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Abstract – Detachment zones are privileged areas
 for the interaction between surface-derived fluids and
rocks, potentially leading to ore deposition. However, the hydrodynamics of detachments and specifically
the way by which surface-derived fluids reach crustal depths, remain enigmatic. This question is even more
puzzling when the heating caused by the emplacement of a syn-kinematic granite increases the buoyancy of
fluids, thus impeding their descent. Here, 2D hydrothermal numerical models are performed. The geometry
comprises a detachment and secondary normal faults in the hanging wall. Sensitivity tests were carried out
to assess the impact of topographic gradients, syn-tectonic magmatic activity and the depth-dependent
permeability contrast between the detachment and the crust. Several flow indicators, integrated over time
and combined with particle tracking, enable us to highlight the main controls of fluid circulations. Our study
reveals that the infiltration of surface-derived fluids into detachment zones is enhanced by the presence of a
heat source at depth, such as a syn-kinematic pluton. Secondary faults are the main percolation path for
surface-derived fluids infiltrating the detachment. Plume-like thermal anomalies have been spotted between
these faults. The dynamic permeabilities of magmatic intrusions, which depend on sub-solidus
temperatures, spatially and temporally reproduce the conceptual model of uranium mineralization in the
South Armorican Variscan Domain, which is used as an example.

Keywords: Crustal detachments / meteoric fluids / syn-kinematic granites / depth-dependent and dynamic
permeabilities / numerical hydro-thermal coupling / uranium mobility

Résumé – Percolation des fluides météoriques le long des systèmes de détachement favorisées par
la mise en place de granites syn-cinématiques : application aux minéralisations uranifères. Les zones
de détachement sont des zones privilégiées pour l’interaction entre les fluides de surface et les roches, ce qui
peut conduire à des minéralisations. Cependant, l’hydrodynamique des détachements et plus
particulièrement la manière dont les fluides météoriques atteignent des profondeurs crustales restent
énigmatiques. Cette question est d’autant plus prégnante lorsque la chaleur émise par la mise en place d’un
granite syn-cinématique peut augmenter la flottabilité des fluides, limitant ainsi leur descente. Des modèles
numériques hydrothermaux en 2D sont donc réalisés dans cette étude. La géométrie comprend un
détachement et des failles normales secondaires localisées à son toit. Des tests de sensibilité ont été menés
pour évaluer les effets du gradient topographique, de l’activité magmatique syntectonique, ainsi que du
contraste de perméabilité entre le système du détachement et la croûte, avec une perméabilité qui varie
avec la profondeur. Plusieurs indicateurs de flux, intégrés dans le temps et combinés au suivi des
particules, nous permettent de mettre en évidence les principaux contrôles sur la circulation des fluides.
Cette étude révèle que l’infiltration des fluides météoriques dans les zones de détachement est favorisée
par la présence d’une source de chaleur en profondeur, telle qu’un pluton syn-cinématique. Les failles
secondaires constituent la principale voie de percolation des fluides météoriques qui s’infiltrent dans le
détachement. Des anomalies thermiques en forme de panache ont été repérées entre ces failles. Les
perméabilités dynamiques des intrusions magmatiques, qui dépendent des températures sub-solidus,
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reproduisent spatialement et temporellement le modèle conceptuel de la minéralisation de l’uranium dans
le domaine varisque sud-armoricain, qui est utilisé comme cas d’application.

Mots-clés : Détachements crustaux / fluides météoriques / granites syn-cinématiques / perméabilités dynamiques et
dépendantes de la profondeur / couplage numérique hydro-thermal / mobilité de l’uranium
1 Introduction

Detachments are ductile-to-brittle low-angle normal faults
with an initial shallow dip (likely less than 30°), occurring on a
sub-regional to regional scale (Armstrong, 1972; Buck, 1988;
Davis and Lister, 1988; Platt et al., 2015). They accommodate
lower crust exhumation during syn-orogenic thickening and
late orogenic thinning (Burg et al., 1984; Whitney et al., 2013;
Kellett et al., 2019), mantle exhumation in divergent settings
such as slow to ultra-slow oceanic ridges (e.g., McCaig et al.,
2007) and hyper-extended margins (e.g., Whitmarsh et al,,
2001). In continental settings, detachments have been mostly
studied in late orogenic settings where they give rise to
metamorphic core complexes (MCCs, Davis and Lister, 1988).
MCCs are characterized by domal geological structures and
comprised of deformed high-grade metamorphic rocks
(Fig. 1). In the foot wall of detachments, isotherms are
upraised, which frequently triggers partial melting. Syn-
kinematic plutons also emplace in the foot wall of detachments
(Fig. 1, e.g., Crittenden et al., 1980; Daniel and Jolivet, 1995;
Smith et al., 2010; Labrousse et al., 2016).

For forty years, fluid-rock-deformation interactions in-
volved in detachment dynamics have received particular
attention following three main axes: (i) a hydro-mechanical
approach which aims to solve the “mechanical paradox” of
initiation, propagation and slow or repeated sliding along
detachment (e.g., Sibson, 1985, Sibson 2000; Reynolds and
Lister, 1987; Axen, 1992; Collettini, 2011); (ii) a metallogenic
approach dedicated to ore systems (e.g., Spencer and Welty
1986; Beaudoin et al., 1991; Smith et al., 1991; Maineri et al.,
2003; Menant et al., 2013; Ducoux et al., 2017); (iii) an
isotopic approach notably aiming at reconstructing paleo-
altitudes in mountain belts (e.g., Chamberlain et al., 2012;
Gébelin et al., 2013). Most of these works emphasize the influx
of surface-derived fluids along the detachment plane where
they mix with upward-circulated crustal (magmatic and
metamorphic) fluids (Siebenaller et al., 2013; Dusséaux
et al., 2019). Note that, in some cases, only crustal fluids
were reported (Famin and Nakashima, 2005; Dyja et al., 2016;
Dyja-Person et al., 2018).

In detachment zones, fluid flows are primarily constrained
by three factors (Fig. 1): (1) buoyancy (temperature or
composition-dependent fluid density), (2) pressure gradients
driven by topography, seismic pumping and fluid sources such
as surface reservoirs, magmas, exhuming metamorphic rocks
and migmatites, and (3) permeability contrasts (Famin et al.,
2004; Person et al., 2007; Gottardi et al., 2013). At first order,
the challenge of explaining the infiltration of surface-derived
fluids to the ductile-brittle transition zone arises as permeabil-
ity decreases with increasing depth (Manning and Ingebritsen,
1999) and buoyancy forces increase with increasing tempera-
ture, especially when syn-kinematic plutons are emplaced in
detachments. Downward circulation of surface-derived fluids
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is thus counterintuitive (e.g., Bons and Gomez-Rivas, 2020).
However, in dealing with metal mobilities, it is well-
documented that the formation of ore deposits particularly
uranium ones, is often linked to the deep percolation (over
several kilometers) of oxidizing meteoric fluids along
detachment zones (e.g., Kerrich, 1986; Ballouard et al.,
2017; Qiu et al., 2018).

In this context, we investigate here the conditions (driving
forces, petrophysical properties) under which surface-derived
fluids percolate into detachment systems. We then apply the
modeling to uranium deposition in relation with crustal
detachments, syn-kinematic granites and downward percola-
tion of surface-derived oxidizing fluids. The Rock Alteration
Index (RAI), introduced by Philipps (1991) and widely used in
numerous studies (e.g. Zhao et al., 1998; Gow et al., 2002;
Harcouët-Menou et al., 2009; Eldursi et al., 2009) to pinpoint
the potential zones of mineralization, serves as a pivotal
parameter for the analysis of this case study.

