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Abstract. The Tét fault is a major crustal-scale fault in
the eastern Pyrenees (France) along which 29 hot springs
emerge, mainly within the footwall damage zone of the fault.
In this study, (U—Th)/He apatite (AHe) thermochronology
is used in combination with rare-earth element (REE) anal-
yses in order to investigate the imprint of hydrothermal ac-
tivity around two main hot spring clusters (Thues-les-Bains
and St Thomas) and between them. The main goal is to bet-
ter define the geometry and intensity of the recent thermal
anomalies along the fault and to compare them with previ-
ous results from numerical modelling. This study displays 99
new AHe ages and 63 REE analyses on single apatite grains
from samples collected in the hanging wall (18 to 43 Ma)
and footwall (8 to 26 Ma) of the Tét fault. In the footwall,
the results reveal AHe age resetting and apatite REE deple-
tion due to hydrothermal circulation along the Tét fault dam-
age zone, near the two hot spring clusters, and also in areas
lacking present-day geothermal surface manifestation. These
age resettings and element depletions are more pronounced
around the Thues-les-Bains hot spring cluster and are spa-
tially restricted to a limited volume of the damage zone. Out-
side this damage zone, new modelling of thermochronolog-
ical data specifies the thermal evolution of the massifs. The
footwall model suggests the succession of two main phases
of cooling: between 30 and 24 Ma and a second one around
10 Ma. In the hanging wall, little evidence of hydrothermal
imprint on AHe ages and REE signatures has been found,
and thermal modelling records a single cooling phase at 35—

30 Ma. Low-temperature thermochronology combined with
REE analyses allows us to identify the spatial extent of a
recent geothermal perturbation related to hydrothermal flow
along a master fault zone in the eastern Pyrenees, opens
new perspectives to constrain the geometry and intensity of
geothermal fields, and provides new regional constraints on
the cooling history of the footwall and hanging-wall massifs.

1 Introduction

Global geothermal energy production is expected to grow
rapidly over the next years due to its low environmental
impact and increasing technological developments (Van der
Zwaan and Della Longa, 2019). Geothermal exploration re-
veals great potential in different geological contexts (Lund
etal., 2011; Dobson, 2016) for several years (Barbier, 2002),
which include magmatic environments (e.g. Heffington et al.,
1977) and fault systems due to crustal extension (Meixner et
al., 2016). Heat advection requires the presence of water such
as that commonly found in continental hydrothermal systems
(Deming, 1994). This type of system can show temperature
and water discharge rates large enough for electricity produc-
tion in “geothermal doublets”, such as those developed in the
Basin and Range province (Blackwell et al., 2000; Faulds et
al., 2010) or in western Anatolia, Turkey (Roche et al., 2018),
with temperatures above 200 °C (Bertani, 2012).
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Several studies have shown the impact of faults adjacent to
topography to control hydrothermal circulation, whereby the
hot water flow is enhanced by forced convection (e.g. Forster
and Smith, 1989; McKenna and Blackwell, 2004; Taillefer et
al., 2017; Sutherland et al., 2017; Volpi et al., 2017; Jordan
et al., 2018; Wanner et al., 2019). Even in a poorly active
tectonic context, a high topographic gradient and the fracture
permeability inherent to normal faults provide good condi-
tions to allow efficient hydrothermal flow, as shown by mul-
tiple hot springs located along faults (Taillefer et al., 2017,
2018; Wanner et al., 2019). In this case, meteoric fluids infil-
trate from high reliefs in the footwall, heat up at depth, and
rise in areas of high permeability along the faults (Grasby
and Hutcheon, 2001; Craw et al., 2013). Thus, the circulation
of hydrothermal fluids is essentially controlled by topogra-
phy, the permeability of the host rocks, the geometry of the
fault zone (Caine and Tomusiak, 2003; Bense et al., 2013),
fracture mineralization (Eichhubl et al., 2009; Griffiths et al.,
2016), and the tectonic background of the area (Faulds and
Hinz, 2015).

In places where no heat flow data are available (no bore-
holes), geothermal exploration mainly relies on surface man-
ifestations of hot hydrothermal fluids (such as hot springs,
tuff deposits, or recent hydrothermal mineralizations). It
has recently been proposed that low-temperature (LT) ther-
mochronology can be used as a low-cost tool to support or
extend the exploration of such geothermal systems (Goryn-
ski et al., 2014; Milesi et al., 2019). In the past decades an
increasing number of studies revealed the influence of hy-
drothermal circulations on LT thermochronometers, render-
ing their interpretation difficult in terms of exhumation his-
tory along faults (e.g. Whipp and Ehlers, 2007; Wolfler et al.,
2010; Gorynski et al., 2014; Danisik et al., 2015; Valla et al.,
2016; Janots et al., 2019; Louis et al., 2019). In this study,
we propose an extended analysis of the (U—Th)/He system
in apatite (AHe) that is sensitive in a temperature range be-
tween 40 and 120 °C (Gautheron et al., 2009; Shuster and
Farley, 2009; Ault et al., 2019), combined with rare-earth el-
ement (REE) analyses on the same apatite grains. These cou-
pled analyses are used along the Tét normal fault (Pyrenees)
to track the effects of surface and blind thermal systems with-
out evidence of active fluid circulations. In a previous study
(Milesi et al., 2019), we showed that the analysis of REE mo-
bility in apatite can help to interpret scattering of AHe ages,
which in turn emphasizes hydrothermal imprints on this min-
eral. In this previous study, we focused on an area located in
the vicinity of an active hot spring cluster along the dormant
Tét fault in the eastern Pyrenees. The present study investi-
gates a 10km long segment of the Tét fault in order to test
these tools with two new sampling profiles both in areas lack-
ing current surface manifestations of hot hydrothermal fluids
and near the hottest springs along the fault.
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2 Geological setting

2.1 Cenozoic Tét fault activity and related exhumation
of the eastern Pyrenees

The Pyrenees form a mountain range 1000km long and
150km wide at the boundary between the Eurasian and
Iberian plates (Fig. 1a). The maximum of shortening oc-
curred during the Eocene in the axial part of the Pyrenees
(Vergés et al., 1995; Gibson et al., 2007; Sinclair et al., 2005;
Metcalf et al., 2009; Whitchurch et al., 2011; Fillon and van
der Beek, 2012) and between the Eocene and early Oligocene
in the eastern part (Burbank et al., 1992). This period was
characterized by the emplacement of south-verging nappes
rooted in the northern part of the range (Vergés et al., 1995;
Sibuet et al., 2004; Teixell et al., 2016). In the early Eocene,
the balanced cross sections of Ternois et al. (2019) sug-
gest the Eocene thrusting of the Aston—Mont-Louis unit onto
the Canigou massif, in agreement with thermochronological
data (Maurel et al., 2008). At the end of Oligocene, faults
with a NE-SW trend such as the Tét and Tech faults were
(re-)activated with normal motion in response to the rifting
of the Gulf of Lion (Séranne et al., 1995). Later, two minor
tectonic events were recorded on these faults: a Miocene dex-
tral strike-slip phase along the Tét fault led to the formation
of pull-apart basins (Fig. 1b) such as the Cerdagne and Rous-
sillon basins (Cabrera et al., 1988; Gibert et al., 2007) and a
second extensional tectonic event during the Plio-Quaternary
(Carozza and Baize, 2004; Lacan and Ortuifio, 2012; Petit and
Mouthereau, 2012; Clauzon et al., 2015).

The Tét fault (eastern Pyrenees) reaches 100 km in length
across Palaeozoic rocks from the axial zone, and that sep-
arates two domains with different long-time thermal evolu-
tion and exhumation history (Fig. 1b). Previous studies at the
scale of the eastern Pyrenees using various thermochronome-
ters, such as muscovite and biotite 40Ar/ 39 Ar, zircon fission
track (ZFT), (U-Th)/He on zircon (ZHe), apatite fission
track (AFT), and (U—Th)/He on apatite (AHe), provide im-
portant age constraints on the regional thermal history of the
eastern Pyrenees (Maurel et al., 2008; Gunnell et al., 2009;
Vacherat et al., 2014, 2016; Milesi et al., 2019; Ternois et al.,
2019).

In the hanging wall of the normal Tét fault (north of the
fault), “°Ar/3°Ar ages of hornblende (300.3 + 3.1 Ma) and
biotite (291.2 2.8 Ma) from the granitic Mont-Louis mas-
sif (Fig. 1c) record only the Variscan cooling history (Mau-
rel et al., 2008). By contrast, K-feldspar displays a discor-
dant age spectrum from about 50 to 295 Ma which was inter-
preted through multiple diffusion domain (MDD) modelling
to record the exhumation and cooling effects related to the
Pyrenean compressive tectonics in the Eocene. This is con-
sistent with fission tracks and zircon (U—Th)/He ages in the
whole massif. AHe data yielded a large age range between
29.7 4+ 1.5 and 48.7 + 2.4 Ma that is indicative of a long res-
idence in the partial retention zone from the middle Eocene
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Figure 1. (a) Regional map at the scale of the Mediterranean basin: the outline of the Pyrenees is shown in brown and the study area is
indicated with a red dot. (b) Structural map with principal faults and units; hot spring clusters are reported with coloured drops. D: Dorres,
L: Llo, St: St Thomas, Th: Thues-les-bains, V: Vernet-les-bains, LP: La Preste-les-bains, AM: Amélie-les-bains, B: Le Boulou, M: Molitg-
les-bains. Roussillon basin: Rb, Cerdagne basin: Cb (modified from Taillefer et al., 2017). (¢) Local map with the location of previously
published AHe ages and the location of the studied area (dashed rectangle, Fig. 5a). Hot springs are also represented by drops (modified from

Maurel et al., 2008).

to the lower Oligocene (Maurel et al., 2008; Gunnell et al.,
2009).

