zwicker et al., 2022).

2.2. The studied and newly discovered hyperalkaline springs

In this study, we investigated eight hyperalkaline springs. Five of
them were reported by Etiope et al. (2016): Banos del Duque (BD),
Fuente Romana (FR), Balneario Fuente Amargosa (BFA), Fuente Amar-
gosa (FA) and Banos del Puerto (BP). Three additional hyperalkaline
springs are described here for the first time: Alfaguara (AG, discovered
in 2015 and analysed in 2019); Vega Escondida (VE), also known as
Amargosa Mine; and Lucildi (LI, an appellation proposed combining the
first names of two authors, LUCia and ILDIko). VE and LI springs were
discovered in 2021 (Fig. 2). So far, we have identified 10 gas-bearing
springs emerging from peridotites (Fig. 1), of which only one is not
hyperalkaline (FB: Fuente de la Burbuja; Etiope et al., 2016). As a result,
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Andalusia appears to be the European region with the highest number of
peridotite gas-bearing springs. The BD, FR, BP, AF, and LI springs
emerge through rock fractures. BD, BP and LI occur along creeks, clearly
connected to faults. BFA, FA and VE waters emerge from man-made
pipes (BFA), fountains (FA), and horizontal tunnels (VE). All springs
are located along faults (Fig. 1) and at the edge of peridotite massifs,
which are in tectonic contact with metasedimentary and sedimentary (e.
g., carbonates) rocks. This is studied in more detail in Section 5.3.

3. Materials and methods

In September 2021, water was collected from eight hyperalkaline
(pH > 10) springs, including five springs previously examined in 2014
(Etiope et al., 2016; BD, FR, BP, FA, BFA) and three springs for which gas
studies had never been conducted (AG, VE, LI). Temperature, pH, and
electrical conductivity were measured in situ using a portable multipa-
rameter probe (Hach HQ40d). Free gas from BD and BP springs (the only
springs with gas bubbles) was collected using an inverted funnel con-
nected to a three-way stopcock and syringe for injection into evacuated
120 mL glass Wheaton bottles sealed with gas-impermeable blue butyl
septa (Bellco Glass Inc.) and aluminium crimp caps. At the VE spring,
water was collected from the flow outside the tunnel (Fig. 2). All springs’
water samples were collected and stored, without headspace, in 120 mL
glass Wheaton bottles sealed with gas-impermeable blue butyl septa.
The dissolved gas was then extracted by headspace method and analysed
at Isotech Labs in Illinois (USA; https://isotechlabs.com/why/qaqc.
html). The molecular gas composition (Ng, Op, CO, CO,, Hy, He, CHy,
CyHg and Cs to Cg alkanes) was analysed by gas chromatography (Shi-
madzu 2010 TCD-FID, accuracy 2%). The stable carbon and hydrogen
isotope composition of CH4 (8'3Ccpa, 8°Hepa) was analysed by IRMS
(Finnigan Delta Plus XL, precision £0.1%o for 13C, + 2% for 2H).

Paired clumped isotopes of CH4 (A13CH3D vs. AY2CH,D; delta no-
tation as described by Young, 2020), and again bulk isotopic composi-
tion (8'3Ce4 and 52Hcua) were analysed in the gas from BD and BP at

Fig. 2. The new hyperalkaline springs discovered in 2021 (A: Lucildi; B: Vega Escondida, also known as Amargosa Mine) and the spring analysed in 2019 (C:

Fuente Alfaguara).
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Utrecht University (the gas dissolved in the other springs was not
enough for clumped isotope analysis). For bulk isotope analysis, the
extracted gas samples were diluted to near-atmospheric CH4 concen-
trations with synthetic air and analysed on an automated IRMS system
(Brass and Rockmann, 2010; Rockmann et al., 2016b) with typical
precision <0.1 %o for 613CCH4 and < 2 %o for 62HCH4 (see more details in
Supplementary Material). This system has been validated in interna-
tional intercomparison programmes (Umezawa et al., 2018). For clum-
ped isotope analysis, CH4 was separated from the bulk gas and purified,
using a self-built High Concentration Extraction System (HCES) (Sivan
et al., 2023). In the first step, the complete sample mixture is cryogen-
ically collected on silica gel, and the individual components are then
separated on packed gas chromatographic columns (5 m long 1/4” OD
5A molecular sieve column, separating Hy, Ar, Oz and N3 from hydro-
carbons, and 2 m long 1/4” OD HayeSep D column, separating CH4 from
higher hydrocarbons) at 50 °C using He as the carrier gas at a flow rate of
30 mL/min, after which the purified CHy is collected again on silica gel.
Sample amounts are chosen based on prior information on the CHy
content (from in situ measurements and GC analyses reported in
Table 1) to yield 4 mL of pure CHj after purification, which is presently
required for a high-precision clumped isotope analysis. The clumped
isotopic composition of the extracted CH4 was analysed using a Thermo
Ultra high-resolution IRMS. The typical measurement precision of a
single measurement is 0.3 %o for A13CH3D and 2 %o for A'?CH,D,.
Multiple purifications of laboratory gas mixtures yield results within
these error estimates, which indicates that the overall analytical pro-
cedure does not induce variability beyond these instrumental errors. The
long-term reproducibility of the mass spectrometer is around 0.3 %o for
A3CDH; and 1.7 %o for A'>CD,H,. Calibration of the clumped isotope
scale was performed using equilibration of laboratory CH4 over hot
catalytic surfaces at different temperatures, similar to Eldridge et al.
(2019). The results are compared to the theoretical clumped isotope
equilibrium values (Young et al., 2017) and agree with the experimental
errors stated above. A description on temperature calibration and the
reported uncertainties is provided in Supplementary Material.