2 Modeling strategy and set-up

2.1 Strategy

In this study, fluid flow through porous media within
detachment zones was modeled by coupling fluid flow and heat
transfer equations, an approach similar to that used in multiple
studies (e.g., Duwiquet et al., 2019; Eldursi et al., 2009;
Guillou-Frottier et al., 2013; Launay et al., 2023). To
investigate the mechanisms responsible for the downward
circulation of surface-derived fluids in detachment zones, our
strategy includes the following steps (Fig. 2): building of a 2D
model using Comsol Multiphysics, which allows (1) testing
the impact of topography-driven pressure gradients by
including variable differences in the elevation between the
foot wall and the hanging wall; (2) testing the effects of a
pluton emplacement along the detachment; (3) testing the
sensibility of surface-derived fluid flows to depth-dependent
permeability contrast between the detachment and the
surrounding crust.

From the three tested topography models, one topography
configuration was selected to investigate the effect of the
emplacement of a pluton, which plays the role of a heat source.
Two emplacement depths have been envisaged, a shallow one
(≈ 4 km depth for the pluton upper limit) and a deeper one
(≈ 10 km depth for the upper limit). The chosen depths of 4 km
(e.g., Ballouard et al., 2017) and 10 km (e.g., Simmons and
Webber, 2008) for the pluton emplacement aim to capture the
range of post-orogenic thermal environments. The shallower
depth of 4 km mirrors late-stage intrusions, typical in post-
orogenic settings where crustal thinning allows magma to rise
closer to the surface. This depth is ideal for studyingnear-surface
thermal effects and hydrothermal processes. Conversely, the
deeper emplacement at 10 km reflects early post-orogenic
f 24



Fig. 1. Major fluid driving forces involved in continental detachments associated with metamorphic core complexes. Driving forces derived
from pressure gradients induced by seismic pumping or valving are not represented.
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activity when the crust is thicker and retains more heat, which
allows studying the thermal influence of the pluton at deeper
crustal levels. Then, a decision regarding the pluton positionwas
made to refine thepermeabilitymodel for themagmatic intrusion
by indexing the permeability of the crystallizing magma to
temperature. This refers to the pluton dynamic permeability
experiments (Fig. 2).

Throughout all these steps, a total of 33 simulations were
performed.

2.2 Constitutional laws and physical parameters
2.2.1 Governing equations and coupling

2.2.1.1 Heat transfer in porous media

The equation of heat transfer in porous media is used to
represent convection-diffusion heat transfer for a single
incompressible fluid phase. This equation assumes that the
temperatures of the solid and the fluid are instantaneously
equilibrated, as indicated by Equation (1). The units for all the
parameters presented in the equations are provided in Table 1.

Tf ¼ Ts ¼ T ð1Þ

rCð Þeq
∂T
∂t

þ rf Cf u⋅∇T þ ∇⋅q ¼ Qt ð2Þ

q ¼ �leq∇T ð3Þ

where (rC)eq is the equivalent volumetric heat capacity at
constant pressure, rfCf is the volumetric heat capacity of the
fluid, u is Darcy’s velocity, leq corresponds to the effective
thermal conductivity and Qt represents the total heat source.
Page 3 o
The equivalent volumetric heat capacity, denoted by (rC)
eq, as well as the equivalent thermal conductivity are
expressed as a volumetric average in the context of a simple
fluid-solid mixture as follows:

rCð Þeq ¼ ’rf Cf þ 1� ’ð ÞrsCs ð4Þ

leq ¼ ’lf þ 1� ’ð Þls ð5Þ

where s and f stand respectively for solid and fluid, ’ is the
porosity, r is the density,C is the specific heat capacity and l is
the thermal conductivity.
2.2.1.2 Fluid flow in porous media

For the simulation of fluid flow through a saturated porous
medium, Darcy’s law (Eq. (7)) is employed to describe the
fluid velocity within the fluid mass conservation equation
(Eq. (6)) for a single incompressible fluid phase.

∂
∂t

’rf
� �þ ∇⋅ rf u

� � ¼ Q ð6Þ

u ¼ � k
m

∇pþ rf g
� � ð7Þ

where u is the Darcy velocity, k represents the intrinsic
permeability of the porous medium, m is the dynamic viscosity
of the fluid, p is the pressure and g is the gravitational
acceleration. Q is the source term, representing the rate at
which fluid volume is being added or removed with respect to
f 24



Fig. 2. Flowchart depicting the modeling strategy employed, showcasing the four primary tests conducted to examine the effects of topography,
pluton, and permeability contrast between the crust and detachment faults.

Table 1. Units and symbols of the used parameters and variables.

Parameter Units Symbols

Fluid density kg m�3 rf

Solid density kg m�3 rs
Crust and detachment zone permeability m2 kc,d
Fluid velocity m s�1 u
Dynamic viscosity Pa s m

Fluid thermal capacity J kg�1K�1 Cf

Solid specific heat capacity J kg�1K�1 Cs

Fluid thermal conductivity W m�1K�1 lf
Solid thermal conductivity W m�1K�1 ls
Temperature K T
Porosity (1% in crust and pluton, and 3% in detachment zone) F

Time-integrated fluid flux kg m�2 Fm

Altitude m y
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time and per unit volume of the porous medium. This source
term has been neglected in our modeling as our experiments do
not account for processes such as chemical reactions of fluid
injection or extraction that would alter the mass of the fluid.

The incompressible fluid flows and heat transfers are
coupled through Darcy’s velocity and the fluid density.

2.2.2 Equations of state

2.2.2.1 Density

Fluid density is influenced by both temperature and
pressure. The fluid density law (rf) used here is a polynomial
function that fits experimental data for pure liquid water within
temperature and pressure ranges of 0–1000 °C and 0–500MPa
(Eq. (8), from Launay, 2018 used in Guillou-Frottier et al.,
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2020). The solid density (rs) exhibits a dependency on
temperature characterized by a minimal dilatation coefficient
(Eq. (9), see Eldursi, 2009). However, in contrast to fluid
density, its impact on fluid flow is likely negligible.

rf ¼1006þð7:424�10�7�pÞþð0:3922�ðT�273:15ÞÞ
þð�4:441�10�15�p2Þþð4:547�10�9�p�ðT�273:15ÞÞ
þð�0:003774�ðT�273:15Þ2Þþð1:451�10�23�p3Þ
þð�1:793�10�17�p2�ðT�273:15ÞÞþð7:485�10�12

�p�ðT�273:15Þ2Þþð2:955�10�6�ðT�273:15Þ3Þþ
ð�1:463�10�32�p4Þþð1:361�10�26�p3�ðT�273:15ÞÞ
þð4:018�10�21�ðp2Þ�ððT�273:15Þ2Þ
þð�7:372�10�15�p�ðT�273:15Þ3Þþð5:698�10�11

�ðT�273:15Þ4Þ

(8)
f 24
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rs¼2800�ð1�ð0:000024�ðT�293ÞÞ ð9Þ

2.2.2.2 Specific heat capacity

The equations of state for the specific heat capacity,
described in Equations (10) and (11) (Eldursi, 2009),
determine the amount of heat absorbed per unit mass of the
material (fluid, solid) when temperature increases.