In the footwall of the Tét fault, samples from the Canigou
massif display younger and discordant muscovite and biotite
40 Ar/39 Ar ages that range from about 88.3+16.8 to 303.9+
2.4 Ma for muscovite and from 47.0£5.9 to 185.3+1.7Ma
for biotite. These discordant ages were interpreted to record
a thermal overprint on the Variscan basement rocks contem-
porary to the thinning and associated metamorphism of the
North Pyrenean zone (Maurel et al., 2008) and/or the thermal
effects associated with the widespread hydrothermal activity
that affected the eastern Pyrenees in the Cretaceous (Boul-
vais et al., 2007; Poujol et al., 2010; Fallourd et al., 2014;
Boutin et al., 2016). However, it is likely that the Eocene
overthrusting of the northern units (Ternois et al., 2019)
played a significant role in this age scattering. Nevertheless,
the Canigou massif could have occupied a ~ 4 km deeper po-
sition with respect to the Mont-Louis massif (Maurel et al.,
2008) before its Oligo-Miocene exhumation. Thermal mod-
elling using low-temperature thermochronometers revealed
that the Canigou massif was rapidly cooled ~ 20°C Ma™!
between 30 and 25Ma (Fig. 2) in relation to the Tét fault
normal activity (Maurel et al., 2008; Milesi et al., 2019). The
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Cenozoic exhumation of the Caranca and Canigou massifs
is estimated at about 2000 m (Maurel et al., 2008), but the
last period of relief edification and Tét fault activity is still
debated. The last vertical movements are related to either
the Miocene tectonic phase with a maximum of 300 m of
footwall uplift (Cabrera et al., 1988; Mauffret et al., 2001)
or to the Plio-Quaternary tectonic phase with up to 500 m
of exhumation (Carozza and Baize, 2004; Lacan and Or-
tufio, 2012; Clauzon et al., 2015). Petit and Mouthereau
(2012) consider any vertical displacement on the Tét fault to
have occurred during the Plio-Quaternary. Numerous NW-
SE faults, inherited from the Hercynian tectonics (Barbey et
al., 2001), are described as brittle faults with post-Miocene
activity. These faults are well-expressed near the St Thomas
hot spring cluster (Fig. 3, Taillefer et al., 2017 and 2018).
In the late to middle Neogene, a global regional uplift of
~ 1.5 to 2km associated with thermal erosion of the sub-
continental lithosphere is evidenced on the basis of multi-
disciplinary (Gunnell et al., 2009) and thermochronological
studies (Fitzgerald et al., 1999).

Today, the Tét fault shows no clear evidence of seismic
activity (Souriau and Pauchet, 1998), and no vertical move-
ment is recorded by GPS in the eastern Pyrenees (Masson et

Solid Earth, 11, 1747-1771, 2020
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Figure 2. (a) Regional thermal history of the Caranca—Canigou range (Tét fault footwall). Thermal modelling was computed with QTQt
software (Gallagher, 2012) and Gautheron et al. (2009) diffusion parameters using AHe data from Milesi et al. (2019) and AFT and ZHe
data from Maurel et al. (2008). Blue and red T-t paths correspond to the computed thermal history of the most and least elevated samples,
respectively. Dashed lines: 95 % confidence interval of T-t paths. (b) Predicted age vs. observed age graph for each apatite grain. The 1 : 1

diagonal line corresponds to an ideal fit of these ages.

al., 2019). Cosmogenic radionuclide data on karst sediments
(Sartégou et al., 2018) and on Tét valley fluvial terraces (Del-
mas et al., 2018) suggest incision rates in the range of 1 and
25 m per million years since 6 Ma.

2.2 Tét fault damage zone and associated
hydrothermal systems

The Tét fault is characterized by a thick sequence of de-
formed rocks on both sides of the main fault that can be di-
vided into two distinct zones: the core zone (CZ) and the
damage zone (DZ) (Caine et al., 1996; Shipton and Cowie,
2001; Billi et al., 2003; Kim et al., 2004; Berg and Skar,
2005). The CZ is generally formed by fault rocks composed
of breccias, cataclasites, and gouges (e.g. Sibson, 2000; Fos-
sen and Rotevatn, 2016). The CZ of the Tét fault is ~
10m thick and essentially composed of noncohesive brec-
cias supported by clay gouges, cataclasites, and crush brec-
cias formed at the expense of Palaeozoic rocks. Locally the
Tét fault displays a multi-core pattern (Thues-les-Bains, Llo)
with small cataclastic fault zones and deformed gneiss lenses
within the CZ (see Supplement Sect. S1 for a description of
the Thues-les-Bains CZ).

The DZ is a rock volume adjacent to the CZ characterized
by an important number of fractures (Caine et al., 1996; Sib-
son, 2000; Kim et al., 2004; Agosta et al., 2007; Faulkner
et al., 2010). Close to Thues-les-Bains, on the basis of field
measurements of fractures and small faults in the Caranga
valley, the half-thickness of the DZ is estimated at 400 m
(horizontal distance) with an inner highly fractured DZ of
75 m (Milesi et al., 2019). The half-thickness of the Tét fault
DZ is estimated between 200 and 700 m using lineament
analysis of satellite SPOT images with 5 m resolution (Taille-
fer et al., 2017). These values are coherent with fault dis-
placement and damage zone thickness laws assuming a sym-
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metrical DZ for the fault (Mayolle et al., 2019). In the DZ,
fractures are filled with quartz and/or carbonates, and some
of them from the inner DZ show chlorite, muscovite, and iron
oxides in veins cross-cutting fault rocks.

The Tét valley concentrates 29 hot springs with tem-
peratures between 25 and 75 °C, without seasonal temper-
ature variation and with a relatively homogeneous chemi-
cal composition of spring waters (Petit et al., 2014; Sup-
plement Sect. S2). In the studied area, hot springs are dis-
tributed in four main clusters. From east to west (Fig. 1b)
are Vernet-les-bains (Vernet, Tw =36-56°C), Thues-les-
bains (Thues, Tw =35-73°C), St Thomas—Prats-Balaguer
(St Thomas, Tw =38-60°C), and Llo (Tw around 30 °C).
Stable isotope analyses of hot spring waters indicate a me-
teoric origin, with an altitude of infiltration above 2000 m
for Thues and St Thomas, above 1800 m for Vernet, and be-
tween these values for Llo hot springs (Petit et al., 2014).
Various geothermometers (silica, chalcedony, Na/K, Na/Li,
Na—K-Ca) show a range of maximum water temperature at
depth between 70 and 130°C, consistent with the surface
temperature of emerging water of each cluster (Krimissa,
1992; Taillefer et al., 2018). Hot springs are mainly located
in the footwall DZ of the Tét fault except for the Thues-les-
Bains area where three hot springs also occur in the hang-
ing wall (Canaveilles, Tw = 52-60 °C). The location of hot
springs mainly in the footwall may be related to the occur-
rence of impermeable metasediments in the hanging wall at
the surface (Taillefer et al., 2018) or to the fault CZ, which
can act as a barrier of permeability for hydrothermal fluids
(e.g. Fisher and Knipe, 1998; Ballas et al., 2012). The local
presence of NW-SE faults (e.g. Prats fault near St Thomas)
cross-cutting or linked to the Tét fault can also increase per-
meability and localize channelized fluid upflow.

Figure 4 shows the numerical modelling of fluid circu-
lations along the Tét fault between Thues-les-Bains and

https://doi.org/10.5194/se-11-1747-2020
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Figure 3. Conceptual model of hydrothermal circulations in the
footwall of the dormant Tét fault (hot spring cluster: L: Llo, ST:
St Thomas, Th: Thues-les-bains, V: Vernet-les-bains). Variscan my-
lonites are in dark brown, and Neogene basins are in yellow (modi-
fied after Taillefer et al., 2017).