Platinum Group Elements (Ir, Os, Pd, Pt, Rh, Ru) in water samples of
all springs were analysed via High Resolution Inductively Coupled
Plasma Mass Spectrometry (HR-ICP-MS, Element XR) on low-resolution
mode (300R) in the Central Research Support Services (SCAI) at the
University of Malaga. Precision achieved was on average < 4% RSD.
Water samples were filtered using a 0.45 pm Millipore® filter (Merck
KGaA, Darmstadt, Germany), acidified with 1 mL of 10% ultrapure
HNOs, and collected in sterile high-density polyethylene bottles (120
mL) sealed with inverted cone caps.

Total Organic Carbon (TOC), as the sum of particulate organic car-
bon and dissolved organic carbon (DOC), was analysed in all spring
water samples by combustion (after HCl treatment) of the organic
matter present in the samples using a Shimadzu V-TOC carbon analyser
(precision +0.03 mg/L). This analytical method is commonly referred to
as the Non-Purgeable Organic Carbon (NPOC) method.

4. Results
4.1. Molecular gas composition
Tables 1 and 2 display the molecular composition of gas in bubbles

Table 1

Molecular composition of gas bubbles in Banos del Duque (BD) and Banos del
Puerto (BP) springs. Hy, He, CO5, CO and C3+ hydrocarbons are below detection
limits (<10, 10, 50, 100 and 5 ppmv, respectively).

Spring Sample type Ny CH,4 CyHg
Vol% Vol% Vol%
BD bubble Gas 94.50 5.49 0.0040

BP bubble Gas 60.09 39.86 0.0460
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Table 2

Concentration of hydrogen, methane, ethane and propane dissolved in water
springs. BD: Banos del Duque; FR: Fuente Romana; BP: Banos del Puerto; FA:
Fuente Amargosa; BFA: Balneario Fuente Amargosa; AG: Alfaguara; VE: Vega
Escondida; LI: Lucildi. Data of La Hedionda and Fuente de la Burbuja springs, not
analysed in 2021, are in Etiope et al. (2016). He, CO2, CO and C4+ hydrocarbons
are below detection limits (< 10, 50, 100 and 5 ppmv, respectively, in the
extracted gas phase).

Spring Sample type H, CH,4 CoHe CsHg
mg/L mg/L mg/L mg/L
BD Water bdl 0.75 0.0003 0.00091
FR Water bdl 0.54 0.0003 < 0.0005
BP Water bdl 1.80 0.0046 0.0025
FA Water bdl 1.20 0.0059 0.0046
BFA Water 0.01 1.70 0.0016 0.0023
AG Water 0.05 1.20 0.0026 0.0027
VE Water 0.01 2.50 0.0390 0.0086
LI Water bdl 3.20 0.0026 0.0005

and concentration of gas dissolved in water, respectively. In the bubbles,
Ny is abundant, while CH4 and C2Hg concentrations range from 5.49 and
0.004 vol% (BD spring), to 39.86 and 0.046 vol% (BP spring), respec-
tively. Hydrogen (Hjy), propane (C3Hg) and butane (C4H;(), together
with He, CO,, and CO (not included in table) are below detection limits
(see Table 1 caption). Dissolved CH4 concentrations range from 0.54
mg/L to 3.20 mg/L, with the lowest concentration measured at LI spring
and the highest concentration at FR spring. CoHg concentration ranges
from 0.0003 mg/L (BD, FR) to 0.039 mg/L (VE), while C3Hg has con-
centrations between <0.0005 mg/L (FR) and 0.0086 mg/L (VE). Basi-
cally, VE and LI springs (those discovered in 2021) have the highest
hydrocarbon concentration, and FR has the lowest hydrocarbon con-
centration. Hy was detected only in BFA, AG and VE. CO5 and CO are
below detection limits in all springs, confirming the previous analyses in
Etiope et al. (2016).

