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ABSTRACT

Naturally occurring hydrogen gas (Hz) represents a potentially major source of clean energy. The
most promising mechanism for large-scale natural Hz generation is serpentinization where mantle
material reacts with water while passing through a temperature-dependent “serpentinization
window” (T = 200-350°C) during mantle exhumation. We study such serpentinization-related
natural Hz generation during rifting and subsequent formation of rift-inversion orogens by means
of numerical geodynamic models. In these models we trace how, when, and where mantle material
enters the serpentinization window, as well as when active deformation along fault zones in mantle
bodies may allow for water circulation and serpentinization to occur. Although serpentinization-
related natural Hz generation is best known from rifted margins and spreading ridges, we find that
volumes of natural H> generated during inversion may be up to 20 times larger than during rifting,
due to a colder thermal regime. Moreover, suitable reservoirs and seals are readily available in rift-
inversion orogens, whereas they may not be present during serpentinization in rift settings. Our
model results thus provide a first-order motivation to turn to rift-inversion orogens for natural H
exploration, as supported by indications of natural H, generation in the Western Alps, Pyrenees,

and Caucasus.
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A key challenge for the 21% century is the development of sustainable energy sources. Molecular
hydrogen gas (henceforth “H>”) may be one of our best alternatives to hydrocarbon-based fuels,
but present-day synthetic H> production is still very expensive (39; 16). However, H> is also
generated by a range of natural (bio)chemical processes in the lithosphere (e.g., 43). This natural
H> may represent an excellent source of sustainable energy that, until recently, has been mostly

overlooked (e.g., 35; 13).

The most promising mechanism for large-scale natural H, generation is water-induced alteration
(serpentinization) of mantle rocks (35; 20). Dense mantle rocks are usually located deep in the
Earth and need to be exhumed (here defined as being brought above the original base of the crust
[Moho] by tectonic and erosional processes) to undergo serpentinization. This reaction requires
circulation of water in a liquid state and is most efficient at temperatures between ca. 200 to 350°C,
within the “serpentinization window” (7). Such mantle exhumation and associated natural H»
generation through serpentinization is well-documented along rifted margins and mid-ocean ridges
(1; 23). Mantle exhumation is also known from rift-inversion orogens formed during the Wilson
cycle (42) and associated large-scale inversion of rift basins (e.g., in the Alpine-Tethyan collisional
belt, Fig. 1). Moreover, indications of natural H> generation from serpentinized mantle occur in
the French Pyrenees (21; 22). Elevated natural H> concentrations are also reported in the Western

Alps (6; 15), and a Soviet-era well in the Caucasus produced natural H> for several months (43).

Our understanding of the dynamics and timing of mantle exhumation and serpentinization
processes in rift-inversion orogens, crucial to assess the associated natural H, potential (39),
remains restricted so far, especially since these processes occur at great depth. Here, numerical
geodynamic modelling provides a means to gain key insights, and various researchers have

numerically modelled rift-inversion orogens (e.g., 17; 18; 8; 9; 31; 19; 14; 40). Still, these studies
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mostly focused on the overall crustal structure of rift-inversion orogen, whereas only limited and

qualitative attention was dedicated to the exhumation (and serpentinization) of mantle material.

In this paper we use the thermo-mechanical geodynamic code ASPECT coupled with the surface
processes code FastScape to conduct numerical models of rift-inversion orogens (Figs. 2-5, see
also the Methods). In our models, we systematically quantify the impact of initial rifting duration
and the length of the post-rift cooling phase on mantle exhumation in rift-inversion orogens, which
lead to three end-member orogenic styles (Figs. 2-5, and Supplementary Material) (45). We
subsequently assess the associated serpentinization and natural H> potential, and propose that rift-
inversion orogens, rather than rifts or rifted margins, may provide the best targets for natural H>

exploration (Fig. 6).