Planes, which takes into account the combined effects of per-
meability, topography, and structural discontinuities through
field-based geologic and topographic 3D modelling (Taille-
fer et al., 2018). This model is essentially based on a pre-
cise structural map that highlights high-permeability drains
and on water chemical analyses that provide constraints on
the altitude of fluid infiltration and maximum temperature of
water at depth. It shows the presence of a continuous ~ 7 km
long surface thermal anomaly along the Tét fault only due
to the fluid circulation of meteoric water inside the massif.
In this model, the simulated geothermal gradient can reach
up to 90°Ckm™! around Thués-les-Bains, and three main
zones of hot surface water temperatures have been identified.
Two of them are located at the tips of this anomaly on the
hot spring clusters of Thues-les-Bains and St Thomas. The
third enhanced anomaly is located between these two zones,
2 km west of Thues-les-Bains at the foot of the Puig Gallinas
massif (2624 m), but lacks actual hot springs. In simulations,
hot fluids contributing to these anomalies originate from the
infiltration and deep circulation of meteoric water inside the
basement and along the fault plane forced by the topographic
gradient. Topography appears to be the main parameter to
initiate hydrothermal circulations that may have been active
since the edification of the relief during the Oligocene (Mau-
rel et al., 2008). By contrast, a negative thermal anomaly is
modelled along the fault plane near the Planes plateau (to the
west) that is interpreted as a recharge area for hydrothermal
fluids that circulate along the Tét fault, supplying the central
positive anomaly.

Near Thues-les-Bains, we recently showed that hydrother-
mal fluid interactions account for AHe age dispersion (Milesi
et al., 2019). Indeed, AHe ages are scattered and rejuvenated
or aged in a consistent way with respect to sample position.

https://doi.org/10.5194/se-11-1747-2020
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Figure 4. Map view of the modelled surface temperatures taking
into account a permeability of 7.10715 and 5.10~ 15 m? for the Tét
fault zone and Prats fault zone (black lines), respectively. The dotted
black lines correspond to the limit of the modelled surface temper-
ature anomaly (modified after Taillefer et al., 2018). The four red
dotted lines are sampling profiles (TET, GAL, ST, and PLA).

In the inner DZ adjacent to the CZ, where fluid flows were
concentrated, AHe ages mainly display ageing with a large
scatter between 2.7 0.3 and 41.2 + 1.9 Ma. Samples from
the outer DZ mainly show apatite rejuvenation with less scat-
tered ages between 0.9£0.1 and 21.141.1 Ma. Moreover, we
showed that the rejuvenation of apatites in the DZ correlates
with a decrease in their REE contents, while their ageing is
associated with enriched REE contents compared to samples
taken outside the DZ (Milesi et al., 2019).

The thermochronological study presented here extends the
study area along the Tét fault footwall to the west up to the
potential Planes recharge zone. This enables us to (i) explore
the location of the recent thermal anomalies with LT ther-
mochronology coupled with REE analyses along the fault in
a way different from numerical modelling and (ii) confirm
our previous results on the TET profile. We also incorporated
samples from the hanging wall for comparison.

3 Methodology
3.1 Sampling

A total of 23 new samples of Palacozoic gneisses, Variscan
mylonites, and granites were collected both in the foot-
wall and hanging wall of the Tét fault (Fig. 5), providing
99 single-grain AHe ages and 63 REE analyses. To study
the distribution of the thermal anomaly along the Tét fault,
sampling was realized roughly perpendicular to the fault:
(1) in the vicinity of the Thues-les-bains (TET profile) and St
Thomas (ST profile) hot spring clusters, (2) in areas without
hot springs between St Thomas and Thués-les-bains, i.e. the
Caranca valley (CAR), at the foot of the Puig Gallinas (GAL
profile) and further west, in the Planes area (PLA), a topo-
graphic high along the fault considered to be a recharge zone.
The aim of this sampling was to track the effects of recent
hydrothermal circulations, mainly in the footwall, adjacent to

Solid Earth, 11, 1747-1771, 2020
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the fault on the behaviour of AHe ages and REE in areas with
and without active hot fluid circulations. Our final goal is to
provide a first-order map of recent thermal anomalies along
the Tét fault and to compare it with that deduced from numer-
ical modelling (Fig. 4). For all the samples, we selected the
freshest rocks, up to the highly fractured inner DZ, in order
to get the most suitable apatite grains for AHe dating. Figure
6 shows that the alteration and fluid circulation in the DZ are
localized along fractures, are very heterogeneous at the scale
of the rock sample, and generally weather limited volumes of
poorly permeable rocks around fractures (e.g. McCay et al.,
2019).

3.1.1 Sampling near active hot spring clusters: TET
and ST profiles

The TET profile is located in the vicinity of the Thues-
les-Bains cluster, showing the hottest water temperatures
(Fig. 5). This profile has already been studied (Milesi et al.,
2019), and we completed the sampling of this profile with
two samples from the footwall inner DZ (TET1 and TETS)
and with one from the hanging wall at the transition between
the inner and outer DZ (TETHW). Samples TET1 and TETS
were taken within hydrothermalized, chloritized, and frac-
tured gneisses within the hot spring cluster and 500 m to the
east, respectively. Sample TETHW is a well-preserved, non-
fractured augen gneiss collected at a distance of 100 m from
the Tét fault to evaluate the influence of potential hydrother-
mal activity in this block. The distance from the Tét fault is
a horizontal distance throughout the paper.

ST samples are located on a ~ 3500 m long profile cross-
ing the St Thomas hot spring cluster. The hot springs at St
Thomas are located in the vicinity of a NW-SE fault net-
work connected to the T&t fault (Fig. 3; Taillefer et al., 2017).
The dimension of the DZ in St Thomas with a width of
700 m is larger than in Thues-les-Bains due to the presence
of this fault network. We collected six samples in the foot-
wall along this profile including gneisses, granites, and my-
lonites (Fig. 6a—c), with elevations between 1107 m (ST16)
and 1480 m (ST8). Samples in the footwall have an eleva-
tion between 1107 m (ST16) and 1480 m (STS). In the DZ,
samples ST15 and ST16 are highly fractured mylonites col-
lected close to the fault at 15 and 100 m (inner DZ), with
evidence of chlorite and silica precipitation (Fig. 6g—i). Sam-
ples ST2 and ST3 are located around the St Thomas hot
springs (< 100 m) in the outer DZ at 250 and 400 m of dis-
tance from the Tét fault, respectively. Sample ST2 is a frac-
tured and chloritized gneiss showing some traces of oxida-
tion, while gneiss ST3 does not display any fracturation or
alteration. Outside the footwall DZ, samples ST4 and STS8
were collected at a distance of 835 and 1750 m from the Tét
fault. They look fresh and do not display any evidence of hy-
drothermal alteration or fractures. In the hanging wall, sam-
ples ST1, ST11, ST12, and ST14 were respectively collected
at 5, 160, 1900, and 175 m from the Tét fault and correspond
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to an altitude variation of 500 m. Sample ST1 is a highly frac-
tured gneiss from the inner DZ and shows an important den-
sity of silica veins. In the outer DZ, sample ST14 is a gneiss
showing few fractures filled by chlorite, and sample ST11 is
an unaltered and non-fractured granite (Fig. 6b). ST12 cor-
responds to a well-preserved and undeformed outcrop of the
Mont-Louis granite.

3.1.2 Areas with no hot springs: GAL and PLA
profiles, CAR valley

The GAL profile has been sampled in an area devoid of actual
hot springs, perpendicularly to the thermal anomaly mod-
elled by Taillefer et al. (2018), approximately midway be-
tween the TET and ST profiles (Fig. 4). The samples GAL3,
GALS6, and GAL7 are fine-grained gneisses located on a
steep slope of the Tét fault footwall at respective distances of
920, 330, and 200 m from the fault, with an elevation rang-
ing between 1323 and 1065 m. GAL3 is a well-preserved
fine-grained gneiss outside the DZ of the Tét fault. In the
outer DZ, samples GAL6 and GAL7 have the same lithology
as GAL3 but show many quartz- and calcite-filled fractures
and locally the occurrence of chlorite and iron oxides. Sam-
ples GAL1, GAL2, and GALS are gneisses from the hanging
wall at a distance of 425, 115, and 40 m from the Tét fault
(Fig. 5). Samples GAL1 and GAL2 from the outer DZ are
weakly fractured, whereas sample GALS from the inner DZ
is highly fractured and highly chloritized and silicified.

We also collected samples from the footwall, 1.5km to
the west of the Thues hot spring cluster in the bottom of
the Carancga valley bottom (Fig. 5), but only one sample
(CAR7) from the outer DZ at 200 m south of the the Tét fault
core yields apatites suitable for (U—Th)/He dating. It is a
Variscan mylonite that exhibits a well-preserved fine-grained
assemblage with little evidence of alteration (scarce growth
of sericite after feldspar and of chlorite after biotite) and the
presence of quartz—calcite-filled fractures at the outcrop scale
(Fig. 6d, e).

On the PLA profile, the samples were located on a small
plateau above 1500m of elevation 1.5km west of the St
Thomas hot spring cluster (Fig. 5). Gneisses PLA2 and PLAS
do not show any evidence of alteration, and sample PLA3 is
fractured with the local presence of iron oxides. In the foot-
wall, samples PLA3 and PLA2 are located at a distance of
170 m (within the outer DZ) and 920 m (outside DZ) from
the principal Tét fault trace and at rather the same elevation
(1622 and 1682 m). Sample PLAS is located within the outer
DZ of the hanging wall at a distance of 600 m from the Tét
fault.
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Figure 5. (a) Structural map modified from Taillefer et al. (2017) showing the four sampling profiles. Grey shows samples from previous
studies (Maurel et al., 2008; Milesi et al., 2019); in white are new samples from this study. (b) Topographic cross sections of the four transects
with the projection of the dated samples (vertical scale exaggerated 2 times). (1) Planes, (2) St Thomas, (3) Gallinas, and (4) Thues-les-Bains.
White samples are new samples from this study, and grey samples from Thues-les-Bains are from Milesi et al. (2019). Projected samples are

above topographic lines.