Table 3

Stable C and H isotopic ratios of methane in the RPM springs. Abbreviations as in
Fig. 1. Data of 2014 are from Etiope et al. (2016). The last column indicates the
laboratory that carried out the isotopic analyses (UVIC: University of Victoria;
ISOT: Isotech Labs; ILUU: Isolab Utrecht University).

Site 513C-CH, 52H-CH,4 Laboratory
BD water 2014 -13.9 —333.4 UvIC
BD water 2021 -15.0 —320.0 I1SOT
BD bubble 2014 -14.7 —333.0 UVvIC
BD bubble 2021 -14.4 —302.0 ISOT
BD bubble 2021 —-14.4 —336.2 ILUU
FR water 2014 —-12.3 —287.0 UVIC
FR water 2021 -15.4 —292.0 ISOT
BP water 2014 —28.8 —309.0 UvIC
BP water 2021 —29.2 —296.0 1SOT
BP bubble 2014 —-29.9 —299.7 ISOT
BP bubble 2014 —29.5 —309.0 UVvIC
BP bubble 2021 —28.9 —294.0 ISOT
BP bubble 2021 —-28.9 307.8 ILUU
FA water 2014 March —68.5 -312.0 UVvIC
FA water 2014 June —69.7 —301.0 uvIC
FA water 2021 —69.6 —295.0 ISOT
BFA water 2014 March -56.5 —316.0 UVvIC
BFA water 2014 June —59.3 —319.0 UVIC
BFA water 2021 —54.5 —318.0 ISOT
LH water 2014 March —45.3 —192.0 UVIC
LH water 2014 June —43.9 —180.0 UVIC
FB bubble 2014 —37.0 —280.0 UvIC
AG water 2019 —-61.0 —319.7 ISOT
AG water 2021 —62.6 —319.0 ISOT
VE water 2021 -12.5 —290.0 ISOT
LI water 2021 -12.7 —292.0 1SOT
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4.2. Stable C and H isotope composition of CHy

The bulk isotopic compositions of CH4 are provided in Table 3 and
Fig. 3, which include a comparison with the data of 2014 from springs
BD, FR, BP, FA, BFA, LH, and FB (Etiope et al., 2016). Fig. 3 shows that
the CH4 isotopic composition has not changed significantly after 7 years,
from 2014 to 2021. FA, AG, and BFA constitute a group that looks to be
dominated by microbial gas, whereas FB, BP, FR, BD, VE, and LI belong
to the more typical genetic zonation of abiotic gas (Etiope and Sherwood
Lollar, 2013; Milkov and Etiope, 2018; Etiope and Whiticar, 2019). The
spring LH (examined only in 2014) contains ®H-enriched CHy4, which is
more typical of thermogenic gas.

4.3. Paired clumped isotopes of CHy

The results for clumped isotopes are reported in Table 4 and Fig. 4.
BP and BD have similar AIZCHZDZ values (—19.9 and — 20.3 %o), while
BD has a slightly higher A'®CHsD value (2.97 vs. 2.01 %). Both samples
lie below the thermodynamic equilibrium line in the A'®CHsD vs.
AIZCHZDZ space, and within the microbial (Young, 2020) and abiotic
(Etiope and Oze, 2022; Zhang et al., 2021) fields obtained from labo-
ratory studies and natural habitats.

4.4. Hydrochemistry, TOC and PGE

The springs have pH values between 10.89 and 11.72. Temperatures
range from 18.5 to 22.5 °C, and electrical conductivity from 431 to 1399
pS/cm (Table 5). These data are similar to those analysed in 2014 (pH:
10.54-11.74; T: 16.8-21.5 °C; EC: 450-1366 pS/cm; Etiope et al., 2016).
The TOC concentrations vary from 0.1 to 6.3 mg/L (Table 5). Among the
PGE, only Rh and Pd have been detected in water, with concentrations
from 2.6 ng/L to 22.7 ng/L, and from 28.9 ng/L to 250.1 ng/L,
respectively (Table 5).

0
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Table 4
Paired clumped isotopes of CH4 from Banos del Duque (BD) and Banos del
Puerto (BP) in the RPM.