Cf ¼ 1000þ 7:5 � Tð Þ ð10Þ

Cs ¼ 0:5915 � Tð Þ þ 636:14 ð11Þ

2.2.2.3 Thermal conductivity

Thermal conductivity equations of state presented in
Equations (12) and (13) (Eldursi, 2009), describe the intrinsic
ability of a material to transfer or conduct heat.

lf ¼ 0:0012 � ðTÞ � 0:069 ð12Þ

ls ¼ 3:1138� 0:0023 � ðTÞ ð13Þ

2.2.2.4 Dynamic viscosity

The dynamic viscosity of the fluid as described in Equation
(14) is determined by an analytical approximation (Kestin
et al., 1978; Rabinowicz et al., 1998) where the effect of
pressure is disregarded as proposed by Clauser (2006).

m ¼ 2:414 � 10�5 � 10
247:8
T�140ð Þ ð14Þ

2.2.3 Permeability models

Permeability tends to decrease with depth, following
power (Manning and Ingebritsen, 1999) or exponential laws
(Saar andManga, 2004; Garibaldi et al., 2010; Guillou-Frottier
et al., 2020). For the sensitivity test of detachment
permeabilities (Fig. 2), the permeabilities of the crust and
the detachment vary at the same rate but with different orders
of magnitude as a function of depth following an exponential
law (Eqs. (15), (16) and Fig. 3).

kc ¼ 5 � 10�16 � exp
y

d

� �
ð15Þ

kd1 ¼ kc � 10; kd2 ¼ kc � 30; kd3 ¼ kc � 50; kd4
¼ kc � 100 ð16Þ

where kc is the crust permeability, kd is the detachment
permeability and d is equal to 3000m. y represents the altitude
expressed in meters with the 0 reference level fixed at the
horizontal top of the detachment hanging wall (Figs. 3 and 4).
As the foot wall is exhumed by the detachment, the foot wall
upper part experienced intense fracturation, hence increasing
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permeabilities at altitudes above the reference (y > 0). In
addition, establishing y= 0 for the flat hanging wall enables
consistent comparisons between the three tested topography
models (see Sect. 3.3) as they have exactly the same
permeability variation from y = 0 (Fig. 3).

Noteworthy, the same permeability law was applied to the
detachment and the associated secondary faults affecting the
upper plate.

2.2.4 Physical indicators

Together with classical parameters such as T, P, mapping of
streamlines of Darcy velocities, in order to characterize the
fluid flow patterns involved in detachment systems, we
calculated additional physical indicators.

2.2.4.1 Peclet number

The Péclet number (Pe) is a dimensionless parameter that
corresponds to the ratio of the convective heat flux to the
conductive heat flux. In porous media, Equation 17 defines the
thermal Pe for a characteristic length (L) (Phillips, 1991;
Ingebritsen et al., 2006).

Pe ¼ Lrf Cf jj u jj
leq

ð17Þ

where u is the norm of the u vector and is calculated as
kuk ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

. In the plane defined by the x and y axes, u
denotes the horizontal component of the Darcy’s velocity
aligned with the x-axis, whereas y represents the vertical
component of Darcy’s velocity in alignment with the y-axis.
Asweexplorepotential convectionat the scaleof thedetachment
zone, we assumed that L corresponds to the mean detachment
thickness (i.e., 700m) in our models. As a consequence, we
particularly tracked Pe greater than 1 (i.e., thermal transfer
dominated byfluid advection) along and through the detachment
and secondary faults system.

2.2.4.2 Time-integrated fluid flux

The time-integrated fluid flux, denoted by Fm, is a measure
of the cumulative amount of fluid mass that has passed through
a certain area (a square meter of rock) during a given time
period, considering both the fluid density and velocity.

Fm ¼
Zt

t0

rf :udt ð18Þ

The initial and final instants in year unit are represented by
t0 and t, respectively.
2.2.4.3 Fault-parallel fluid velocities (FPFV)

A way to characterize and quantify the fluid flow pattern
within and along detachment and secondary faults is to use
Darcy’s velocity component parallel to these faults. We thus
calculated FPFV using trigonometric projection with a
detachment slope of 25° (ud, Eq. (19)) and a 45° dip for the
secondary faults (uf, Eq. (20)). Noteworthy, FPFV positive
f 24



Fig. 3. Depth vs. permeability diagram showing the depth-dependent exponential law of the crust (Kc) permeability and the four tested
detachment permeability laws (Kd). The pluton non-dynamic permeability model is indicated on the left.

K. Bock et al.: BSGF 2024, 195, 13
values correspond to upward flowing fluids, whereas negative
values indicate downward flowing fluids.

ud ¼ u � cos 25ð Þ þ v � sin 25ð Þ ð19Þ

uf ¼ u � cos 45ð Þ þ v � sin 45ð Þ ð20Þ

2.2.4.4 Particle tracking

To assess the spatial and temporal dynamics of the surface-
derived fluids, we calculated and mapped the pathway of fluid
particles originating from various locations at the surface,
considering their motion in fluid flow governed by Darcy’s
law. For each location, one particle was generated over a series
of time increments spanning 100 Kyr. Through time, the same
particles have also been tracked in the P-T phase diagram in
order to control potential vaporization or to evidence super-
critical fluids. Actually, such phase transition has not been
documented, which is fortunate because, if it had been the case,
it would have implied that the fluid was not incompressible and
thus a multiphasic form of the mass and heat conservation
should have been used.
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2.2.4.5 Restricted rock alteration index (R2AI)

For the application to the uranium mineralization in the
detachment context (see dedicated section 6 below), we used a
specific indicator, the Rock Alteration Index (RAI). It serves as
a useful tool to pinpointing prospective areas of mineralization
by identifying the zones where minerals precipitation is likely
to occur (Phillips, 1991). Given that the solubility of silicate
mineral species increases with temperature, the RAI can be
approximated to the scalar product of fluid velocity and
temperature gradient (see Eq. (21)). Thus, when fluid flow
crosses decreasing isotherms, mineral deposition is favored,
and this corresponds to areas where RAI is negative.

RAI ¼ u!∙∇!T ð21Þ

Considering that mineralized favorable areas (i.e., ore
deposition or strong pervasive hydrothermal alteration) might
record high fluid velocities, we extended this RAI parameter by
adding a condition on the fluid velocity. Eldursi et al. (2009)
proposed a fluid velocity threshold of 10�10 ms�1 considering
that thisvalue represents the lower limit of“abnormalvelocities”,
i.e., one order of magnitude higher than a mean fluid velocity
during a bulk regional metamorphic devolatilization. Because
f 24



Fig. 4. 2D model geometries, boundary and initial conditions with three distinct views: (a) overview of the system showing the three tested
topographies and the two pluton positions. At the top, the arrows account for the surface pressure (105 Pa) and temperature (20 °C). The arrows at
the bottom correspond to the mean heat flux for the continental crust at the end of the Carboniferous (Jaupart et al., 2015): that period has been
selected in order to fit with our application on uranium mineralized detachment systems which formed around 300 Myr in the South Armorican
domain (Ballouard et al., 2017). The model size allows assuming no lateral flow with thermal insulation on both the left and right sides. Colored
enlargements highlight (b) the topography and detachment thickness near the surface; (c) the mesh resolution in the detachment domain; (d) the
two pluton sub-domains.
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our models are slightly more permeable than those of Eldursi
et al. (2009), we increased this lower limit to 10�9m s�1, giving
the following formulation for a Restricted RAI (R2AI):

R2AI ¼
1 if RAI < 0 and u > 10�9ms�1

0 if RAI > 0 or u < 10�9ms�1

8<
: ð22Þ

Following the computation of R2AI, our analysis was
focused on the selection of regions where R2AI is equal to 1.

2.3 Geometries, boundary and initial conditions

In detachment systems, the thickness of the strain zone can
be up to 1.5 km (Whitney et al., 2013), whereas displacement
can vary from several kilometers to tens of kilometers
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(Lister and Davis, 1989; Whitney et al., 2013). In our models,
the detachment thickness has been defined as 400m at the
surface and as 1 km at maximum depth (Fig. 4a), this shape of
varying thickness with depth was inspired by the detachment
models of Reynolds and Lister (1987) and Handy et al. (2007).
Near the surface (Fig. 4b), the fault damage zone has been
designed asymmetrical, with a greater thickness in the hanging
wall than in the foot wall following the conceptual models of
Celestino et al. (2020). The dip of a detachment can also
influence the development of convection cells, as steeper dips
can lead to more rapid and distinct convective patterns over
time (Guillou-Frottier et al., 2020). The dip sensitivity of
detachment hydrodynamics is not the prime target of this study
and thus we opted for a detachment slope of 25°.