3.2 Analytical method
3.2.1 (U-Th)/He analyses

Apatite (U—Th)/He analyses were conducted in the noble
gas laboratory of Géosciences Montpellier. All samples were
crushed, and apatite mineral concentrates were gained by
heavy liquid methods. Inclusion-free apatite crystals with

https://doi.org/10.5194/se-11-1747-2020

no evidence of fractures were hand-picked (see Supplement
Sect. S3 for apatite grain photos) under a binocular mi-
croscope, and grains with an equivalent radius (Rs) above
40 um were selected (see tables in Sect. 4). Each single grain
was packed in Pt tubes, placed under vacuum, and heated
at 900 °C for 5min with a 1090 nm fibre laser operating at
20 W. After 3He spiking, gas purification was achieved by a
cryogenic trap and two SAES AP-10-N getters, and helium

Solid Earth, 11, 1747-1771, 2020
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1 mm

Figure 6. Outcrop and microscopic images of crystalline rocks near the Tét fault (eastern Pyrenees) showing a brittle deformation gradient.
Samples outside the damage zone (DZ): (a) typical Canigou augen gneiss; (b) thin section of undeformed Mont-Louis granite, ST12 sample;
(¢) Variscan mylonite unaffected by fractures. Samples from the outer DZ: (d) silica-filled fractures in mylonites close to CAR7 sample;
(e) thin section of previous mylonites with quartz-filled fracture; (f) fracture filled with a micro-breccia near the St Thomas (ST) hot spring
cluster. Samples from the inner DZ: (g) intense fracturation in the footwall near the Tét fault on ST profile close to samples ST15 and ST16;
(h) thin section of a heterogeneously fractured and altered gneiss (close to sample ST15) showing gneiss lenses less affected by hydrothermal
alteration; (i) close view of apatite grains within a gneiss lens (enlargement of dashed rectangle in h); (j) thin section of cataclasite next to
the Tét fault core; (k) thin section of proto-cataclasite next to the Tét fault core.

content was measured on a quadrupole PrismaPlus QMG
220. The “He content was determined by the peak height
method and is 10-100 times above typical blank levels. A
second heating with the same procedure was systematically
conducted to check that more than 99 % of “He was ex-
tracted during the first heating. After helium extraction, Pt
tubes were retrieved from the mass spectrometer and put in
a 2mL polypropylene conical tube. Samples were doubly

Solid Earth, 11, 1747-1771, 2020

spiked (230 Th and 233 U) and dissolved in 100 uL SN HNO3
(60°C for 2.5h). The resulting solutions were diluted with
900 uL 1IN HNO3, and U (233 U and 238 U) and Th (230 Th
and 232 Th) were measured by using isotope dilution ICP-
MS (for more details about the analytical procedure, see Wu
et al., 2016). For age calculation, alpha ejection correction
(Farley et al., 1996) was calculated using the Ft software
(Gautheron and Tassan-Got, 2010; Ketcham et al., 2011).
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Durango apatite replicates were analysed between four un-
known grains and yielded a mean age of 31.3141.82 Ma dur-
ing the course of this study. This is consistent with the refer-
ence age of 31.02+1.01 Ma given by McDowell et al. (2005).

3.2.2 REE analyses

REE and trace element (LILE, HFSE) analyses on single
apatite grains were performed at Géosciences Montpellier
using the equipment available at the AETE-ISO analytical
platform of the OSU OREME (University of Montpellier).
Analyses were conducted using the same solutions that were
previously used for U and Th isotopic analyses following a
technique published in earlier reports (e.g. Bruguier et al.,
2003). Analyses were performed using an Agilent 7700x
quadrupole ICP-MS in the no-gas mode using the pulse-
counting mode (three points per peak) and a 50 uL min~!
self-aspirating nebulizer. Concentrations were determined by
external calibration using multi-element calibration solutions
prepared from pure, 10 ppm, single-element solutions. Nb
and Ta were measured by surrogate calibration using Zr and
Hf, respectively, following the method outlined by Jochum
et al. (1990) for spark source mass spectrometry. Polyatomic
interferences were reduced by optimizing the system to an
oxide production level < 1.5 % measured on Ce, and correc-
tions were applied using yields for MO+ and MOH+ de-
termined during the same run by analysing batches of syn-
thetic solutions containing interfering elements (light REE:
LREE and Ba) but free of interfered elements (middle REE
and heavy REE: HREE). Accuracy was checked by repeated
measurements of aliquots of the Durango apatite, which are
available in Supplement Sect. S4. The results are consistent
with previously published values by Chew et al. (2016); see
Supplement Sect. S4 for the REE content table.

3.2.3 Thermal modelling

Inverse thermal history modelling was performed with QTQt
software (Gallagher, 2012) in order to test whether He ther-
mal diffusion models (Flowers et al., 2009; Gautheron et al.,
2009) can reproduce measured AHe ages of a single sample.
We have also modelled T-t paths using the new samples col-
lected to complete the thermal history of Milesi et al. (2019)
established along the TET profile footwall and to set up a
new thermal model for the hanging wall.

4 Results

4.1 Footwall samples

AHe ages and REE patterns from apatite grains of the foot-
wall of the Tét normal fault are summarized in Table 1 and
Figs. 7 and 8. AHe ages obtained in the footwall of the Tét
fault range from 0.3£0.1 to 21.6+ 1.7 Ma. No AHe age—eU
value relationship is observed (Sect. S5). All analysed apatite

https://doi.org/10.5194/se-11-1747-2020
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grains from samples either outside or inside the DZ show a
typical wing-shaped REE pattern with a marked europium
anomaly (Fig. 8) characteristic of apatites from S-type gran-
ites (Sha and Chappell, 1999; Belousova et al., 2002) that
form the protolith of the Canigou augen gneiss (Cocherie et
al., 2005; Castifieiras et al., 2011). For fine-grained gneiss
samples of the GAL profile, this anomaly is less pronounced
due to an effect of protolith composition (Henrichs et al.,
2018). Outside the DZ, apatites of GAL3 have consistently
lower REE contents and flatter REE patterns, with a slight
negative europium anomaly.

4.1.1 Near active hot spring clusters: TET and ST
profiles

Along the TET profile, new apatite grains from the previ-
ously analysed sample TET1 (Milesi et al., 2019) were dated.
This sample is a highly fractured and chloritized gneiss from
the inner DZ and within the Thues-les-Bains hot spring clus-
ter. Two apatite grains yield AHe ages of 0.54+0.2 and
0.3£0.1 Ma and are younger than those previously published
on the same sample, i.e. between 4.0+£0.2 and 41.2+1.9 Ma
(Milesi et al., 2019). Scattering of AHe ages is evident for
this sample. However, the eU value (U + 0.234 x Th; Gastil
et al., 1967) of the now analysed grains ranges from 19 to
39 ppm and falls in the range of the previously dated grains.
We also dated apatite grains from another gneiss from the in-
ner DZ (TETS) that also shows a very high intra-sample AHe
age dispersion from 15.2 £ 1.2 to 50.2 4.0 Ma, with rather
low eU values between 9 and 27 ppm and variable Th/U val-
ues between 0.50 and 2.49. It is important to note that the
highest Th/U ratios are obtained for the oldest apatites (see
Sect. S5).

Along the ST profile, apatites from highly fractured
Variscan mylonites within the inner DZ (ST15 and ST16)
display AHe ages that range from 11.2+1.1to 15.24+1.2Ma
with low eU values between 8 and 26 ppm. However, the
moderate intra-sample AHe age dispersion (Table 1) has to
be considered with caution because of the low number of
analysed grains in each sample (ST15 and ST16; Table 1).
The gneiss samples ST2 and ST3 from the outer DZ but
close to the St Thomas hot springs show more scattered AHe
ages, i.e. between 16.4 1.5 and 9.2 £+ 0.5 Ma and between
16.4+£1.3 and 10.4+£0.8 Ma, respectively, and eU values be-
tween 15 and 60 ppm. In the ST2 sample, two grains (ST2-
5 and ST2-6, Table 1) with the youngest AHe ages of the
sample (12.1£0.7 and 9.2£0.6 Ma) show anomalously high
Th contents and high Th/U ratios compared to the other
grains. This can be indicative of the occurrence of optically
undetected tiny Th-rich inclusions within these apatites (see
Sect. S5). By contrast with other apatite grains of this study,
these Th-rich apatites are enriched in LREE (Fig. 8), con-
sistent with the presence of tiny monazite or allanite in-
clusions, which are common LREE-rich phases in granites
(e.g. Forster, 1998). Therefore, these disturbed REE patterns