Spring A13CH3D (%o0) Error A12CH2D2 (%o) Error
BD bubble 2021 2.97 0.4 -19.9 2.0
BP bubble 2021 2.01 1.6 —20.3 5.4

5. Discussion

5.1. Molecular and CHy isotopic composition and their temporal
variability

For the springs BD, FR, BP, FA, and BFA, it has been possible to assess
the differences in the molecular gas composition and CH4 isotopic
signature compared to 2014 studies (Etiope et al., 2016). Dissolved gas
concentrations in these spring waters are generally within the same
order of magnitude as those measured in 2014. Variations in sampling,
differences in analytical instrumentation, and air contaminations (for
example, compositional data in Etiope et al., 2016 include O,, meaning
they were not corrected for air contamination during sampling) might
have accounted for some differences between the 2014 and 2021 studies
that merit consideration. While the hydrocarbons have, more or less, the
same concentrations, and CO is always below detection limit, Hy was
detected in the FA spring in 2014 (1.2 mg/L) (Etiope et al., 2016) but not
in 2021 (Table 2). In BFA, Hy was up to 0.16 mg/L in 2014 (Etiope et al.,
2016), and 0.01 mg/L in 2021.

In the gas bubbles, the amount of CH4 concentration in BD was 3.7
vol% in 2014 (not corrected for air contamination, as O, was not
measured) and 5.5 vol% in 2021 (after air correction); for BP, CH4 was
up to 8.7 vol% in 2014 (or 12.4 vol% after air correction as the N5/O,
ratio was available; see Table 2 in Etiope et al., 2016) and 39.9 vol% in
2021. The difference of Hy in FA and BFA, and of CH4 in BP, over a
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Fig. 3. Stable carbon and hydrogen isotope ratios of methane in the RPM springs (abbreviations as in Fig. 1), compared with other gas-bearing sites in continental
ultramafic rock systems: ophiolites and peridotite massifs (green triangles, data from Etiope and Oze, 2022), Precambrian shield data considered dominantly abiotic
(blue diamonds, from Sherwood Lollar et al., 2006), and natural gas in sedimentary basins (grey dots, global dataset from Milkov and Etiope, 2018). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 5

Temperature, pH, electrical conductivity (EC), total organic carbon (TOC) and
Platinum-Group-Elements (Pd and Rh) in water springs. Abbreviations as in
Fig. 1. Ru, Au, Ir, Os and Pt, not shown, are below detection limit (3.7 ng/L, 0.5
pg/L, 8.3 ng/L, 59.4 pg/L, 3.9 ng/L, respectively).

Spring Sample type T pH EC TOC Pd Rh
°C uS/cm mg/L ng/L ng/L
BD Water 18.5 11.3 513 0.3 88.4 7.5
FR Water 19.3 11.4 526 0.1 74.7 6.0
BP Water 21.8 11.3 671 0.1 71.8 7.2
FA Water 21.4 11.7 1269 2.6 250.1 22.7
BFA Water 21.8 10.9 431 6.2 28.9 2.6
AG Water 22.5 11.7 1152 6.3 178.1 15.0
VE Water 21.3 11.6 1399 0.4 71.7 5.7
LI Water 22.0 11.5 958 0.1 103.1 8.4

period of seven years, may indicate variability of the gas pressure, i.e.,
changes in gas migration intensity and pulsations, which are typical of
natural gas seepage (e.g., Wyatt et al., 1995; Etiope and Oehler, 2019;
Etiope, 2023) and/or of microbial consumption. The presence of a
certain gas at the surface (for example Hy, which is more sensitive to
interactions with the aquifer) may be observed at specific times but not
at others. It is worth noting that the H; concentration detected in 2014 in
FA (1.2 mg/L, corresponding to about 2700 ppmv in the headspace
extracted from water and analysed by the SEOS laboratory of Biogeo-
chemistry Facility of University of Victoria; Etiope et al., 2016) is a
relevant amount and comparable to Hy observed in the Tablelands
(Canada; 0.5-1.2 mg/L) and Happo (Japan; 0.3-1.3 mg/L) springs
(Szponar et al., 2013; Suda et al., 2014). Although FB is only 1.8 km
away from FA (see Fig. 1), its gas does not contain measurable amounts

of Hy. As a result, Hy concentrations seem to be site-specific and may
vary significantly locally and over time within the same peridotite
massif. This implies that, in order to have a better knowledge of the
gaseous potential of a given site, the gas analysis should be repeated
over time, if possible at multiple points of fluid discharge, either in water
or in the presence of bubbles.