In Metamorphic Core Complexes, the hanging wall of
detachments is frequently cut by secondary antithetic or
f 24
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synthetic normal faults (Wernicke, 1981; Lister and Davis,
1989). This fault architecture is a first-order control on the
hydrodynamics of the system (Reynolds and Lister, 1987). We
thus opted for three high-angle antithetic normal faults with a
constant dip and a fixed position (Fig. 4a).

The boundary conditions for the simulations depicted in
Figure 4 include a surface temperature of 20 °C and a constant
heat flux of 37mWm�2. The lateral boundaries were thermally
insulated, and a no-flow condition was applied at the bottom
and on both sides. At the surface, a pressure equivalent to
atmospheric conditions (P = 105 Pa) was set, with pressure
increasing with depth as the initial condition. An initial
simulation for a period of 10Myr during which the detachment
was inactive, which means that the detachment domain and the
surrounding crust shared similar thermal and hydrodynamic
properties. These conditions permitted the establishment of a
stable fluid flow, setting the baseline conditions for the models.
The models employ a higher resolution mesh in the areas of the
detachment and secondary faults, with element sizes ranging
from a maximum of 50m to a minimum of 2m (Fig. 4c).
2.4 Physical properties, time management and pluton
implementation

The models cover a time span of 20 Myr during which the
detachment is active (i.e., the detachment has higher permeabil-
ity than the crust). These models then included both
topographical (pressure gradient) and pluton-induced (buoyan-
cy) driving forces for fluid circulation. The elliptical pluton
domain is approximately 10 km long and 1 km thick (Fig. 4) in
accordancewith the pluton geometries and sizes described in the
literature (e.g., Guillet et al., 1983; Ballouard et al., 2015, 2017).

The experiments with a pluton can be divided into two
groups (Figs. 2 and 3): (1) those with a fixed permeability,
designed to examine the effect of the pluton position on
hydrodynamics models; (2) those with a pluton dynamic
permeability,which investigate the influenceof transientmagma
permeability during crystallization. In both cases, the pluton
domain was split into two sub-domains: one within the
detachment which represents its apical zone and another one
within the crust (Figs. 4a, 4d). This configuration has been used
toaccount for thephysical evolutionof the injectedmagma, from
themagmatic state to the solid state. Before pluton activation but
duringdetachmentworking (0–10Myr), the physical parameters
of the pluton crustal sub-domain, amongwhich permeability, are
equal to those of the surrounding crust, whereas they are equal to
those of the detachment for the pluton sub-domain within the
detachment.Theheatingperiod (i.e.,magmaemplacement, from
10 Myr to 11 Myr) is simulated by producing heat of
3.4� 10�4W/m3. Similarly to Eldursi et al. (2009), the
temperature of the inner part of the pluton was limited below
900K,which corresponds to themaximum temperature of felsic
magmas (Philpotts and Ague, 2009).

In the model considering a pluton dynamic permeability,
we took into account the rate of magma crystallization and
hence considered permeability changes in response to pluton
crystallization. The crystallization rate of a magma is strongly
dependent on temperature. From the literature (Bouchez et al.,
1992; Fazio et al., 2020), we inferred a 500 °C threshold as the
sub-solidus temperature for granitic magmas. Thus, for these
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specific simulations, we applied the following controls for
permeabilities of both pluton sub-domains: in meshes where
the temperature was lower than 500°C, the permeability
remained equal to those of the crust and the detachment (i.e.,
solid-state), whereas it dropped to 10�22 m2 when the
temperature exceeded 500°C (i.e., magmatic state). At cooling
initiation (i.e., 11 Myr), the permeabilities of both pluton sub-
domains returned to their initial values (i.e., before activation).

4 Results

4.1 Topography gradient effect

Figure 5 shows the relationships between topography-
driven gradient and fluid flow in the detachment zones as seen
through the Pe number patterns. In the flat topography model
(Fig. 5a), the Pe number is less than 1 for the detachment low
permeability model (Kd1, Fig. 5a), no advection of isotherms is
visible. With a maximum permeability (Kd4, Fig. 5b), although
the Pe number locally exceeds 1 in both the detachment and the
secondary faults, the isotherms remain largely undisturbed,
which suggests a dominant conductive heat transfer.

In the model with a 500m topography, for low
permeability Kd1 (Fig. 5c), the Pe numbers greater than 1
are restricted to the detachment tip at very shallow depths (less
than 2 km). For the Kd4 maximum permeability model Kd4

(Fig. 5d), the Pe numbers greater than 1 are encountered in the
upper part of the detachment zone and within the secondary
faults. A slight deformation of the isotherms is observed in the
hanging wall.

Similar tendencies are observed for the 3000m topography
models (Fig. 5e, Fig 5f), with more pronounced deformation of
the isotherms and higher Pe numbers. Experiments (d) and (f)
in Figure 5, respectively for the 500 and 3000m topographies
show that some secondary faults (the two deep-rooted ones)
localize the downward flow of surface-derived fluids toward
the detachment plane, along which they migrate upwards,
reaching the shallow-rooted secondary fault along which fluids
are discharged toward the surface. For instance, the Kd4

detachment permeability with the 3000m topography (Fig. 5f)
exhibits a discontinuity in the Pe greater than 1 distribution
within the detachment segment located between the detach-
ment tip at the surface and the first secondary fault on the right-
hand side. This interruption is caused by this secondary fault as
it pumps a greater amount of fluids upwards (with Pe
exceeding 30, Fig. 5f) causing deformed isotherms by vigorous
advection. This fluid flow pattern underlines its convection
ability through high permeability localized channels rather
than through a matrix of host rocks. Both topography-induced
pressure gradients and increasing fault-system permeabilities
combine in triggering such convective and channelized fluid
flow along high permeabilities fault pathways. Without
topography-driven gradient pressure (i.e., flat topography)
the whole fault system (detachment and its secondary faults)
with high permeability (Kd4, Fig. 5b) behaved as a reservoir in
which free thermal and advective flow is possible at depth
whereas it is not possible in the surrounding crust. Thus, the
fluid flow focused in secondary faults and detachment upper
segment may initiate and develop without requiring any
topography-driven pressure gradient. On the other side,
topographic elevation in the detachment foot wall triggers
f 24



Fig. 5. Experiments testing the topography effects on surface-derived fluid percolation within the detachment. The snapshots have been taken at
the same moment (11.1 Myr). The Pe number greater than 1 (in blue) and isotherms (colored lines) and the major streamlines with arrowheads
indicating the flow direction (in purple) are represented for the three tested topographies (0m, 500m and 3000m). The three diagrams on the left
(a, c, e) correspond to the minimum permeability (Kd1) and those on the right (b, d, f) correspond to the maximum permeability (Kd4). Isotherms
are indicated in °C.
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low velocity and slow diffuse fluid convection in the
uppermost permeable crust (see streamlines in Fig. 5). As a
result, after several million years, large-scale doming of the
isotherms in the lower plate is apparent and is facilitated by
high fault system permeabilities (Fig. 5). In turn, this thermal
doming exerts positive feedback on high velocity and focused
convective fluid flow within fault system.
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4.2 Pluton emplacement effects
4.2.1 Pluton without dynamic permeability

The 500m topography model has been selected since it
strikes a compromise between the flat topography model,
which ignores the topography-driven pressure gradient, and
the 3000m model, which exaggerates it.
f 24