Solid Earth, 11, 1747-1771, 2020



1756

G. Milesi et al.: Tracking geothermal anomalies

so] T TET  |solST | o
. B i i i @ ST2
I TEma | Hot springs|  jHot springs ; oS
3 i ®m ST4
S 40" 403 ] A
A B - : - s
& 30 ° TETS 3013 g d o ST14
© o TET7 4 m ST15
e 1l - i oo
= 20 ; 20 B4 :
S i 1 i
] H
2 103 I i § 10 # ;i
O- Hanging wall f } Footwall (a) 0- Hanging wall f Footwall (c)
2000 1000 0 1000 2000 3000 4000 1000 0 1000 2000 3000 4000
50] S 5 GAL s0{PLA : |t |
A GAL1 : No hot spring No hot spring ! | o PLAS
— q| 4 GAL2 H E ¥ | @ PLAS |
A N ]
S 404l ; 40 ,
= ] 2 caz ' E g
g A GAL8 ] H
o 304 i ' 304 i
© 4 i
T ] ‘ ] '
= 20 \ 204 ;
e '
= . 3 3 i
2 104 : §5 ; 104 :
0 ; Hanging wall i Footwall (b) 0 f Hanging wall E Footwall (d)
2000 1000 0 1000 2000 3000 4000 1000 0 1000 2000 3000 4000

Horizontal distance from the Tét fault (m)

Horizontal distance from the Tét fault (m)

Figure 7. AHe ages as a function of the horizontal distance from the Tét fault. Grey area shows the damage zone of the Tét fault; an inner
DZ (yellow) is only distinguished for the TET and GAL profiles according to Milesi et al. (2019).

are not taken into account in the discussion and the corre-
sponding AHe ages are discarded. Outside the footwall DZ,
samples ST4 and ST8, at a distance of 835 and 1750 m from
the Tét fault, respectively, show older AHe ages between
16.24+1.3 and 21.6 1.7 Ma with a limited intra-sample dis-
persion. The eU values are higher for the leucogranite ST4
(77 to 177 ppm) than for the gneiss ST8 (29 and 70 ppm).

4.1.2 Areas with no hot springs: GAL and PLA
profiles, CAR valley

On the GAL profile, samples GAL3 and GAL7 are fine
gneisses from the outside and the outer Tét fault DZ; both
show limited AHe age dispersion with ages between 8.6+£0.7
and 14.1 £ 1.1 Ma. The eU values are higher and more vari-
able in sample GAL7 (17 and 41 ppm) than in sample GAL3
(10 to 18 ppm). A single apatite retrieved from a fractured
gneiss (GALOG), next to the sample GAL7, displays an AHe
age of 11.440.9 Ma with an eU value of 21 ppm. With the
exception of one HREE-enriched apatite in sample GAL7,
apatite grains from the outer DZ and outside have the same
REE patterns (Fig. 8), thus indicating similar geochemical
and paragenetic conditions of growth during Variscan Barro-
vian metamorphism (Hoym de Marien et al., 2019).

Sample CAR7 from the outer DZ displays relatively scat-
tered AHe ages, i.e. between 7.640.4 and 14.31+0.5 Ma, and
scattered eU values between 6 and 50 ppm. Apatites display
consistent REE patterns but variable REE contents (Fig. 8).
It is noteworthy that apatites with the lowest REE contents

Solid Earth, 11, 1747-1771, 2020

yield younger AHe ages of 7.6 and 10.4 Ma compared to
those with higher REE contents with ages between 11.2+0.5
and 14.3 +£0.5Ma (Fig. 8). A similar tendency was previ-
ously observed for apatites sampled in the vicinity of Thues
hot springs and was proposed to be related to combined “He
loss and REE depletion during hydrothermal fluid circulation
(TET profile; Milesi et al., 2019).

Further west, on the PLA profile, gneiss sample PLA2 col-
lected outside the DZ shows intra-sample age dispersion be-
tween 14.8 + 1.2 and 19.1 & 1.5 Ma. Sample PLA3, from the
outer DZ, displays ages between 12.441.0 and 14.8+£1.2 Ma
that overlap within errors. The eU values vary between 16
and 56 ppm for these samples. Apatites from the outer DZ
have lower REE and more variable contents compared to ap-
atites from outside the DZ (Fig. 8). However, no systematic
correlation can be observed between AHe ages and REE con-
tents in contrast to the previous sample CAR7.

4.2 Hanging-wall samples

AHe ages and REE patterns of apatites from samples of the
hanging wall of the Tét normal fault are summarized in Ta-
ble 2 and Figs. 7 and 9. The first observation is that AHe ages
are older than in the footwall, with an age difference of about
15-20Ma for samples outside the DZ on the ST and GAL
profiles. As in the footwall, no AHe age—eU value relation-
ship can be evidenced (Sect. S5). Apatites from the hanging
wall display REE patterns basically similar to those of the
footwall, suggesting similar protolith compositions.
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Table 1. AHe ages of footwall samples.

Profile Fd  Sample/ Rs U Th eU Th/U “He +s Ft  Corrected age Error ) REE
m grain um ppm ppm  ppm ncc g’l ncc g’] Ma =+lo (Ma) ppm
TET DZ 5 TETI (42.52819 N 2.24912 E 776 m) Highly fractured augen gneiss with chlorite
profile (5) TETI-11 628 18.1 3.1 19 0.17 860.6 430 0.82 0.5 0.2 -
TET1-12 613 39.1 0.7 39 0.02 1154.8 462 0.80 0.3 0.1 -
5 TETS8 (42.52957 N 2.25050 E 850 m) Augen gneiss with chlorite
(5) TET8-1 70.8 13.4 13.7 17 1.02 518693 1556.1 0.84 30.9 2.5 -
TET8-2 58.7 204 270 27 132 61359.9 1840.8 0.78 242 1.9 -
TETS8-3 58.1 10.9 16.7 15 1.53 588758 1766.3  0.79 41.6 33 -
TET8-4 51.9 16.7 416 27 249 1267135 1267.1  0.79 50.2 4.0 -
TETS8-5 76.8 79 39 9 0.50 13892.5 694.6  0.86 15.2 1.2 -
CAR DZ 200 CART7 (42.520623 N 2.22180 E 900 m) Fine-grained mylonite with few quartz veins
sample (160) CAR7-1 592 427 4.5 44 0.10 467743 93548 0.79 112 0.5 1961.4
CAR7-2  78.1 5.7 1.2 6 0.22 4599.2 13797 0.84 7.6 0.4 639.0
CAR7-3  79.1 114 1.3 12 0.11 12480.9 3744 085 10.4 0.5 785.0
CAR7-4 700 23.1 32 24 0.14  29276.0 87828 0.82 12.4 0.5 2040.7
CAR7-5 56.5 9.8 2.4 10 0.25 134344 403.02 0.78 13.8 0.7 1201.1
CAR7-6 680  48.0 6.3 50 0.13 70340.1 7034  0.82 14.3 0.5 2467.7
GAL DZ 200 GAL7 (42.51505 N 2.19904 E 1025 m) Fractured fine-grained gneiss with quartz and calcite veins and locally oxides
profile (160)  GAL7-1 552 14.7 7.1 16 0.49 16201.3  486.03 0.77 10.6 0.3 595.4
GAL7-2  53.0 19.2 16.3 23 0.85 215639 43126 0.77 10.0 0.4 2268.1
GAL7-3 569 338 11.9 37 0.35 368540 36854 0.79 10.6 0.3 1671.3
GAL7-4 535 37.6 14.3 41 0.38 369452 36945 0.74 10.1 0.3 2446.8
330 GALG6 (42.51368 N 2.19888 E 1090 m) Fine-grained gneiss with few quartz and calcite veins
(270)  GAL6-1 544 17.0 17.0 21 1.00 223421 4468 0.77 11.4 0.9 -
920 GAL3 (42.51018 N 2.20525 E 1363 m) Fine-grained gneiss
(475)  GAL3-1 659 9.9 11.5 13 1.17 17196.9 3439 0.80 14.1 1.1 1013.4
GAL3-2 625 12.4 5.8 14 0.46 14266.4 428.0 0.79 10.8 0.9 645.7
GAL3-3  60.2 7.6 82 10 1.07 7861.2 3144 079 8.6 0.7 1095.3
GAL3-4 721 9.9 8.0 12 0.81 12294.0 2459 0.82 10.6 0.8 1067.1
GAL3-5 708 15.7 7.7 18 0.49 17324.0 5197 0.82 10.0 0.8 -
ST DZ 15 ST15(42.50357N 2.16602 E 1123 m) Highly fractured mylonite with silica veins
profile (15) ST15-1 70.8 16.7 4.5 18 0.27 19703.4 985.2  0.82 11.2 1.1 1111.9
ST15-2  69.5 7.8 1.6 8 0.21 9959.6 5976 0.82 12.3 1.5 786.3
100 ST16 (42.50331 N 2.16692 E 1107 m) Highly fractured fine-grained mylonite with silica veins
(90) ST16-1 715 11.2 1.7 12 0.15 14439.8 4332  0.82 12.5 1.0 962.8
ST16-2  59.2 223 3.8 23 0.17 334519 1003.6  0.79 15.2 12 1457.9
ST16-3 632 257 29 26 0.11 38790.1 775.8  0.80 15.2 1.2 1762.1
250  ST2 (42.50150N 2.16661 E 1217 m) Chloritized and locally oxidized gneiss
(210) ST2-1 715 14.4 2.1 15 0.15 24260.5 1213.0 0.82 16.4 1.5 1101.8
ST2-2 494 308 3.6 32 0.12 414043 1656.2  0.73 14.8 1.3 2235.6
ST2-3 653 41.7 17.2 46 0.41 70061.7 21019 0.81 15.7 1.4 9763.8
ST2-4 556 312 6.0 33 0.19 50171.4 20069 0.78 16.3 1.5 16418.1
ST2-5 510 1029 1183 131 1.15  142063.2 14206  0.74 12.1 0.7 3960.5
ST2-6  66.5 272 722 45 2.65 39835.8 796.7  0.81 9.2 0.5 2544.1
400  ST3 (42.50001 N 2.16697 E 1174 m) Unaltered gneiss with biotite
(370) ST3-1 639 429 11.9 46 028 638453 19154 0.80 14.4 1.2 -
ST3-2 743 15.1 2.6 16 0.17 18099.0 905.0 0.83 115 0.9 -
ST3-3 59.3 57.4 9.6 60 0.17 89740.7 26922 0.76 16.4 1.3 -
ST3-4  49.1 20.8 6.8 22 0.33 20848.7 10424 0.74 10.4 0.8 -
ST3-5 50.1 529 255 59 048  70579.6 21174 0.76 13.1 1.0 -
835  ST4 (42.49567 N 2.16784 E 1249 m) Muscovite leucogranite
(780) ST4-1 625 150.6 3.6 151 0.02 2396693 23967 0.79 16.5 1.4 2353.2
ST4-2 710 176.0 24 177 0.01 303270.8 22745 0.83 17.2 1.6 3700.3
ST4-3 615 1382 25 139 0.02 218022.0 21802 0.79 16.5 1.2 2881.9
ST4-4  63.5 73.6 13.1 77 0.18  153280.5 1532.8 0.82 20.3 2.1 2349.0
ST4-5 679 804 1.6 81 0.02  132302.5 1323.0 0.84 16.2 1.3 1758.5
1750  ST8 (42.48856N 2.17261 E 1480 m) Augen gneiss with biotite
(1630) ST8-1 520  39.0 13.1 42 034 837193 8372 0.76 21.6 1.7 3420.7
ST8-2 61.6 342 85 36 0.25 70052.1 1401.0 0.81 19.8 1.6 2708.9
ST8-3 572 272 8.7 29 032 541419 1082.8  0.79 19.4 1.5 2771.4
ST8-4 435 63.2 284 70 045 107043.6 10704  0.72 17.6 1.4 4868.8
PLA DZ 170 PLA3 (42.49343 N 2.15462 E 1622 m) Fractured leucocratic gneiss and locally oxidized
profile (160)  PLA3-1 62.0 43.6 16.6 48 0.38 55098.6 551.0 0.77 12.4 1.0 1719.5
PLA3-2  76.1 14.9 39 16 0.26 20356.2 407.1  0.84 12.7 1.0 752.2
PLA3-3 737 20.1 4.0 21 020 310395 620.8  0.82 14.8 1.2 930.3
PLA3-4 527 345 12.5 38 0.36 49640.8 595.7  0.76 14.5 1.2 1803.8
920 PLA2 (42.48671 N 2.15489 E 1682 m) Augen gneiss
(900)  PLA2-1 489 212 10.9 24 0.51 36356.6 727.1  0.74 17.1 1.4 3471.5
PLA2-2 526 11.5 6.4 13 0.55 17749.9 710.0 0.76 14.8 1.2 2417.5
PLA2-3 684 16.4 83 18 0.51 34659.4 5199 0.82 19.1 1.5 2960.8
PLA2-4 515 23.4 14.5 27 0.62 38053.9 665.9 0.75 15.7 1.3 2916.7