RESULTS

Our models can be described in terms of three end-member styles (Style I: symmetric, Style II:
asymmetric, and Style III: symmetric, with a large core of exhumed mantle material) (Fig. 3).
Throughout each model’s tectonic evolution, we quantify, in 2D section view: (I) the area of
exhumed mantle (i.e. the area of mantle material found above the pre-rift Moho, which is at 35 km
depth in our models), (II) the area of actively exhuming mantle (i.e. exhumed mantle that is moving
upward), and (III) the serpentinization window size, (i.e., the area of exhumed mantle material
with temperatures between 200° and 350°C), which allows for geologically instantaneous
serpentinization (e.g., 7) (Fig. 2). Subsequently, we compute (IV) serpentinization capacity, (V)
cumulative serpentinization, (VI) natural H» capacity, and (VII) cumulative natural H2 generation
over time (Fig. 4) following the methodology from Liu et al. (2023) (23). This method accounts

for the presence of active fault zones acting as pathways for water circulation needed for
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serpentinization of mantle rocks in the serpentinization window (3). See the Methods for more

details, and the Supplementary Material (45) for all model results produced for this study.

Rift-inversion orogen style I (M1)

End-member model M1 represents the symmetric orogenic Style I, typical of systems with short
rift durations (Figs. 3a-e, 4a, d). During the initial 5 Myr of rifting a symmetric fault-bounded
basin forms as lithosphere starts to thin locally (Fig. 3a). Once rifting ends, 30 Myr of shortening
ensues without a post-rift cooling interval (Fig. 3c-¢). The rift basin is inverted within 5 Myr, and
a largely symmetric orogen consisting of crustal material with a small core of mantle material
develops (Figs. 3c-e). The short rifting phase in M1 allows for a very limited (linear) increase in
exhumed mantle area (until a maximum of ~1-10° m?), but almost all mantle material is buried
again during subsequent inversion (Figs. 3c-e, 4a). Consequently, a very limited serpentinization
window develops, the serpentinization capacity per along-strike unit length remains below 1-10%

kg(yr-km)!, and total serpentinization and natural H, generation are negligible (Fig. 4d).

Rift-inversion orogen style I1 (M5)

Asymmetric orogenic Style II, typical of systems with longer rift durations but limited post-rift
cooling prior to inversion, is represented by model M5 (Figs. 3f-j, 4b, e). Here we apply 15 Myr
of extension so that at the end of rifting mantle is exhumed near the surface with only a sparse (1-
4 km) cover of crustal material and sediments (Figs. 3f). Mantle exhumation over time follows a
similar initial increase as seen in M1 but is much more significant in M5 (~3.5-10° m? at the end
of rifting, Fig. 4b). The actively exhuming mantle area shows deviation from the total exhumed
mantle trend after 8 Myr (Fig. 4b). The exhumed mantle area remains stable during the subsequent
20 Myr of post-rift cooling, apart from a slow gradual decline due to thermal sag and sediment

accumulation (Fig. 4b). However, a significant part of the mantle material continues to rise during
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cooling, due to isostatic balancing of rift shoulder erosion (Fig. 4b). During inversion, most
exhumed mantle is buried again, but the formation of an asymmetric orogen causes a block of
(lithospheric) mantle to be thrust on top of the downgoing plate (shown by the exhuming mantle

area during inversion), keeping mantle material near the surface (Figs. 3g-h, 4b).

Exhuming more mantle rocks in model M5 means a significant amount of mantle material is found
in the serpentinization window by the end of rifting, and this amount further increases during post-
rift cooling (Figs. 3f, g, 4b). Consequently, serpentinization and natural H> generation capacities
at the end of rifting are much higher than in M1 (i.e., about 5-10° kg/(yr-km) and 1.5-10%
mol/(yr-km), respectively) but drop to zero during post-rift cooling as no further strain localizes
in the serpentinization window (Fig. 3g, 4e). The subsequent overthrusting of mantle material
within a relatively cool orogen focuses strain along mantle fault zones within the serpentinization
window again, and on a much larger scale (Fig. 3h-j). From the start of inversion, serpentinization
and natural H> generation capacity thus hover around ~1-10!! kg/(yr-km) and 3-10% mol/(yr-km),
about 20 times higher than at the end of rifting, as also highlighted by the considerable increase in
cumulative serpentinization during inversion (Figs. 4e). The notable drop in serpentinization
capacity at ~50 Myr indicates a temporary migration of strain away from the serpentinization

window (Fig. 4e).