Fig. 6. Shallow pluton emplacement models for two detachment permeability laws Kd3 (left column) and Kd4 (right column). (a) (b): distribution
of advective areas (Pe numbers greater than 1) before (9.9 Myr), during (10.5 Myr) and after pluton emplacement (11.1 Myr); (c) (d): isotherms
and FPFV in detachment zone and secondary faults for both permeabilities at 11.1 Myr. (e) (f): Close-up at 11.1 Myr showing the streamlines (in
purple) and Darcy’s velocity (red arrows, size indexed to velocity value) with the same scale for both permeability laws.
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Fig. 7. Deep pluton emplacement models for two detachment permeability laws Kd3 (left column) and Kd4 (right column). (a) (b): distribution of
advective areas (Pe numbers greater than 1) before (9.9Myr), during (10.5 Myr) and after pluton emplacement (11.1Myr); (c) (d): isotherms and
FPFV in detachment zone and secondary faults for both permeability at 11.1 Myr. (e) (f): Close-up at 11.1 Myr showing the streamlines (in
purple) and Darcy’s velocity (red arrows, size indexed to velocity value) with the same scale for both permeability laws.
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For the two tested pluton positions, the permeability
models Kd1 and Kd2 do not allow a downward flow of meteoric
fluids within the detachment fault. Moreover, no convection
cells were identified with these detachment permeabilities,
implying that within the detachment domain, there is only one
direction of fluid flow (upward flow of hot fluids). Therefore,
we present models Kd3 and Kd4 in this subsection, for which a
downward flow of meteoric fluid in the detachment is
predicted.

The Kd3 model (Fig. 6a) exhibits an evolution of the Pe
number distribution that witnesses an increase of advective
areas during the plutonic activity (10.5 Myr) and after the
cooling initiation (11.1 Myr). In both cases, a migration of the
Pe numbers higher than 1 from the detachment domain to
the hanging wall is observed. Similar patterns are observed for
the Kd4 model (Fig. 6b) with higher fluid flow registered by
large zones for which Pe numbers higher than 1, particularly
near the secondary fault adjacent to the intrusion.

Both permeability models imply a downward flow of
surface-derived fluids into two of the secondary faults and into
the upper detachment segment. Concurrently, an upward flow
of fluids is observed within the secondary fault situated on the
far right, extending through the lower segment of the
detachment and into the crustal zone above the pluton cupola,
where convective patterns develop (Fig. 6e, Fig 6f). Figures 6c
and 6d show the thermal regime and fault hydrodynamics
during the cooling period, for the two permeability models.
The distribution and distortion of the isotherms are roughly
similar for both models and present a strong plume-like
thermal advective anomaly within the hanging wall. This
appears to be controlled and localized by the tip of the
shallower secondary fault, located at the far right of the figures,
as evidenced by the streamlines in both models (Fig. 6e,
Fig 6f). In these models, the ascent of fluid within the lower
part of the detachment is hindered by the opposing movement
of colder fluids descending along the upper part of the
detachment. This obstruction between these two opposite
flows forces part of the hot fluids to bypass the detachment
domain through the crust domain, forming a plume-like
thermal advective anomaly emerging at the surface. Within the
detachment itself, the interface between ascending and
descending fluid flows is characterized by the formation of
intra-detachment semi-complete convection cells (Fig. 6e
Fig 6f).

A deeper pluton position induces a contrasting behavior
between the two tested permeabilities (Fig. 7). In the Kd3

permeability model, a plume-like thermal anomaly develops
above the apical zone of the pluton and beneath the tip of a
secondary fault (Fig. 7a, Fig 7c). However, this anomaly
vanishes at higher permeabilities (Kd4; Fig. 7b, Fig 7d), with
the distribution of Pe numbers higher than 1 being confined to
the detachment and secondary faults. This distinct fluid
behavior between models Kd3 and Kd4 (Fig. 7) can be
attributed to a predominant downward flow within the
detachment upper segment in model Kd3 (Fig. 7c, Fig 7e).
Subsequently, an upward migration of these fluids occurs in the
secondary fault located on the far-left side of the model.
However, this upward flow is swiftly redirected from the
secondary fault towards the crust, culminating in the formation
of the thermal anomaly. This plume-like anomaly is
particularly noticeable at the tip of the middle secondary
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fault, mirroring the thermal anomalies identified in models of
the shallower pluton position (Fig. 6c, Fig 7d). On the other
hand, fluid flow within the high permeability detachment is
unidirectional, ascending only, thus preventing any convection
cells to form within the detachment. This is evidenced by the
shape of the isotherms and streamlines depicted in Figure 7d
and Figure 7f. Interestingly, when there is a significant
permeability contrast in the case of a deep magmatic pulse
(Fig. 7), the dynamics can shift. Under these conditions, fluid
patterns tend to reverse, facilitating downward movement into
the hanging wall through the three secondary faults. This
mechanism also promotes the evacuation of the fluids towards
the surface in the detachment itself. Additionally, we note the
formation of a thermal anomaly at the tip of the detachment
(Fig. 7d). However, the magnitude of this anomaly is lower
than in the other models (Fig. 6c, Fig 6d and Fig. 7c) as we are
more distant from the pluton. Comparing shallow and deep
pluton emplacement experiments (Fig. 6 and Fig 7), a plume-
like anomaly through the crust is generated only when a
secondary fault expels fluid upwards. This triggers the
possibility for cold fluids to flow downward along the
detachment upper segments and then promote by obstruction
the by-pass of hot fluids from the detachment to the crust
domains. This may occur at great depth (around 10 km in
Fig. 7c) where crustal permeability is low (around 10�17 m2).

Thus, drawing upon the principle of mass conservation, the
high influx of surface-derived fluids into the pluton emplace-
ment models evidenced by the Pe numbers greater than 1
distribution, streamlines and the isotherms suggests that the
formation of the thermal plume-like anomalies serving as exit
pathways for the fluids, is highly expected.

4.2.2 Pluton with dynamic permeability

Here, we present results for which the pluton permeability
is dynamic (i.e., temperature-dependent): permeability is
minimum for the magmatic state and increases with
crystallization. As the Kd3 model closely resembles the Kd4

(Fig. 6) and as we are interested in minimalizing the
permeability contrast between the crust and the detachment
that enables downward percolation, we used the Kd3

detachment permeability law for this simulation. Figure 8
provides, through screenshots and cross-sectional views, a
comparative analysis between the pluton model with dynamic
permeability and a pluton model with fixed permeability. This
comparison focuses on fault-parallel fluid velocities and
integrated fluid flux in the detachment system across a 100 Kyr
period, examined in three distinct time segments with regard to
the stage of pluton activity (i.e., before, during and after
emplacement).

In the hanging wall, both models exhibit a correlation
between the maximum time-integrated fluid fluxes and the
regions where Pe numbers are higher than 1 (Fig. 8b, Fig 8c
and Fig 6a). For the pluton dynamic permeability model, an
elevated time-integrated fluid flux is discernible in the apical
zoneof theplutonduringbothemplacementandcooling (Fig. 8c,
Fig 8e andFig 8f). This increase is oneorderofmagnitudehigher
than for thephaseprior to theplutonactivity. 100Kyrafterpluton
cooling initiation, the cooling phase is characterized by a
symmetry both in time-integrated fluid flux and, more
remarkably, in fault-parallel fluid velocities. This apparent
of 24



Fig. 8. Time-integrated fluid flux estimates for dynamic and fixed permeability models with Kd3 permeability. (a): Time-integrated fluid flux (in
log unit) before pluton emplacement, from 9.8 to 9.9 Myr for a 100 Kyr period. (b) and (c): Time-integrated fluid flux (in log unit) during the
pluton emplacement (from 10.5 to 10.6Myr) for non-dynamic and dynamic permeability models of the pluton, respectively. (d) and (e): Zoom in
into (b) and (c), respectively. (f) and (g): Profiles of the time-integrated fluid flux (in log unit) and Darcy’s velocity component parallel to the
detachment and secondary faults (FPFV) from the AB cross-section, respectively.
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symmetry in the FPFV is represented by positive values,
denoting upward fluid flow, and negative values, indicating
downward fluid flow (Fig. 8g). Such a distribution is consistent
with the existence of semi-complete convection cells within the
detachment (Fig. 8e), as previously outlined. On the other hand,
in the fixed permeability model, fluid flow is significantly
lowered during the activation of the pluton due to a decrease in
permeability as the plutonic rock is in the magmatic state
(Fig. 8b, Fig 8dandFig8f).During thecoolingphase (11.1Myr),
the positive FPFV values display a unidirectional upward fluid
flow (Fig. 8g) which indicates that the semi-convection cells are
not present or at least at this cross-section.