Concerning the CH4 bulk isotopic composition, Fig. 3 shows no
relevant changes in the springs analysed in 2014 and 2021. This may
indicate that there are no substantial changes in the CHy4 source/s or in
the effect of post-genetic processes, such as oxidation, diffusion, and
mixing, which may alter the stable C and H isotope composition.
However, zooming on BP and BD springs (see Supplementary Fig. S1)
reveals that, while 5'3C-CHy is relatively stable over time, §°H-CH,4
increased up to 35 %o either in gas bubbles or water. This could be a
result of the variable re-equilibration of hydrogen of CH4 with water,
depending on the residence time of the gas in the aquifer and gas
pressure, which is consistent with the previously described variability of
gas migration. Microbial activity may also alter isotopic Hy composition.
The fact that CH4 isotopes did not significantly change over time is
compatible with the relatively intense and continuous migration of gas,
which is clearly advective (i.e., driven by pressure gradients). While
diffusion (driven by concentration gradients) induces isotopic fraction-
ation of gas, advection (especially in terms of bubble flows) does not
modify the gas isotopic composition (e.g., Etiope et al., 2009). In fact, all
the studied springs are associated with faults, which provide pathways
for the upward advection of water and gas to the surface. Etiope et al.
(2016) reported flux measurements of gas seepage near the BP spring
associated with secondary faults, permeable to gas transport.
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5.2. Unravelling gas origin within CH, isotopic diagrams

Paired clumped isotopes of CHy (AISCHgD VSs. A12CH2D2) have been
analysed in two 3C-enriched gas samples (BP and BD) to provide insight
into the temperature of CH4 formation, and to verify whether they are
compatible with the origin suggested by the bulk isotope diagram.
However, methane in both BP and BD exhibits clumped-isotope
disequilibrium (Fig. 4) and it is not possible to assess its formation
temperature. Similar cases of disequilibrium were observed in several
CHjy-bearing springs or seeps in ultramafic rocks, such as Cabeco de Vide
(Portugal), Samail (Oman) and Acquasanta (Italy) hyperalkaline springs
(Fig. 4; all references in Etiope and Oze, 2022). Formation temperature
was determined for CH4 of Chimaera seep (130 °C; Young et al., 2017)
and Aqua de Ney spring (50 °C; Blank et al., 2017), both predominantly
considered abiotic. Both BP and BD samples exhibit depletions in
A'2CH,D,, of about 30%. relative to equilibrium (assuming formation
temperatures within 100-150 °C; Table 4; Fig. 4), similar to those
observed in some samples at Kidd Creek, Canada (interpreted as domi-
nantly abiotic; Young et al., 2017) and Samail ophiolite, Oman (Nothaft
et al., 2021). The Samail samples have been interpreted as microbial in
origin, based on the microbialgenic zonation in the A'®CHsD vs.
A2CH,D,, diagram (the dashed blue line in Fig. 4), proposed by Young
(2020). Nonetheless, this zonation mostly overlaps with a region con-
taining thermogenic gas from pyrolysis (Dong et al., 2021) and abiotic
gas such as that created in the laboratory by Fischer-Tropsch-Type re-
actions (Zhang et al., 2021; see also Etiope and Oze, 2022 for a wider
discussion). Young et al. (2017) observed, at low temperatures
(70-90 °C), substantial deficits in 2CH,D, relative to equilibrium
(theorised to be the result of “tunnelling™) in gas samples produced by
the Sabatier reaction with ruthenium (the same samples generated and
discussed in Etiope and Ionescu, 2015). The proposed “microbialgenic
zone” also contains samples where no methanogens have been found,
such as Cabego de Vide (Portugal), whose bulk isotopic and hydrocarbon
compositions suggest an abiotic origin (Tiago and Verissimo, 2013;
Etiope et al., 2013). The A13CH3D value of BP is also within the range of
the Happo springs (Japan; see Fig. 4), where methanogens are absent
and the origin has been considered dominantly abiotic (Suda et al.,
2022). Notable is that BP CHy is '“C-free, i.e., fossil (Etiope et al., 2016),
similar to Chimaera, Lost City, Zambales, Acquasanta and Happo (see
references in Etiope and Oze, 2022). Since the circulating waters (where
methanogens can operate) contain measurable levels of *C (Etiope and
Oze, 2022), fossil CH4 cannot have originated in those waters (and thus
not from the microbes therein). The clumped-isotope disequilibrium,
which is frequent in CH4 generated at low temperature (Young et al.,
2017), is compatible with the low geothermal gradient of the RPM re-
gion (max 23 °C/km; Fernandez et al., 1998), suggesting extrapolated
temperatures below 120 °C at the base of the 4.5 km deep peridotite
body (Garcia-Duenas et al., 1992). Although thermogenic gas, as
mentioned earlier, may display CH4 clumped isotope values similar to
BP and BD (Dong et al., 2021), a thermogenic origin for BP and BD gas is
poorly plausible based on their CH4 bulk isotopic composition, which
deviates from the typical signatures of catagenetic processes (Fig. 3). Itis
unlikely that any '3C-enriched and 2H-depleted methane from ultra-
mafic rocks can be attributed to a thermogenic source, particularly
considering that the data falls outside the established thermogenic zone
in the 5'3C vs. §2H diagram (Fig. 3). Furthermore, the presence of ethane
and propane rules out a predominant microbial origin, as the production
of these alkanes by microbes is rare and only occurs under specific
conditions in seafloor sediments (Oremland et al., 1988; Hinrichs et al.,
2006; Xie et al., 2013). It is important to note that ethanogens and
propanogens have never been reported in hyperalkaline waters.