Rift-inversion orogen style 111 (M9)

Model M9 represents symmetric orogenic Style III, typical of systems with both long rift durations
and prolonged post-rift cooling prior to inversion (Figs. 3k-o, 4c, f). In this model, 25 Myr of
rifting leads to a linearly increasing exhumed mantle area (up to ca 7-10° m? at the end of rifting),
with only 1-4 kms of sediment remaining on the exhumed mantle (whereas no oceanic crust is

generated, Figs. 3k, 4c). Similar to M5, the area of actively exhuming mantle deviates from the



133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

total exhumed mantle area after 8 Myr of rifting (Fig. 4c). Post-rift cooling also causes a gradual
decline in exhumed mantle area before most mantle material is brought down again during
inversion (Figs. 3m-o, 4¢). Yet, in contrast to M5, the cooling of the extensive amount of exhumed
mantle material causes a fault zone to develop near the basin centre, so that a large block of mantle
is preserved in a roughly symmetric orogen (Fig. 3m-o0). Although most mantle material is buried
again, there is actively exhuming mantle during both post-rift cooling and subsequent inversion

(Fig. 4c).

The cooling of a larger exhumed mantle area over a longer time span in M9 also means that more
mantle material is found in the serpentinization window than in M5 (Figs. 3g, 1, 4b, c¢). However,
the maximum serpentinization capacity of ~5-10° kg(yr-km)! and the natural H» generation
capacity of 1.5-10% mol(yr-km)™! during rifting are similar in both M5 and M9, suggesting an upper
limit imposed by the vertical extent of the serpentinization window (Fig. 4e, f). As in M5, post-rift
tectonic quiescence halts serpentinization, which renews during inversion, and the strong increase
in total serpentinization since the start of inversion is linked to relatively constant serpentinization
and natural H, generation capacities of ~1-10!! kg(yr-km) ! and 3-10'° mol(yr-km), respectively
(Figs. 3g, 1, 4e, f). These values, found in both models (and in other models with sufficient initial
rifting [Styles II and III]) (see Supplementary Material, [45]), indicate serpentinization and H»
generation rates during inversion that are 20 times higher than these rates observed during rifting

(Figs. 4e, 1, 5).

4. DISCUSSION
General mantle exhumation patterns
Our numerical models provide insight into the factors enabling exhumation and preservation of

mantle material in rift-inversion orogens (Figs. 3-5). The first key requirement is for rifting to
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exhume sufficient mantle material above the pre-rift Moho depth in the first place. Although the
bulk of this material is forced back down again by subsequent inversion, some exhumed mantle
may be preserved or further exhumed in the orogen (especially in asymmetric orogens, i.e. Style

IT or IIT) (Figs. 3-5), as qualitatively observed in previous modelling studies (17; 8; 18, 31; 19; 40).

Natural H: potential in rift-inversion orogens

After sufficient extension, a large volume of mantle can be exhumed during rifting (Figs. 2-5). As
rift settings are marked by high temperatures at shallow depth, only a small part of this exhumed
mantle material enters into the temperature-defined serpentinization window. Therefore, our
model serpentinization capacity during rifting is relatively low (i.e., around 5-10° kg(yr-km)1),
which is very similar to values calculated for North Atlantic rifting (23). By contrast, the
serpentinization capacity during inversion is about 20 times higher (~1-10!! kg(yr-km)!), due to
the combination of a much larger serpentinization window in a orogen with relatively low thermal
gradients and larger fault zones cutting the mantle that enable the efficient water circulation needed
for serpentinization (3) (Figs. 3, 4). The bulk of serpentinization can thus be expected to take place
during inversion (Fig. 5). Still, if no active deformation occurs, no water would circulate and the
serpentinization capacity would drop, as highlighted by the lack of serpentinization during post-
rift quiescence (Figs. 3g, 1, 4e-f). This need for localized deformation for mantle rocks to
serpentinize (3) also explains the occurrence of relatively fresh mantle material outcropping in

orogens such as the Pyrenees (e.g., 30; 37).