4.3 Detachment permeability models with respect to
the tested driving forces

In this section, we present a synthesis of our results
investigating the topography and plutonic driving forces effect
with regard to the four testeddetachmentpermeabilities.Figure9
presents two cross-sections of a detachment and a secondary
fault, displaying the relationshipbetweenPenumber and the four
tested detachment permeability laws. For the sake of succinct-
ness, only the shallow pluton emplacementmodel with the three
topographical gradient models has been addressed.

Pe numbers less than 1 are observed for all permeability
laws in the detachment cross-section with the flat topographi-
cal configuration, whereas Pe numbers greater than 1 are
observed in three of the detachment permeability laws (Kd2,
Kd3, and Kd4) with a 3000m topography setup (Fig. 9b). With
500m topography and without magma emplacement at depth,
thermal advection within detachment is achieved with a
minimum permeability of 50 times the one of the crust (i.e.,
Kd3). In the secondary fault cross-section (Fig. 9c), for all
tested configurations, the Pe numbers increase with the
topographical gradients and are nearly constant (i.e., straight
horizontal profiles) across the secondary fault (Fig. 9c).

With the pluton (Fig. 9d, Fig 9e) a significant increase in Pe
numbers is observed during pluton activity and cooling. Pe
numbers are approximately increased by a factor of 2 in the
detachment cross-section and by a minimum factor of 4 in the
secondary fault cross-section. Notably, during cooling, the
detachment exhibits Pe numbers higher than those observed
during the pluton activity period. However, in the secondary
fault cross-section, these tendencies are reversed as the Pe
numbers during the activity period are superior to those of the
cooling period. Thus, with a similar topographical configura-
tion (e.g., 500m in Fig. 9), regardless of the detachment
permeability law, pluton emplacement in the detachment
enhances thermal advection, which implies vigorous fluid
flows in the system.

4.4 Deep percolation of surface-derived fluids within
detachment fault systems

Figure 10a depicts the tracking of fluid particles from the
surface (close to detachment and secondary faults tips) in the
set-up of a shallow pluton with dynamic permeability (i.e., the
same experiment as the one presented in Fig 8e, Fig 8d, Fig 8g)
during activation of the pluton and the cooling phases (from 10
to 11.1 Myr). According to our results on thermal advection
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(Fig. 6, Fig 7 and Fig 10), this particle tracking confirms the
deep percolation (to a depth ranging from 5 to 11 kilometers,
Fig. 10) of surface-derived fluids along the detachment and
secondary faults, even though magmas emplaced at depth.

Therefore, if the bulk detachment system, including
secondary faults, is considered, several of our simulations
reproduce the penetration of meteoric fluid circulations at
depth consistently with what is evidenced in many natural
detachment cases (e.g., Fricke et al., 1992; Morrison and
Anderson, 1998; Dusséaux et al., 2022). Moreover, the
tracking of these same particles in a P-T space indicates that,
even with a plutonic heat source, fluids remain in a liquid state
(e.g., without vaporization, Fig. 10b). This particle tracking
does not inform about the amount of surface-derived fluid and
thus does not give direct access to the fluid/rock ratio. In
further discussion, we thus attempt to evaluate the amount of
surface-derived fluids through the analysis of thermal
advection and time-integrated fluid fluxes.

5 Discussion

5.1 Detachments and fluid circulation in non-
magmatic systems

The combination of a high topography and a high
permeability ratio between the detachment and the crust
creates favorable conditions for meteoric fluid percolation
(Fig. 5f), downwelling being assisted by secondary faults in the
hanging wall. This pattern has been extensively proposed as a
conceptual hydrodynamic model from natural case studies of
detachments (Siebenaller et al., 2013; Quilichini et al., 2015;
Methner et al., 2015; Gottardi et al., 2011, 2013, 2018).
However, buoyancy forces prevent any downward infiltration
of meteoric fluids along the detachment plane itself and
conceptual models with ascending fluids within detachment
(Reynolds and Lister, 1987; Holk and Taylor, 2000) appear to
be more coherent with respect to our results. Pe numbers
distribution (Fig. 5,Fig 9) coupled with time integrated fluid
flux (Fig. 11a) suggest that within a detachment, areas with the
highest fluid/rock ratios are limited and restricted to the upper
part of the detachment (< 6 km depth).

As our experiments use depth-dependent permeability laws
for the crust and the detachment-fault system, our numerical
resultsaredifficult toconfrontdirectlywith results fromprevious
numerical studiesdealingwithdetachment hydrodynamics (e.g.,
Person et al., 2007; Souche et al., 2014; Roche et al., 2018).
However, with a maximum permeability contrast between the
detachment and the crust of 100 and a maximum topographic
gradient of 3000m, we do not reproduce advective convection
cells within faults and in the hanging wall of detachments
(Fig. 5f): Pe numbers are greater than 1 within some faults and
detachment segments, but the cooling effects at the intersection
between secondary faults and the detachment (Fig 5f and Fig 1,
Fig 2, Fig 3, in Fig. 11e) are too low to explain the hanging wall
and intra-detachment refrigeration measured in natural cases
(Morrison and Anderson, 1998; Famin et al., 2004).

Ourmodels are not designed to simulatefluidflows in supra-
detachment sedimentary basins as Souche et al. (2014) have
done. In contrast to that study, which ignored topography-
induced fluid flows, we do not observe convection cells in the
upper plate above thedetachment, regardless of the topographies
of 24



Fig. 9. Pe number vs. detachment permeability models for the two cross-sections (localized as red lines in a). Panels on the left depict the
detachment cross-section for the three tested topographies at the samemoment (15Myr, panel b) and for the first pluton position at three different
instants (before, during and after its activity) with a topography of 500m (panel d). On the right, panels c and e display the secondary fault cross-
section with conditions identical to panels b and d, respectively.
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and tested detachment permeabilities (Fig. 5). These contrasting
results could be explained by the high initial temperature
gradient in the foot wall of Souche et al. (2014) experiments
(> 50°C/km).

Internal convection cells within faults and associated
convective thermal anomalies are favored by high fault dips
(Duwiquet et al., 2019; Guillou-Frottier et al., 2020).
Accordingly, our experiments show that a thick detachment
(700m mean) with a low dip (25°) has low potential to
developing internal convection cells along with thermal
anomalies. This appears to be valid even with a high
Page 15
topographic gradient and high crust-fault permeability
contrast. Therefore, convection cells along deep segments of
detachments as proposed by Famin et al. (2004) seem unlikely
to occur, at least in the absence of pluton emplacement.