In conclusion, the isotopic and compositional data converge to sug-
gest that the gas released by BD and BP (which is also *C-free; Etiope
et al., 2016) is likely abiotic in origin, as initially proposed in Etiope
et al. (2016).
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5.3. The relationships between gas-bearing springs, faults and surrounding
rocks

The gas-bearing hyperalkaline springs appear systematically associ-
ated with faults or shear zones (Fig. 1) where peridotites are in contact
with metasedimentary or carbonate rocks.

The springs BD, FR, VE, LI, with isotopic signatures typical of abiotic
CHy, are located southwest of Sierra Bermeja, and are associated with
faults near the contact of the shear zone (BD and FR) and normal low
angle faults (LI and VE; Fig. 1), all related to an extensional event during
orogenic accretion (Platt et al., 2013). The shear zone brought the pe-
ridotites into contact with a sequence that is a part of the continental
crust (Los Reales unit), specifically with mylonitic gneisses. In some
cases, the shear zone delineates the contact between peridotites and
flysch (sandy marl materials), as in LH spring (Fig. 1), although the
flysch complex is also found overlain by the peridotites through normal
low-angle faults, as in VE and LI. The LI spring emerges from fractures
along a creek (Arroyo de Polvitos) controlled by a secondary fault and
located in a sector where Los Reales unit and the flysch complex con-
verges through a set of normal low-angle faults (Fig. 1).

The springs AG, FA, BFA and FB, where CH4 appears to be pre-
dominantly of biotic origin, occur in the northeast sector of the Ronda
Ultramafic Massif, next to rivers (AG, FA, FB in Rio de los Horcajos; BFA
in Arroyo de los Caballos, Fig. 1) that coincide with faults. In these
springs, the contact of the peridotites is with carbonate materials, mostly
massive dolomites (as in FB; Las Nieves unit; Fig. 1) and graywackes
with intercalated limestone levels (AG, FA; Malaguide unit; Fig. 1). In all
cases, the springs occur along faults, generally at the boundaries of
peridotite massifs. These locations would be optimal for the mixing and
reaction of Hy (from serpentinization of peridotite) and COy (from
external sedimentary rocks), as predicted by abiotic CO5 hydrogenation
models (Etiope and Oze, 2022, and references therein).

5.4. Additional proxies for gas origin and uncertainties

With reference to the three potential origins of methane discussed in
Introduction (abiotic from low temperature catalysed CO, hydrogena-
tion, abiotic from magmatic cooling in fluid inclusions, and microbial-
genesis in the aquifer), here, we examine the interpretative role of TOC
and PGE in water, and preliminary information on the availability of
methanogens in the water and fluid inclusion in the RPM.

5.4.1. Potential microbialgenesis

FA, AG, and BFA exhibit CHy4 isotopic compositions consistent with
the presence of microbial gas. Preliminary microbiological data, based
on total DNA sequencing, are available for AG spring (Costa, 2018),
which confirmed the presence of methanogens. In particular, Meth-
anobacterium sp., a hydrogenotrophic methanogen that can utilise
hydrogen and carbon sources, such as formate, to produce methane
(Woycheese et al., 2015; Brazelton et al., 2017), was detected. This is
compatible with the microbial signature of the CH, isotopic composition
(Fig. 3). However, the presence of ethane and propane in all springs
(Tables 1 and 2) suggests, as mentioned earlier, that the gas is not
entirely microbial. AG hosts methanotrophs (Costa, 2018), whose
presence may, in theory, contribute to increase the §'3C values of the
residual methane as a consequence of microbial oxidation (Miller et al.,
2016). However, AG does not show an appreciable 3C-enrichment
(Fig. 3), which may suggest that the processes operate in an open system.
We cannot dismiss the possibility that the '*C-enriched CH, samples
may contain minor amounts of microbial gas. The question of whether
13C.enriched CH4 can be entirely microbial (which could theoretically
occur only in closed systems) remains a subject of debate (see Miller
et al., 2016; Etiope, 2017; Miller et al., 2018). Numerous 'C-enriched
gas serpentinization sites exhibit the presence of alkanes heavier than
methane, which contradicts the notion of the gas being solely of mi-
crobial origin (Etiope, 2017; Etiope and Whiticar, 2019). Nevertheless,
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microbiological analyses should be conducted in the other RPM springs
to help in the interpretation of the bulk isotope data.