The serpentinization capacity in our models is directly translatable to potential natural H»
generation capacity, which is ~1.5-10% mol(yr-km)™!' during advanced rifting and 20 times higher
(~3-10'° mol(yr-km)!) during inversion, indicating that the bulk of natural H> generation should

occur during inversion of rifts and rifted margins. Furthermore, the resulting rift-inversion orogens
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generally contain large sediment volumes that can act as reservoirs and seals when natural H> is
generated, in contrast to the likely absence of reservoir quality sediments at the time of bulk H»
generation in the deep or distal environments of rifts and rifted margins (Figs 2-5). These reservoirs
and seals are crucial for capturing natural H> migrating from the serpentinizing mantle and would
enable the establishment of a fully-fledged “hydrogen system” (analogous to “petroleum systems”,
which involve a source rock generating the hydrocarbons and migration to reservoirs with a
structure and cap rock where the hydrocarbons can accumulate so that they can be drilled and
extracted) (22) (Fig. 6). Ideally natural H> fields should have reservoir temperatures between 100-
200°C, when H is not consumed by microbial activity (38; 25; 22). Alternatively, the
serpentinizing mantle rocks themselves could be targeted directly (Fig. 6). Our findings suggest
that rift-inversion orogens provide much better environments for hydrogen exploration than rift or

rifted margin settings.

Promising natural H; exploration sites in the Alpine-Tethyan domain

Overall, our models suggest that exploration for natural H> should focus on rift-inversion orogens,
for example those found in the Alpine-Tethyan domain (Fig. 1). We clearly show that Style I
orogens such as the Atlas are of low interest; they experienced limited rifting prior to inversion so

that mantle rocks were not exhumed in the first place (2) (Fig. 1b).

More promising are orogens such as the Pyrenees, which show a gradient in initial rift basin
maturity from limited rifting in the east to break-up and seafloor spreading in the Gulf of Biscay
to the west (27; 11) (Fig. 1d-f). In the eastern Pyrenees, no evidence for present-day exhumed
mantle has been reported (Style I) (27; 11) (Fig. 1f) but a shallow mantle body in a Style II setting
is situated below the Mauléon Basin to the west (41) (Fig. 1e), where (21; 22) found evidence of

on-going natural H> generation (Fig. 1d). Farther westward still, in the Bay of Biscay, mantle
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material has not yet been incorporated and exhumed in the orogen, but this Style III setting could

allow for migration of natural H> from the mantle to reservoirs on the basin margins.

The wider Alpine-Tethyan domain contains various rift-inversion orogens that formed after the
closure of a number of small oceanic basins (e.g., 32; 33, 29) (Fig. 1a, g, h). For instance, seismic
sections crossing the Western Alps show the presence of exhumed mantle in the retro-wedge,
making the Italian flanks of the orogen a promising target for natural H> exploration in an
asymmetric Style II setting (Figs. 1g, 3h-j). In fact, Dumagin et al. 2019 (6) found elevated
concentrations of natural H; in the soil of the Western Alps. The highly-asymmetric (Western)
Caucasus orogen also formed following closure of a rift that was possibly floored by oceanic crust
(4; 5; 26) (Fig. 1c), and although no present-day exhumed mantle material has yet been reported,
H; release has been documented in a Soviet-era well (43). The Betics, Dinarids, and Balkan area
in general contain various ophiolites including exhumed mantle bodies that are linked to abiotic
gas generation and warrant further exploration (32; 24) (Fig. la, f). The branches of the wider
Alpine-Himalayan orogenic belt stretching farther eastward into Asia could also be of significant
interest (12). The key challenge to natural H, explorers is to untangle the complex geologic history

of these rift-inversion orogens (e.g., 32, 29).

CONCLUSION
Our numerical models provide quantified insights into mantle exhumation in rift-inversion orogens
and into the associated natural H> potential. We find that:
e Initial rifting exhumes mantle material, the bulk of which is forced back down again by
subsequent inversion. Yet some material may be incorporated in into the rift-inversion

orogen.
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¢ During rifting, the total volume of exhumed mantle increases linearly over time. However,
due to high temperatures in combination with the limited scale of fault zones in the mantle,
serpentinization capacity is relatively low, so that natural H, generation remains limited in
rift or rifted margin settings. Moreover, the deep marine environment is not favourable to
natural H> preservation due to a lack of suitable reservoirs during bulk natural H:
generation.

e During inversion, natural H> generation capacity can be up to 20 times higher than during
rifting since the serpentinization window is larger in a colder orogenic environment. Rift-
inversion orogens are also much more likely to provide suitable reservoirs at the moment
of bulk natural H» generation than rifts or rifted margin settings.

e A key requirement is that brittle deformation localizes within the serpentinization window,
so that water circulation and thus serpentinization can occur.