5.2 Pluton effects on hydrodynamic patterns of
detachment systems

Figure 11 shows that the emplacement of a pluton triggers
larger and deeper surface-derived fluids percolation along the
detachment plane with respect to experiments without magma
of 24



Fig. 10. Tracking of fluid particles in (a) a schematic cross-section and in (b) a Pressure-Temperature diagram considering the model with a
pluton dynamic permeability. The depth has been approximated following the hydrostatic pressure. The red curve delineates the vapor-liquid
transition of pure water according to Cooper and Dooley (2007), with the critical point of pure water (CP) marked by a red dot.
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emplacement. Noteworthy, in natural MCC systems, the
magmatic heat zone may also correspond to a migmatitic rock
volume. Such “hot” MCC and detachment systems are
potentially susceptible to record more vigorous percolation of
meteoric water into detachments rather than their “cold”
(i.e., magma-poor) equivalent (e.g., Morrison, 1994; Morrison
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and Anderson, 1998; Gébelin et al., 2011; Siebenaller et al.,
2013; Gottardi et al., 2018). Indeed, within the detachment
domain, thermal advection and time-integrated fluid fluxes are
higher and more widespread than in non-magmatic systems
(Fig. 9, Fig. 10 and Fig. 11a, Fig. 11b), suggesting that
refrigeration could be more effective in magmatic detachment
of 24



Fig. 11. Comparative analysis of detachment zone models with (right side) and without a syn-kinematic pluton (left side). (a) and (b) display the
logarithm of time-integrated fluid flux for the two models. (c) and (d) illustrate the FPFV and isotherms. (e) and (f) present the temperature
profiles across the detachment cross-section, depicted in (a).
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systems. In particular, the zone of intersections between the
secondarynormal faultsanddetachmentplanemightbepreferential
zones for recording thermal disequilibrium (Fig. 11f). Our pluton
dynamic permeability experiments (Fig 8, Fig 10 and Fig 11)
indicate that such localized thermal disequilibrium might be
effective within the magmatic bodies themselves.

Our simulations also highlight that detachments associated
with magma emplacement may be infiltrated by both
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ascending and descending fluids at the same time (Fig. 6,
Fig 8a and Fig 11a) with complex convection cell-like patterns
in the mixing zone (Fig. 6e, Fig 6f). This upward and
downward fluid flow is highly sensitive to the depth of the
intrusion and the permeability contrast between the crust and
the fault. A deep heat source and a permeability contrast
greater than 50 appear to stop the coeval upward and
downward flows, solely allowing unidirectional ascent of hot
of 24



Fig. 12. A proposed synthetic hydrodynamic model of surface-derived fluid circulations along detachment with or without syn-kinematic
intrusion. Here we consider an active detachment-fault system creating a moderate permeability contrast (e.g., max ratio of 50) between the crust
and the faults. Free topography model proves ineffective in prompting the deep percolation of surface-derived fluids into detachment segment
(a). Modest topographic gradients are also insufficient to generate significant fluxes of surface-derived fluids (b). A heat source as a magmatic
intrusion in the detachment foot wall enhances such downward fluid fluxes associated with hot upward flows in the hanging wall (c).
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fluids in the detachment (Fig. 7d). Such high permeability
contrasts might be generated by seismicity with associated hot
venting at the detachment tips, a situation described by Famin
and Nakashima (2005). Thus, we propose that the hydrody-
namic situation we describe may provide important clues when
interpreting contrasting isotopic data from the same detach-
ment plane at different depths or across “convection cell-like”
segments. Also, these “convection cell-like” areas are zones of
fluid mixing and may then be crucial for the decomplexation of
dilute species and mineral precipitation.

Using a depth-dependent permeability model for the crust,
Eldursi et al. (2009) reproduced akin to what we achieved in
our models, namely a plume-like thermal anomaly above a
detachment and a pluton simulating the Elba system. Their
model does not account for secondary faults nor detachment
depth-dependent permeability, suggesting that such anomaly is
not triggered by faults in the upper plate. For geothermal and
mineral exploration, such anomaly constitutes a valuable target
in the context of MCC and active detachments, e.g., the
Menderes Massif in Turkey (Roche et al., 2018, 2019). Our
study demonstrates that tips of secondary faults in the surface
of the upper plate may control the location of such anomaly in
case of active magmatism below a low-angle fault zone (Fig. 6
and Fig 7).

Temperature profiles along the detachment segment
adjacent to the pluton, illustrate a rapid cooling that
commenced at 11 Myr, marked by a significant and immediate
temperature drop (Fig. 11f, the 11.1 Myr profile). This initial
rapid cooling phase was followed by a more prolonged period
of cooling, during which temperatures do not fully return to
their pre-emplacement levels (Fig. 11f, the 12 Myr profile).
Similar patterns of pluton cooling rates have been observed in
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the Sierra Nevada batholith, particularly within the John Muir
Intrusive Suite (Davis et al., 2012) with the longer cooling
period extending to several million years. Pluton cooling rates
differ from site to site based on specific conditions, but key
factors such as incremental assembly (through successive
magma injections), size and depth of emplacement signifi-
cantly influence these rates (e.g., Simmons andWebber, 2008).

The thermal disequilibrium induced by the magmatic
intrusion is still effective 1 Myr after the heat source was
stopped, i.e., the magma stopped being injected. This implies
that, even with an effective cooling system as the detachment
and associated secondary faults, shallow granitic intrusions
may propagate long-lived thermal anomaly, more than 1 Myr
after the magmatic chamber replenishment.

5.3 Proposed synthetic model

In our study, two sets of conditions allow the deep
circulation of surface-derived fluids. The first one corresponds
to a high topographical gradient combined with high
permeability contrast between detachment/secondary faults
and crust (Fig. 5f). The second scenario relies on the presence
of a heat source regardless of its position (Fig. 6 and Fig 7) and
does not require high permeability contrasts nor a high
topographic gradient. Indeed, at least in the upper and middle
crust such moderate permeability contrasts may be expected as
processes like crack healing and hydrothermal sealing are
believed to be rapid (ranging from days to centuries,
respectively, according to Gratier, 2011). This would lead to
a rapid decrease in fault permeabilities, and thus, a high
permeability ratio between the crust and the faults might not be
maintained over long durations.
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Fig. 13. Conceptual model showing the main phases of the evolution of uranium mineralization in the Guérande system. (a): Guérande
localization in the South Armoricain Domain. (b): Airborne radiometric map showing the distribution of uranium in the Guérande area. (c) Syn-
detachment emplacement of the granitic pluton at ca. 310 Myr where the apical zone is enriched in incompatible elements; (d) Exhumation and
subsequent brittle deformation at ca. 300 Myr allowing the infiltration of oxidizing meteoric fluids able to leach uranium from the granite and
transport uraniferous species along faults. A renewed magmatic activity is recorded at 300 Myr through the leucogranitic dyke emplacement.
Precipitation of uraninite occurred along faults crosscutting black shales in the detachment upper plate. Modified after Ballouard et al. (2017)
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This second scenario emphasizes that high fluxes of
surface-derived fluids with detachment are anticipated when
magmas are emplaced within the detachment foot wall. This
heat source accelerates the fluid movement initiated by the
permeability and topography interplay, hence generating faster
surface-derived fluids percolation with larger amounts. The
secondary faults in the hanging wall also contribute by
providing a conduit for these fluids to flow as proposed in
many studies (e.g., Reynolds and Lister, 1987; Mulch et al.,
2004; Ballouard et al., 2017; Gottardi 2011, 2013, 2018;
Qiu et al., 2018).

Topographic gradients facilitate the downward infiltration
of such fluids but are not sufficient alone to yield high fluxes
(Fig. 12a vs. Fig 12b), even with a permeable secondary fault in
the hanging wall. When reconstructing paleo-elevations using
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stable isotopes, it is essential to consider the hydrodynamic
role of magmas on the downward percolation of surface-
derived fluids (Fig. 12c). This consideration is crucial to model
both late orogenic (e.g., Mulch et al., 2004) and syn-orogenic
(e.g., Gébelin et al., 2013) detachments. Detachment systems
that incorporate magmatic intrusions are favorable to the
downward circulation of surface-derived fluids and are thus
able to capture the meteoric isotopic signature, especially in
zones of high fluid/rock ratios.