Fd: fault horizontal distance, with the fault normal distance between brackets; Ft: alpha ejection correction (Farley et al., 1996). Italic values between brackets are fault normal distances.
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Samples outside the Tét fault DZ

10— wr— 3
10%4 4 10%4 4 10%4 F
]
£ 10°4 4 10%4 4 10°4 E
2
5 W
kS
K 1024 4 10% 4 10%4 E
o
~-ST4-4 (20.3 2.1 Ma)
10! ST4-2 (17.2 + 1.6 Ma) ot STB1 (21617 Ma) 1o GAL3-1 (14.1 = 1.1 Ma)
ST4-1 (16.5 = 1.4 Ma) i ST8-2(19.8 + 1.6 Ma) oo 1 4|+ GAL3-2 (10.8 0.9 Ma) :
+-ST43 (165 1.2 Ma) Leucogranite +-ST83(19.4 £ 1.5 Ma) Augen gneiss +GAL3-4 (10.6 + 0.8 Ma) Gneiss
--ST4-5 (16.2 + 1.3 Ma) Fd 835 m +-ST8-4(17.6 1.4 Ma) Fd 1750 m -e-GAL3-3 (8.6 +0.7 Ma) Fd 920 m
T 7T T 7T T T T B e S e RPN S e w S s L SN S S S B S e e S p e S
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
W
10%4 4
2 3
s 108 4
g
2
S
K 102 4
o
1o PLA2-3 (19.1 1.5 Ma)
3| PLA2-1 (17.1 £ 1.4 Ma) . 1
o PLA2-4 (15.7 1.3 Ma) Augen gneiss
- PLA2-2 (14.8 +1.2 Ma) Fd 920 m
1 — T T T T T T T T T T T 1T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
——— 10— — T T
4 10%4 4 10%4 E
o
% B - B | B \v\ ]
2
2
S
g 107y { 1024 { 102 4
< —o-ST2-1(14.1 1.1 Ma)
ST2-2 (10.8 £0.9 Ma)
10! 10! 10! $T2-2(10.6 +0.8 Ma)
0’4 . E 3 sT162 (152 1.2 Ma) X 3 3| -o-ST24 (8.6 0.7 Ma) X E
ST15-2 (12.1 £ 1.5 Ma) Mylonite ST16-1 (15.2 + 1.2 Ma) Mylonite o-ST2-4 (8.6 £0.7 Ma) Granite
+-ST15-1 (11.2 1.1 Ma) Fd 15 m - ST16-4 (12,5 + 1.0 Ma) Fd 100 m -o-5T2-4 (8.6 £0.7 Ma) Fd 250 m
1 1 1
L'a C'e P'r N'd S'm E'u dd T'b D'y H'o E'r T:'n Y'b L'u L'a C'e F;r N'd S'm E'u Gd T'b D'y H'o E'r T'm Y'b L'u L'a C'e P'r N'd S'm E'u G'd T'b D'y H'o E'r Tlm Y'b L'u
10° ——1—— — 10° ———— —— 77—
1044 4 104 4 1044 E
2
T 103 { 10%4 4 1034 E
2
2
S
g 10?4 4 1024 { 107 9
o -o-CAR7-6 (14.3 £ 0.5 Ma)
CAR7-5 (13.8 £ 0.7 Ma)
1 ]|->-cAR7-4 (12.4 £ 05 Ma | GAL7-1(10.6 0.3 Ma) | PLA3-3 (14.8 = 1.2 Ma)
10°4| o CAR7-3 (11.2£0.5 Ma) ) 1 10°4|. GAL7-3(10.6 + 0.3 Ma), . 1073 & PLA3-4 (145 + 1.2 Ma) .
~-CAR7-1(10.4 0.5 Ma) Mylonite o GAL7-4 (10.1 0.4 Ma) Gneiss PLA3-2 (12.7 + 1.0 Ma) Gneiss
-e-CAR7-2 (7.6 +0.4 Ma) Fd 200 m - GAL7-2 (10.0 0.4 Ma), Fd 200 m --PLA3-1(12.4 + 1.0 Ma) Fd 170 m
1

— T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

— T T T T T T T T T T T T T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

— T T T T T T T T T T T 1T
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 8. Chondrite-normalized REE patterns (Sun and McDonough, 1989) for the Tét fault footwall samples outside and inside the DZ. Fd:

fault distance.

4.2.1 Near active hot spring clusters: TET and ST
profiles

In the TET profile, AHe ages from sample TETHW, a gneiss
lens within the inner DZ, are very dispersed, i.e. between
14.8+£0.7 and 45.6 == 2.7 Ma. The eU values are highly dis-
persed, ranging from 49 to 329 ppm, and much higher than
those of apatites from the footwall (this work and Milesi et
al., 2019). A single grain from sample TETHW (TETHW-5)
exhibits significantly lower contents of all REEs compared to
other apatites (Fig. 9). It is noticeable that this REE-depleted
apatite provides a much younger age (14.8 0.7 Ma) than
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other co-existing grains, which is in line with previous re-
sults in the footwall of the same profile (Milesi et al., 2019).