e Our model results provide a first-order motivation to turn to rift-inversion orogens such as

the Pyrenees, the Alps, the Betics, and the Caucasus for natural H» exploration.
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259 Figure 1. Examples of rift-inversion orogens (RIOs) in the Alpine-Tethyan domain of the Alpine-Himalayan orogenic
260 system. (a) Tectonic map of the Alpine-Tethyan domain, showing the locations of the sections in (b-h). Modified after

261 Woudloper (Wikimedia) and (10). (b) High Atlas, a RIO with limited initial rifting and no exhumed mantle. Modified afier
262 (2). (c) Western Caucasus, a RIO with moderate initial vifting, but no present-day exhumed mantle. Modified afier (28).
263 (d-f) The influence of varying initial rifting duration along the Pyrenean system (increasing to the west), showing a

264 general westward increase of present-day exhumed mantle. Modified after (27; 11). (g-h) Inversion of fully oceanic basins

265 in the Alpine-Tethyan domain. Modified after (33;24).
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sub-lithospheric mantle, dark green: lithospheric mantle, white: crust, orange: sediments, turquoise: mantle material in

serpentinization window (between 200°C and 350°C isotherms), transparent grey: fault zones, black: active fault zones in

mantle, yellow: active serpentinization. See also panels (a), (f) and (°), and Fig. 2c. Limited serpentinization: up to 5-10°

kg(yrdm)?! (during rifting), high serpentinization: up to 1-10" kg(yr+km)”! (during inversion). The results from the

serpentinization and H, potential analysis are presented in Fig. 4.
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ONLINE METHODS

I. Numerical method

We base our modelling approach on previous work by Neuharth et al. (2022) (61), using the
thermo-mechanical geodynamic code ASPECT (Advanced Solver for Problems in Earth’s
ConvecTion) (58; 55; 63; 53; 54; 47; 48), coupled with FastScape (50; 69, 70; 61) for the inclusion
of surface processes (Fig. M1). We apply a modified version of ASPECT 2.4.0-pre for the coupling
with Fastscape. ASPECT and FastScape installation details, the custom ASPECT plugins we use,
the parameter files used for each model run, the log files of each model run, and the Paraview state
files used for model analysis are provided in a publicly accessible GitHub repository (44)

(https://github.com/geozwaan/rift-inversion_orogens) that will be archived with a DOI at Zenodo

as soon as the manuscript is accepted for the publication.

Geodynamic modelling (ASPECT)
We apply ASPECT to solve the conversation equation under the extended Boussinesq

approximation.

Conservation of momentum is described in the following equation:
—V-2né(u) + VP = pg (eq. M1),
where 7 is viscosity, € is the deviatoric strain rate, u is velocity, P is pressure, p is density, and g

is gravitational acceleration.

Conservation of mass is described as follows:

V-u=0 (eq. M2),
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Conservation of energy defined as:
_ . (T _ N
pC, (E_'_ u- VT) —V-kVT = pH+ (2né) : ¢ — apT(u-g) (eq. M3),
where p is the reference adiabatic density, C, the specific heat capacity, T the temperature, k the
thermal conductivity, H the radiogenic heating, and « the thermal expansivity. The right-hand

terms represent radioactive heating, viscous shear heating, and adiabatic heating, respectively. Sea

Table M1 for the used parameter values.

Each compositional field ¢ (e.g., representing lithologies such as the upper crust, or strain fields)

is advected with the calculated velocity field:

% +u - V¢; = g (eq. M3),

where reaction rate q; is non-zero for the plastic (brittle) and viscous strain fields.

Landscape modelling (FastScape)

FastScape modifies ASPECT’s model domain’s surface as a function of stream-power law fluvial
erosion, hillslope and marine diffusion, horizontal advection and vertical uplift (where in the latter
two cases, the X and Y velocities and the Z velocities from ASPECT are used as model input) (50;
69; 70). Topograhy changes in the continental domain (h > hg,,) are therefore described by the

following equation:

dh _
dt

G dh
U- KA"S"+2 ], (U - E) dA + K, V?h + v - Vh (eq. M4),
Where £ is the topographic elevation, U the uplift rate, Ar the bedrock erodibility, 4 the drainage
area, S the slope, m the drainage area exponent, n the slope exponent, G the deposition coefficient,

K:the continental diffusion coefficient, and v the horizontal velocity. See Table M2 for the used

parameter values.
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Moreover, marine processes (h < hgea) are described as follows:
= KnV?h+ Qs+ v Vh +Q, (eq. M5),

where K, represents the marine diffusion coefficient, Qs the sediment flux from the continent to
the marine domain at the continent-marine boundary (70), and O, a homogeneous marine

background sedimentation rate.