6 Uranium mineralization as an application

Emblematic Variscan Umineralization occurred in relation
with detachment activity and syn-kinematic leucogranite
emplacement (e.g., the Guérande U-rich system in the South
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Fig. 14. Mapping of potential mineralization zones on the application case of the Guérande U mineralized system through the Restricted Rock
Alteration Index (R2AI) at four distinct stages during the activation and cooling phases. Blue arrows indicate downward fluid flow and red arrows
indicate upward fluid flow.
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Armorican Domain; Fig. 13; see also Ballouard et al., 2017).
Ballouard et al. (2017) have established that the apical zone of
the Guérande leucogranite was enriched in U (associated with
a Sn mineralization) as a result of concentration of
incompatible elements during fractionated crystallization
around 310 Myr (Fig. 13c). A new magmatic activity occurred
around 300 Myr evidenced by microgranitic dykes (Ballouard
et al., 2016, Fig. 13d). Simultaneously, the infiltration of
oxidizing meteoric waters along normal faults was responsible
for U leaching from the pre-concentrated apical zone
(Fig. 13d). Some of these normal faults were active and
brittle during the mineralizing stage within the detachment
hanging wall (Ballouard, 2016). Uranium precipitated where
U-rich fluids came in contact with reducing black shales within
the hanging wall.

In this section, we undertake an analysis of a
U-mineralized system of Guérande through the use of the
dynamic pluton permeability model presented above (Fig. 8).
Leucogranitic plutons emplace and cool rapidly (e.g., Petford
et al., 2000). Therefore, the main Guérande plutonic body
which was emplaced around 310 Myr was crystallized and
cooled at 300Ma. Here, we focus on the magmatic pulse at 300
Myr, which reheated the previously cooled plutonic body. This
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300 Myr pulse was accompanied by brittle deformation in the
hanging wall. Uranium mineralization was associated with this
event (Ballouard et al., 2017). Therefore, during the emplace-
ment period (from 10 to 11 million years), our dynamic pluton
permeability model serves as an analog to the magmatic setting
of the Guérande system around 300 Myr (Fig. 8c and Fig 13d).
The pluton dimensions and its depth of emplacement alsomatch
those of the Guérande leucogranite pluton (Guillet et al., 1983).
Through this analysis, we thus seek to identify potential zones
where uranium could precipitate.

Figure 14 presents the location of the most favorable
mineralized zones following our simulations using R2AI
mapping. During the activation and the first cooling phases of
the pluton (i.e., 10.5 and 11.1 Myr, Fig. 14a and Fig 14b), the
detachment itself appears to be of low favorability for
mineralization. Rather, the thermal plume-like structure, the
apical zone of the pluton and the secondary fault (at least
during cooling) exhibit a greater potential for mineral
deposition. In this plumbing system where the plume-like
structure emerged in the hanging wall, thermal convection
(Fig. 8c, Fig 8g) allowed the fluid flow to self-organize into
stable patterns with a steep thermal gradient during the period
of magmatic activity. As the fluids in this region are heated,
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they expand and flow faster. This leads to significant fluid
movement through the rocks, promoting higher fluid/rock
ratios and, consequently, massive solute transfer. This process
culminates in the dissolution and transport of dissolved
uranium species as Heinrich and Candela (2014) noted,
eventually leading to the precipitation and formation of
uranium deposits.

In the subsequent cooling phase, in which the thermal
anomaly diminishes (between 12 and 12.5 Myr), the isotherms
mainly stabilize, adopting a flatter profile, with an exception in
the central secondary fault (Fig. 14c, Fig 14d). Within this
fault, there is a clear shift in the direction of fluid flow, from a
downward direction at 10.5 and 11.1 Myr to an upward
direction at 12 and 12.5 Myr. This upward motion fosters a
channelized pathway, which has the potential to concentrate
the mineralization within the fault zone as indicated by the
R2AI (Fig. 14cc and Fig 14d).

In the context of temperature conditions favoring uranium
precipitation, Cathelineau (1982) conducted fluid inclusion
investigations on quartz combs associated with uranium oxide
veins from the Pen Ar Ran deposit. His findings revealed that a
low-salinity mineralizing fluid was trapped between 340 °C
and 380 °C, at relatively low pressure conditions. Conversely,
Ballouard et al. (2017) proposed an alternative explanation,
suggesting that the measured high trapping temperatures by
Cathelineau (1982) might be exaggerated by radiolytic
processes due to uranium decay. They estimated lower
trapping temperatures between 250 °C and 350 °C as more
accurate, corresponding to local anomalous heat flux.

In our numerical simulations (depicted in Fig. 14a and Fig
14b), we observed an upward circulation of surface-derived
heated fluids with temperatures spanning from 200 °C to
360 °C at low-pressure conditions, which mirrors the published
physical conditions for the Pen Ar Ran deposit. Furthermore,
iterative time-integrated R2AI analysis from magma injection
and cooling, indicated that the largest potential for uranium
deposition is situated in the hanging wall above the pluton
cupola. Thus, the alignment of our modeled conditions with
natural observations lends plausibility to the likelihood of
uranium precipitation in similar thermal scenarios. It is
essential to note that uranium precipitation during an extended
cooling period (as shown in Fig. 14c and Fig 14d) is
nevertheless unlikely due to the limited amount of surface-
derived fluid compared to the period of magmatic activity
(Fig. 11 and Fig 12). It remains that the middle secondary fault
continues to represent a viable zone for the precipitation of
other uranium-bearing minerals such as Coffinite, Autunite
and Carnotite that have lower precipitation temperatures.
7 Limitations and perspectives

In this study, we conducted 2D hydrodynamic models of
detachment zones, exploring several driving forces for the
infiltration of surface-derived fluids, including permeability
contrast, topography and the role of a heat source. Our findings
provide valuable insights regarding the principal determinants
that govern the flux of these fluids. Nonetheless, our models do
notaccount forseveral factors that couldpotentially influence the
hydrodynamics in a detachment zone system. These include: (1)
Permeability lateral variation, (e.g., Duwiquet et al., 2019),
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especially in the detachment zone. Dynamic permeability
changes for instance as a function of porosity (e.g., Launay et al.,
2023); (2) Seismic pumping which causes an abrupt increase in
detachmentpermeability (e.g., FaminandNakashima,2005); (3)
3D modeling investigation which is needed to thoroughly
understand thefluidflowpattern and locate plausible convection
cells, mainly in the lateral detachment zone section; (4) coupling
with chemical reactive transport which is crucial for tracking
uranium species speciation, dissolution and precipitation.

8 Conclusion

The present numerical investigation of surface-derived
fluids infiltration within detachment zones yields the following
conclusions:
o

1

f 2
In the absence of a pluton, the downward percolation of
surface-derived fluids is only achievable under conditions
of high topography (≥ 3000m) coupled with a high
detachment/crust permeability ratio (≥ 100).
2
 The emplacement of a pluton along a detachment fault
triggers and sustains the downward infiltration of surface-
derived fluids, without necessitating a significant perme-
ability ratio contrast nor a steep topography gradient.
3
 Secondary faults within the hanging wall play a pivotal role
in stabilizing hydrodynamics by acting as conduits that
channel fluid flows from the surface to the detachment zone.
4
 A pluton dynamic permeability indexed to sub-solidus
temperature favors large fluid flows and efficient cooling in
the apical zone.
5
 Regions conducive to uranium mineralization are consis-
tently identified in the hanging wall, particularly near the
leading edge of the pluton.
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