In the ST profile, sample ST1 (gneiss) from the inner DZ
shows old and scattered AHe ages between 32.8 £2.4 and
43.2 4+ 3.1 Ma. Samples ST11 (gneiss) and ST14 (granite)
from the outer DZ display weak intra-sample age dispersion,
with ages ranging from 20.2 1.6 to 30.1 &= 2.4 Ma. Sample
ST12 (granite), from outside the DZ, yields moderately dis-
persed AHe ages from 29.442.3 to 36.8 2.9 Ma; eU values
of apatite grains appear to be controlled mainly by lithology,
between 45 and 86 ppm for gneissic samples (ST1 and ST11)
and between 12 and 38 ppm for granitic samples (ST12 and
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ST14). REE patterns of all apatite grains are very similar to
each other independently of AHe age variations (Fig. 9).

4.2.2 Areas with no hot springs: GAL and PLA profiles

Sample GALS from the inner DZ displays dispersed AHe
ages between 14.2 £ 1.1 and 26.0 £ 2.1 Ma with eU values
between 12 and 35 ppm. Samples GAL1 (outside the DZ)
and GAL2 (outer DZ) from gneisses at a distance of 425 and
115 m from the Tét fault, respectively, show moderate intra-
sample AHe age dispersion from 26.5+2.1to 31.3+2.5Ma
for GAL1 and from 17.3 + 1.4 to 22.5 &+ 1.8 Ma for GAL2.
Sample GAL1 shows low eU values, i.e. between 4 and
9 ppm, compared to sample GAL2 with eU values between
24 and 53 ppm.

Apatite grains from granite ML1 show intra-sample AHe
age dispersion between 26.2 2.1 and 34.1 +2.7Ma. This
age range is consistent with an AHe age of 29.8 &= 1.5Ma
obtained by Maurel et al. (2008) on two apatite populations
of 30 grains from the same sample and with the AHe ages of
sample ST12 collected at roughly the same elevation in the
hanging wall.

A single gneiss sample (PLAS5) from the outer DZ shows
old and scattered AHe ages between 23.3+1.9 and 41.5+
3.3Ma and eU values from 27 to 56 ppm (see Sect. S5 for
the AHe vs. eU graph). One apatite grain (PLAS5-4) exhibits
an REE pattern characterized by a flat LREE section (Fig. 8;
Table 1).

5 Discussion
5.1 Footwall of the Tét fault

In order to interpret AHe ages from the footwall of the Tét
fault DZ, we combined these data with those from reference
samples outside the DZ. Samples outside the DZ (GALS3,
ST4, ST8, and PLA2) show AHe ages with low intra-sample
variation (Tables 1 and 2). All apatites from these samples,
including those from the work of Milesi et al. (2019), show
similar REE patterns, consistent with apatites from S-type
granites (Sha and Chappell, 1999), except those from the
fine-grained gneiss sample GAL3, which displays an REE
pattern usually found in apatites from paragneiss lithologies
(Henrichs et al., 2018). We then define two reference REE
compositional AHe age fields: one for the GAL profile and
another for all other profiles. The eU values for all apatite
grains are mostly under 50 ppm with the exception of those
from a leucogranite (sample ST4), which is a lithology gen-
erally rich in uranium (Cuney, 2010; Ballouard et al., 2017;
see Table 2 and Sect. S5). Analysed apatites, however, pro-
vide REE patterns similar to those from other gneisses (STS,
PLA2).
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5.1.1 Near active hot spring clusters: TET and ST
profiles

U-Th-He ternary diagrams show a larger intra- and inter-
sample isotopic dispersion for apatites within the DZ com-
pared to those outside the DZ (Fig. 10). This is peculiarly
evident for the TET profile wherein newly analysed samples
yield perfectly concordant results with previous ones (Milesi
et al., 2019). In Fig. 10a, we identify three fields that par-
tially overlap: (1) one defined by apatites outside the DZ (vi-
olet dots) with AHe ages between ~ 9 and 25 Ma interpreted
to record the regional cooling of the Caranca massif (Fig. 2);
(2) a second defined by mostly young apatites (< 9 Ma) from
the outer DZ (red dots) interpreted as apatites with AHe ages
partially reset by hydrothermal activity (Milesi et al., 2019);
and (3) a third field corresponding to apatites from the in-
ner DZ (green dots) with very scattered AHe ages but mostly
above 20 Ma. The latter are interpreted as apatites contami-
nated by excess “*He (Milesi et al., 2019). In Fig. 10b, apatites
from the outer and inner DZ along the ST profile (red dots)
yield less dispersed AHe ages, but mainly younger, compared
to those from outside the DZ (violet dots). Note that apatites
retrieved from leucogranite ST4 plot within a distinct com-
positional field. It is noticeable that along both profiles, a re-
juvenation of AHe ages is observed that is more pronounced
along the TET profile.

TET and ST apatites from the DZ display similarly de-
pleted REE, without fractionation between the LREE and
HREE patterns, compared to apatites sampled outside the DZ
(Fig. 11). This global LREE and HREE depletion is more in-
tense for TET outer-DZ samples compared to ST DZ ones.
Note, however, that along the ST profile, the youngest ap-
atites correspond to the most REE-depleted apatites, consis-
tent with the results from the TET profile (Fig. 11). The only
three analysed apatite grains from the inner DZ along the
TET profile (sample TET1) do not exhibit REE depletion
(Milesi et al., 2019). Due to the small number of analyses,
the result is not interpreted any further.

Intra- and inter-sample AHe age dispersion from samples
within the DZ cannot be simulated by a common thermal
history using existing diffusion models for apatite (Flowers
et al., 2009; Gautheron et al., 2009). In particular, the young
AHe ages do not fit the regional thermal history defined in
Sect. 1 (Sect. S6). In accordance with the results for sam-
ples in the outer DZ of the TET profile, they raise questions
concerning the origin of the AHe age scattering near the hy-
drothermal circulation zones (Milesi et al., 2019). We pro-
pose that the young apatite grains were subject to hydrother-
mal alteration that preferentially enhances “He loss and ap-
atite rejuvenation rather than U-Th incorporation. Indeed, as
U and Th have very close solubilities to REEs, it is likely
that the behaviour of these elements when apatites interacted
with fluids was similar to that of REEs (Cramer and Nes-
bitt, 1983; Gieré, 1990). Our data show that apatites record
REE depletion rather than REE enrichment, which is incon-
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Table 2. AHe ages of hanging-wall samples.
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Profile Fd Sample/ Rs U Th eU Th/U 4He +s Ft  Corrected age Error ) REE
m grain um ppm ppm ppm nce g,”l nce g’1 Ma +£lo (Ma) ppm
TET DZ 100  TETHW (42.52972N 2.24694 E 770 m) Gneiss
profile (100) TETHW-1 52.1 3243 184 329 0.06 882336.7 88234 0.73 30.6 1.8 5416.1
TETHW-2 547 1334 187 138 0.14 2987127  2987.1 0.76 23.6 1.6 79262
TETHW-3 62.6  64.4 9.0 67 0.14  117207.1 2344.1 0.78 18.8 1.1 -
TETHW-4 61.8 102.1 21.6 107 021 4717109  4717.1  0.80 45.6 27 65554
TETHW-5 49.6 474 5.8 49 0.12  66340.6 1990.2 0.76 14.8 0.7  1566.4
GAL DZ 40  GALS (42.51505N 2.19904 E 905 m) Fine-grained gneiss chloritized and silicified paragneiss
profile (40) GALS-1 68.9 112 42 12 0.38 21079.6 4216 0.84 17.0 1.4 -
GAL8-2 577 320 137 35 0.43 68825.8 688.3 0.77 20.9 1.7 -
GAL8-3  56.5 238 19.2 28 0.81 68 655.2 686.6  0.77 26.0 2.1 -
GAL8-4 55.1 11.8 5.8 13 0.49 174373 523.1 0.78 14.2 1.1 -
GAL8-5 585 154 1438 19 096 383872 767.7 0.78 214 1.7 -
115 GAL2 (42.51707 N 2.19633 E 982 m) Fine-grained gneiss
(140) GAL2-1 580 489 175 53 036 1016127 1016.1  0.78 20.4 1.6 -
GAL2-2 717 224 46 24 0.21 50982.5 611.8 0.80 225 1.8 -
GAL2-3 644 213 199 26 0.93 55346.4 6642  0.80 22.1 1.8 -
GAL2-4  59.5 247 230 30 093  49594.0 595.1 0.79 17.3 1.4 -
GAL2-5 740  26.6 8.0 29 030 593172 889.8 0.83 20.8 1.7 -
425 GALI (42.51881 N 2.19395 E 1081 m) Augen gneiss
(480) GAL1-1  60.6 45 3.6 5 0.80 15934.3 4780 0.79 31.3 2.5 -
GAL1-2 599 8.1 39 9 0.48 22677.0 4535 0.78 26.5 2.1 -
GAL1-3  60.1 34 40 4 1.17 12565.9 439.8 0.78 30.8 2.5 -
ML 5000 ML1 (42.5898083 N 2.184692 E 1400 m) Granite
sample (5150) ML1-1 600 31.0 39.0 404 1.3 1207573 1207.6  0.81 30.5 2.4 -
MLI1-2 509 360 450 469 1.3 112014.0 1120.1  0.76 26.2 2.1 -
MLI1-3 61.8 17.1 250 23.1 1.5 60151.0 9624 0.79 27.4 22 -
MLI1-4 66.0 186 120 21.6 0.7 70099.4 1261.8  0.79 34.1 2.7 -
ST DZ 5 STI (42.50798 N 2.17611 E 1073 m) Highly fractured leucocratic gneiss with silica veins
profile (5) ST1-1 739 584 5.6 60 0.10 2359776  2359.8 0.1 40.3 32 41342
ST1-2 634 708 33 72 0.05 2270522 34058 0.80 32.8 24 3063.4
ST1-3 684  79.1 3.1 80 0.04 2996526  2996.5 0.81 383 2.7 4438.1
ST1-4  62.8 83.8 8.5 86 0.10 3585554  3585.6 0.80 432 3.1 26325
160  ST11 (42.51047N 2.17598 E 1081 m) Unaltered gneiss with biotite
(160) ST11-1 609  63.0 19.7 68 031 1367939 1504.7  0.79 21.2 1.7 51055
ST11-2 619 758 257 82 0.34  187572.8 1875.7  0.78 243 1.9 6878.8
ST11-3 764  53.7 256 60 0.48 120320.0 1443.8 0.83 20.2 1.6 6005.8
ST11-4 556 422 13.0 45 0.31 101862.1 1018.6  0.75 24.9 2.0 4648.1
175 ST14 (42.50748 N 2.16848 E 1139 m) Granite with biotite and little evidence of chloritization
(200) ST14-1 714 219 25 22 0.11 64392.2 965.9 0.83 28.5 2.3 -
ST14-2 559 17.6 35 18 020 388485 1165.5 0.77 225 1.8 -
ST14-3  66.3 36.7 4.4 38 0.12  107444.1 10744 0.78 30.1 2.4 -
ST14-4 594 327 103 35 0.31 88734.6 1064.8  0.79 26.6 2.1 -
1900  ST12 (42.51239N 2.14921 E 1552 m) Granite with biotite
(2200) ST12-1 652 16.7 122 20 0.73 55653.7 1113.1  0.80 29.4 23 22240
ST12-2 729 158 114 19 0.72 637202 955.8  0.81 35.2 2.8  1836.6
ST12-3 740 235 8.8 26 0.37 73803.2 1291.6  0.81 29.4 24 16515
ST12-4 57.1 10.1 6.1 12 0.60 391164 1564.7 0.76 36.8 29 12938
ST12-5 726 261 174 30 0.66  94696.8 1420.5 0.81 32.0 2.6 3268.7
PLA Dz 600 PLAS (42.49059N 2.13607 E 1560 m) Two mica fine-grained gneiss samples
profile (610) PLAS-1  59.8 29.6 108 32 036 723542 795.9 0.80 233 1.9 23495
PLAS-2 692 261 156 30 0.60 1215249 12152 0.81 415 33 27669
PLAS-3  48.1 223 192 27 0.86 745545 11183 0.77 29.9 24 2560.1
PLAS-4 773 54.8 3.6 56 0.06  203870.1 2038.7 0.81 37.5 3.0 32444