I1. Geodynamic Model design

Model geometry

Our 2D rectangular domain is 450 km long and 200 km high and contains three layers together
representing a 115 km thick stable continental lithosphere: (I) a 20 km thick wet quartzite upper
crust (64), (II) a 15 km thick wet anorthite lower crust (65), and (III) an 80 km thick lithospheric
mantle consisting of dry olivine (46; 62), overlying a wet olivine asthenosphere (56) (Fig. M1a,
Table M1). Thicker upper crust (25 km) in the model domain centre (between x = 150 km and x =
300 km, following a Gaussian distribution) produces a weaker strength profile and localizes
kinematically-driven tectonic deformation in this region (Fig. M1b). Furthermore, a randomized
initial plastic (brittle) strain pattern with a maximum value of 0.5 is introduced in the upper 50 km
of the crust to assist strain localization (Fig. M1a). The initial temperature follows a 1D steady-

state continental geotherm in the lithosphere (51) and an adiabatic profile below.

Viscoplastic rheology and weakening processes
We use a visco-plastic rheology (59) that combines diffusion creep, dislocation creep and Drucker-
Prager plasticity. The friction angle is linearly weakened up to 4 times between brittle strain values

of 0 and 1 (Fig. Mlc, Table M1). Similarly, we apply a 4 times pre-yield viscous weakening
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between these same values of the viscous strain. Picard iterations on the Stokes solution are used

to solve up to a nonlinear tolerance of 2-10~ for a maximum of 120 iterations per time step.

Boundary conditions

A fixed temperature of 0°C is prescribed at the surface, and a temperature of 1361°C at the bottom
boundary. Tectonic deformation (divergence and convergence) is induced by prescribing outward
and inward flow on the lateral model boundaries, respectively (Fig. Mla). This prescribed
horizontal boundary velocity is 5 mm y! on either lateral boundary, making for a total velocity of
10 mm/yr during either rifting or inversion. Flow through the lateral boundaries is compensated
by inflow and outflow through the bottom boundary, which is controlled by a traction boundary
condition set to a lithostatic pressure of 6.1-10° Pa (Fig. M1a). The latter boundary condition is
imposed to conserve mass within the ASPECT model over time and to ensure isostatically
balanced topography. Tectonic quiescence (leading to post-rift cooling) between divergence and

convergence phases is simulated by prescribing a velocity of zero at the lateral model boundaries.

FastScape parameters

We adopt a sea-level of 500 m below the initial surface level of the ASPECT model domain, a
value that corresponds to the average elevation of stable continents with ~35 km crust far away
from hotspots (66). All FastScape parameters are specified in Table M2. In particular, we apply a
fluvial erosion coefficient (Kr) of 10 m%? yr'! and a continental hillslope diffusivity coefficient
(K¢) of 5:1073 m? yr'! that are in agreement with previous model and observational constraints (see

Yuan et al. 2019a [69], and references therein).
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Numerical aspects

The ASPECT mesh cell size is 10 km at the bottom of the domain, with a three-step refinement
down to 1250 m above the 750°C isotherm, in order to properly capture brittle deformation in the
colder parts of the lithosphere. We use second-order (Q2Q1) elements, and to optimally visualize
the solution, results are output and analysed on a grid with double the resolution of each cell (Fig.

M1), the maximum resolution being 625 m.

II1. Varied model parameters

We systematically test the impact of plate tectonic parameters in our rift-inversion orogen models
(Table M3). First, we apply different initial rifting durations of 5, 15 and 25 Myr, at a total plate
motion velocity of 10 mm yr!. These values roughly reflect the varying degrees of rifting prior to
convergence in (e.g., the High Atlas, Pyrenees, and Alps) (e.g., 49; 11; 60), whereas reference total
convergence duration in all these models (30 Myr at a velocity of 10 mm yr!) reflects the duration
of collision in the Pyrenees (11). Second, we vary the duration of the post-rift tectonic quiescence
period from 0 to 20 to 40 Myr, which also reflect values seen in natural rift-inversion orogens (49;

11; 60).
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IV. Model analysis

We extract for each model the following three metrics over time: (I) the area of exhumed mantle,
i.e. total area of mantle above the initial Moho at 35 km depth, Figs. 2, M1), (II) the area of actively
rising exhumed mantle (i.e. the area of exhumed mantle with upward vertical velocity > 0 m s),
(III) the serpentinization window (i.e. the area of mantle within the 200-350°C temperature
window in which serpentinization is most efficient) (7). This quantification step is performed using

the open source Paraview visualisation software (wWww.paraview.org).