5.4.2. The role of TOC and its possible implication in the origin of the gas

Notably, TOC concentrations in the waters with microbial CH4 (FA,
BFA and AG, ranging from 2.6 to 6.3 mg/L; Table 5 and Fig. 5) are higher
than in the springs with predominantly abiotic gas (BD, FR, BP, VE, LI,
ranging from 0.1 to 0.4 mg/L). TOC data are poorly available in the
literature for other hyperalkaline springs, where DOC or DIC are more
often analysed. TOC was reported from Oman and Liguria ophiolite
springs with a median concentration of 1.3 mg/L for 11 locations
(Chavagnac et al., 2013), where gas is generally abiotic (Etiope and Oze,
2022 and references therein). It is known that TOC increases in rocks
with sedimentary components, often exceeding 5-10 mg/L (Gooddy and
Hinsby, 2008). Anyway, also DOC, which is a fraction of TOC, is
generally lower in '3C-enriched CH, bearing springs (e.g., 0.1 to 0.8 mg/
L in Zambales; Cardace et al., 2015), compared to hyperalkaline springs
with biotic (microbial or thermogenic) CHy4 (e.g., 0.24 to 2 mg/L, as in
The Cedars, California; Morrill et al., 2013; and Tablelands; Szponar
et al., 2013). Although specific organic fractions contributing to TOC
have not been measured in the RPM samples, it is known that organic
acids such as formate and acetate, which can be major components of
DOC in gas-bearing fluids (McDermott et al., 2015; Sherwood Lollar
et al., 2021) are the substratum for methanogenesis. Methanogens
belonging to family Methanobacteriaceae and Methanosarcinales, the
most abundant methanogenic microorganisms detected in hyperalkaline
waters, seem to use preferentially formate as substrate for methano-
genesis (Brazelton et al., 2017). Therefore, elevated TOC appears to be a
potential proxy of CH4 microbialgenesis. In contrast, low TOC values in
hyperalkaline waters with 3C-enriched and “C-free CH4 would be
compatible with an abiotic gas origin.

5.4.3. Dissolved PGE as a proxy of catalyst availability for abiotic methane
synthesis

Abiotic CH4 formed at low temperatures via catalysed COy hydro-
genation is favoured by metal catalysts such as Cr, Ru and Rh, primarily
found in chromitites (Etiope et al., 2018; De Melo Portella et al., 2019).
In the RPM, Ru and Rh contents in chromitite present values up to 294
and 48 ppb, respectively (Gutierrez-Narbona et al., 2003). Minor
amounts of Ru (<8 ppb) and Rh (<1.3 ppb) have been measured in
fertile lherzolite (Lorand et al., 2021). Most of the PGE screened in the
hyperalkaline waters were not detected with the performed analytical
technique, except for Rh and, notably, Pd (2.6 to 22.7 ng/L and 28.9 to
250.1 ng/L, respectively; Table 5). Our Rh and Pd data are compatible
with other studies on waters circulating in PGE rich rocks. For example,
in the ultramafic Sittampundi Anorthosite Complex (India), Balaram
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et al. (2019) reported mean Pd and Rh concentrations in water of 744
ng/L (30-2800 ng/L) and 81 ng/L (9-339 ng/L), respectively (pH be-
tween 7.3 and 8.1). In surface waters of the Lac des Iles mine (North-
western Ontario), Pd is 18 ng/L (Hattori and Cameron, 2004). In spring
waters located in fault zones in Austria, Pd values range from 0.32 to
6.34 ng/L (Fischer et al., 2021). In geochemical exploration, in fact, Pd
is a common tracer of PGE mineralization due to its greater abundance
and mobility in a variety of pH values (Mountain and Wood, 1988;
Hattori and Cameron, 2004; Barnes and Liu, 2012), which can explain
why Pd is observed in the springs in such higher amounts instead of
other PGE. In particular, Ir, Os and Ru are poorly soluble compared to
Rh, Pt, and Pd (Leblanc, 1991). Therefore, our Pd data can be a proxy for
PGE mineralizations in the RPM. In the RPM, PGE-rich chromitites are in
fact mainly hosted within the plagioclase tectonite domain (Fig. 1;
Gervilla et al., 2019 and references therein). This tectonometamorphic
domain extends from N to SE of the Ronda Massif and the central sector
of the Ojén Massif (Fig. 1), where chromitites outcrop. Most of the
hyperalkaline springs occur either within or in contact with the
chromitite-bearing plagioclase tectonite domain (AG, FA, BFA, VE, LI,
BP; Fig. 1). Therefore, it is possible that these PGE-Cr-enriched chro-
mitites may provide the catalysts required for the abiotic CH4 synthesis
via CO, hydrogenation, which migrates upward along faults but also is
transported by hyperalkaline water.