We furthermore adopt the general approach of Liu et al. (2023) (23) to calculate serpentinization
capacity in kg(km yr)! and associated H, generation potential in mol(km yr)1 in geodynamic
models. This approach is based on the assumption that active and sufficiently mature faults feature
a high permeability, which allows for sufficient water circulation to enable high-degree
serpentinization of mantle rocks. Therefore, at each output time step, we quantify the area of
mantle rocks that have accumulated a total plastic (i.e., brittle) strain € > 0.5 and that undergo
significant active deformation (second strain rate invariant [£] > 2.5-10°'%). Note that we also test
different strain and strain rate thresholds to estimate the variability in the results of our analysis
(see Supplementary Material) (45). We find that reasonably different thresholds do not change our

conclusions.
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Using the area of actively deforming mantle rocks, we subsequently adopt the temperature-
dependent serpentinization reaction formulas from Emmanuel & Berkowitz (2006) and Liu et al.

(2023) (7, 23) to compute serpentinization rates using Paraview’s Python calculator application:

ODSETD _ o(-bs(r=co)? (Eq. 6),

a . . . . . .
where % is the serpentinization rate of a given element (unit: s''), and T is the temperature in
degrees Celsius, while empirically fitted kinetic coefficients (4 = 1010 s'!, by =2.5 x 10 C*2, ¢,
=270°C), have been derived from experimental and theoretical observations on serpentinization

kinematics (7).

With the serpentinization rate, we can calculate the serpentinization capacity (M;) along the

modelled section using the following equation from Liu et al. (2023) (23) in the Paraview Python

calculator:
- aD .
M, = T (TR) () Sy (Ba.T)
dDserp N .. . . . .
where ( o ) (i) is the serpentinization rate of a given element 7, with S; being the area of that

element, and p, the density of the material in that element. By summing over all elements (nel),
and given that our geodynamic ASPECT model is 2D, we obtain M; in units of kg(m s)!, which
we convert to kg(km yr)!. Here the km indicates length along-strike of the tectonic system (i.e.

perpendicular to the 2D geodynamic ASPECT model, Figs. 2, M1).

The serpentinization capacity value enables us to calculate the cumulative mass of serpentinized
mantle in units of kg km™!' perpendicular to the model for each model data output interval of 500

kyr. We subsequently calculate the natural H, capacity in units of mol(km yr)!, as well as the
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cumulative natural H» generation in units of mol km™!. We assume that 1 kg of serpentinized mantle
material generates 300 mmol of natural H2, which is an upper limit reported by Albers et al. (2021)
(1), and the resulting values thus represent an upper limit estimate of the natural H» capacity and

cumulative natural H generation in our models.

V. Nuances to our model analysis

We must consider some nuances to our model approach. Our models are essentially 2D (Fig. 2),
whereas natural orogens are complex 3D structures (e.g., 60), each with a unique history that
requires assessment of H> potential on a case-by-case basis (39). This assessment concerns their
tectonic history, but also the type (composition) of mantle material and the origin and associated
chemistry of the water involved in serpentinization, which modulates natural H> generation
potential (1; 59; 37). Other limitations to our models concern the omission of detailed sedimentary
history (i.e., timing and availability of reservoirs and seals), as well as detailed natural H> migration
pathways to these reservoirs (e.g., 21; 22). In this context, the impact of density changes during
serpentinization also requires attention, since the volumetric expansion of serpentinizing mantle
material may either clog water and hydrogen pathways (52) or induce new fracturing and increase
permeability (67). Finally, H gas is highly reactive and may easily be consumed by (bio)chemical
reactions on its way to, or within reservoirs (e.g., 57; 68). Still, our model results provide a solid,