5.4.4. Uncertainties about fluid inclusions and related high temperature
FTT reactions

Fluid inclusions are sometimes invoked as a potential abiotic CHy
source in continental serpentinization systems (Klein et al., 2019;
Nothaft et al., 2021). Fluid inclusions in the RPM have not been docu-
mented in the literature. Unpublished analyses (Gervilla et al., 2019)
indicate that fluid inclusions in spinel are mostly COy-rich. Our CH4
clumped isotope data do not indicate high temperatures as predicted in
post-magmatic fluid inclusion (>200 °C; Klein et al., 2019), and which
would lead to clumped-isotope equilibrium (Young et al., 2017). The
clumped-isotope disequilibrium in the CH4 of BP and BD might be an
indication of a low formation temperature, as in other cases (Young
et al., 2017; Young, 2020).

6. Conclusions

The Ronda Peridotite Massifs (RPM) form the serpentinised perido-
tite region in Europe with the largest number (10) of verified CHy-rich
springs. Three springs show stable C and H isotope composition of CHy
(13C-depleted) typical of microbial origin and have also elevated TOC
values. Five springs, of which three have been discovered in 2015 and
2021, show '3C-enriched CHy, typical of abiotic origin, and extremely
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Fig. 5. Total Organic Carbon in water vs 'C of CH, in the RPM springs. TOC is higher for the samples with *C-depleted CH,, typical of microbial origin. Compare
symbols and §'3C-CH, with Fig. 3. Analytical error for TOC (+0.03 mg/L) and 8'3C-CH, (4 0.1%o) are smaller than symbol size.
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low TOC. CHy isotopes did not significantly change over a period of
seven years, which reveals no substantial changes in the CH4 source/s or
post-genetic processes. The faults and shear zones where all springs
occur facilitate the advective transport to the surface without altering (e.
g., fractionating) the gas isotopic signature. In contrast, substantial
variations were found in the contents of CH4 and Hp, which may
represent differences, over time, in migration intensity and gas pressure,
and microbial activity. These temporal changes in the amount of gas
released are characteristic of natural gas seepage; repeated measure-
ments over time are necessary to better comprehend the possible
quantities of gas at a specific place.

CH,4 clumped isotopes of 13C-enriched gas from two sites, which are
in clumped-isotope disequilibrium, are not conclusive for determining
the gas origin as they lie within the overlapping microbialgenic and
abiotic zones of the >)CHyD5 vs. 13CH3D diagram, (e.g., Young, 2020;
Zhang et al., 2021; Etiope and Oze, 2022). However, the data are
comparable to gas from other ultramafic rock systems that lack metha-
nogens and have been interpreted as abiotic (Etiope et al., 2013; Suda
et al., 2022). Consequently, the attribution of CHy4 to a microbial source
based only on clumped isotopes is less conclusive than previously
believed. The clumped-isotope disequilibrium is compatible with the
low temperatures estimated at the base of the peridotite massif
(<120 °C), which corroborates the hypothesis of CH4 production via low
temperature catalysed CO2 hydrogenation, as opposed to high temper-
ature synthesis in post-magmatic fluid inclusions. The presence of
chromitites, contained in plagioclase tectonite layers throughout the
investigated area, and of mobile and soluble PGE (Pd and Rh) in all
springs, indicate availability of catalysts for CO, hydrogenation.

This work demonstrated once more that gas-bearing peridotite
massifs, like ophiolites, are complex systems in which gas may have both
abiotic and microbial origins, as well as changing emission intensities
throughout time. Multiple types of data, including gas-geochemical,
hydrochemical, microbiological, and mineralogical information,
should be merged in a holistic manner in order to gain a comprehensive
understanding of the origin and quantity of gases (CH4 and Hy) that have
the potential to be sources of energy.
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