first-order impression of the natural H» potential of rift-inversion orogens.
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Methods Figure M1. Reference model set-up. (a) 3D Visualization of the 2D geodynamic model (ASPECT) with the quasi-
3D surface processes model (FastScape) on top. Black lines indicate temperature contours and initial strain (noise) at t =
0 Myr is present in the uppermost 50 km. (4) and (B) indicate the outer and central locations of the yield strength profiles
depicted in panel (b), which have different crustal thicknesses as the upper crust in the model centre is 25 km instead of 20
km thick. (b) Yield strength and temperature profiles along (4) and (B) shown in panel (a). (c) Plastic (brittle) and viscous
weakening intervals applied in our models. Modified after Neuharth et al. (2022) (61).
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Methods table M1 — Basic ASPECT parameters

Parameter Symbol | Units Sediment Upper crust Lower crust Lithospheric | Sub-lithospheric
mantle mantle

Reference surface density* Po kg m? 2520 2700 2850 3280 3300
Adiabatic surface temperature Tus °C 1284 1284 1284 1284 1284
LAB isotherm temperature Tras °C 1284 1284 1284 1284 1284
Thermal expansivity a K! 3.7-10° 2.7-10°° 2.7-10°° 3.0-10° 3.0-10°
Thermal diffusivity K m?s’! 7.28-1077 7.72-1077 7.31-1077 8.38-1077 8.33-1077
Heat capacity Gy Jkg' K' | 1200 1200 1200 1200 1200
Heat production H W m 1.2:10° 1.0-10° 0.1-10° 0 0
Cohesion C Pa 5-10° 5-10° 5-10° 5-10° 5-10°
Internal friction angle (unweakened) ¢ ° 26.56 26.56 26.56 26.56 26.56
Plastic strain weakening interval - - [0,1] [0,1] [0,1] [0,1] [0,1]
Plastic strain weakening factor Gur - 0.25 0.25 0.25 0.25 0.25
Viscous strain weakening interval - - [0,1] [0,1] [0,1] [0,1] [0,1]
Viscous strain weakening factor - - 0.25 0.25 0.25 0.25 1.0
Creep properties** Wet quartzite Wet quartzite | Wet anorthite | Dry olivine Wet olivine
Stress exponent (dis) n - 4.0 4.0 3.0 3.5 3.5
Constant prefactor (dis) Adis Pa’s’! 8.57-107% 8.57-107% 7.13-10°"® 6.52:10°'¢ 2.12:10°%
Activation energy (dis) Eais J mol”! 223-10° 223-10° 345-10° 530-10° 480-10°
Activation volume (dis) Vs m*mol! | 0 0 38:10° 18-10° 11-10°
Constant prefactor (diff) Adig Pa’ls’! 5.79-10" 5.79-10" 2.99-10% 2.25-10° 1.5-107
Activation energy (diff) Eaiy J mol! 223-10° 223-10° 159-10° 375-10° 335-10°
Activation volume (diff) Vi m*mol’ | 0 0 38-10° 6-10° 4-10°
Grain size (diff) d m 0.001 0.001 0.001 0.001 0.001
Grain size exponent (diff) m - 2.0 2.0 3.0 0 0

* Model input densities are scaled so that at surface temperatures (7o = 273° K or 0°C) these values are reached.

*x Creep properties: dis = dislocation creep, diff = diffusion creep.

Methods table M2 — Basic Fastscape parameters
Parameter Symbol | Unit Value
Drainage area exponent m - 0.4
Slope exponent n - 1
Bedrock/sediment diffusivity Ke m?yr! | 5-107
Bedrock/sediment erodibility K¢ m®2yr! | 1-107°
Bedrock/sediment deposition coefficient | G - 1
Marine diffusivity Knm m?yr! | 200
Sand/shale ratio F - 1
Sand/shale porosity 1) - 0
Sand/shale e-folding depth z m 0
Depth averaging thickness L m 100
Background sedimentation rate - m yr’! 0

Methods table M3 — Variable model parameters

Model name Rifting duration Post-rift cooling duration
M1* 5 Myr 0 Myr

M2 15 Myr 0 Myr

M3 25 Myr 0 Myr

M4 5 Myr 20 Myr

MS5* 15 Myr 20 Myr

M6 25 Myr 20 Myr

M7 5 Myr 40 Myr

MS8 15 Myr 40 Myr

M9* 25 Myr 40 Myr

* End-member models shown in Figs. 3-5
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