Fd: fault horizontal distance, with the fault normal distance between brackets; Ft: alpha ejection correction (Farley et al., 1996). Italic values between brackets are fault normal distances.
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Figure 9. Chondrite-normalized REE patterns (Sun and McDonough, 1989) for the Tét fault hanging-wall samples. REE patterns are reported

for samples outside and inside the DZ. Fd: fault distance.
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Figure 10. U-Th-He diagrams using Helioplot (Vermeesch, 2010) for (a) TET (this study and Milesi et al., 2019) and (b) ST profile samples

(hot spring clusters).

sistent with the incorporation of U and Th (Figs. 10 and 11;
Milesi et al., 2019). REE depletion without fractionation as-
sociated with hydrothermal alteration of apatite grains has
already been evidenced experimentally (Harlov et al., 2005).
These authors showed that the reaction zone region of treated
apatite is depleted in REE+Y and Cl compared to the un-
affected region and that REEs have been carried away by
fluids circulating through nano-channels or nano-voids that
developed within the lattice of reacting apatites. As “He is
mainly trapped in lattice defects (Zeitler et al., 2017; Ault
et al., 2019), it is highly susceptible to dissolution in fluids
and thus to be lost from the host apatite during hydrother-
mal alteration processes. Indeed, it is well-known that hy-
drothermal fluids are highly “He enriched in highly fractured

https://doi.org/10.5194/se-11-1747-2020

granitic environments, even in the absence of U mineraliza-
tion (e.g. Andrews and Lee, 1979; Paternoster et al., 2017).
Variable REE loss between apatite grains from different sam-
ples or even at an intra-sample scale can also be related to
the heterogeneity of hydrothermal fluid circulations (Fig. 5,
Caine et al., 1996; Bense et al., 2013). Indeed, even at the
thin-section scale, unaltered domains can be distinguished
from more altered domains, thus reflecting a variable im-
print of fluid interaction (Fig. 6h). The chemistry and tem-
perature of the fluid flow may change with time (Favara et
al., 2001; Cox et al., 2015); however, it is noticeable that ap-
atite rejuvenation, AHe age dispersion, and REE depletion
are much more prominent near the Thues hot springs than
near St Thomas (Figs. 10 and 11). This may be related to

Solid Earth, 11, 1747-1771, 2020
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more pronounced hydrothermal fluid circulations near Thues
as exemplified by the larger number of hot springs near Thues
(10 springs) than St Thomas (four springs). The specific to-
pography around the Thues area (Taillefer et al., 2017) or
possible enhanced permeability at depth can favour longer-
lived hydrothermal and higher fluid temperatures in Thues
(up to 73°C vs. < 60°C at St Thomas). We cannot exclude
an impact of the intersecting fault network around St Thomas
(Fig. 5), which may be responsible for an increase in rock
permeability close to the surface as well as flow and heat
dispersion into a larger volume of fractured rocks compared
to the more channelized system observed within the Thues-
les-Bains hot spring cluster. This is independently supported
by the location of the St Thomas and nearby Prats—Balaguer
hot springs on secondary NW—SE and NE-SW faults cross-
cutting or branched onto the Tét fault (Fig. 4), which con-
trasts with the Thues hot springs that are all located adjacent
to the Tét fault (Fig. 5).

5.1.2 Areas with no hot springs: GAL and PLA
profiles, CAR valley

Slightly rejuvenated and scattered AHe ages and depleted
REE patterns are also observed for apatite grains from outer
DZ footwall samples located in two areas away from hot
springs clusters: the Caranca valley (CAR) and Planés pro-
files (PLA; Figs. 12a and 13a).

CAR?7 apatites from the outer DZ at ~ 2km west of the
Thues hot spring cluster exhibit dispersed and reset AHe ages

Solid Earth, 11, 1747-1771, 2020

but are also depleted in REE relative to the outside DZ ref-
erence samples (Fig. 13). They are less rejuvenated, but their
ages are consistent with AHe ages from the TET outer DZ
and their REE depletion is less pronounced (Figs. 10 and 13).
Yet again, AHe age dispersion cannot be simulated by a com-
mon thermal history regardless of the diffusion model for ap-
atite (Flowers et al., 2009; Gautheron et al., 2009), suggest-
ing opening of the apatite (U—Th)/He system (see Sects. 2.1
and S6).

Consequently, despite the lack of hot springs in the
Caranga valley, CAR7 apatites appear to record some ther-
mal resetting as in the TET outer DZ. This suggests that hy-
drothermal circulations took place in the Caranga valley but
are no longer active. The lack of surface hydrothermal cir-
culation today may be related to the sealing of fluid-filled
fractures, in agreement with the occurrence of calcite- and/or
silica-filled fractures in this area (Fig. 5d—e; Milesi et al.,
2019). A resulting question is whether or not this hydrother-
mal system can be linked to that of Thues-les-bains. If so,
the data on TET and CAR samples would suggest the pres-
ence of an intense and recent hydrothermal flow over a larger
segment of the fault than today and thus a larger thermal
anomaly around Thues than that indicated by numerical mod-
elling (Taillefer et al., 2018). In this respect, the end of sur-
face hydrothermal activity in the Caranca valley might be
very recent, while a blind geothermal system could still exist
in the subsurface.
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Figure 12. U-Th-He diagrams using Helioplot (Vermeesch, 2010) for (a) CAR and PLA samples (this study and Milesi et al., 2019) as well

as (b) GAL profile samples (no hot springs).
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GALS3 sample (outside the DZ). (b) Sum of REE contents as a function of AHe ages. The purple field corresponds to samples outside the DZ
showing consistent REE patterns. The depletion of all REEs in PLA and CAR DZ samples is associated with a rejuvenation of AHe ages.

In the Planes area, which should correspond to a recharge
area of the hydrothermal system with cold surface water cir-
culations (Taillefer et al., 2018), apatite grains from sample
PLA3 in the outer DZ yield similar results to the ones from
the St Thomas hot spring cluster with variously depleted
REE patterns and ages between 12.4+1.0 and 14.8+1.2Ma
(Figs. 7 and 13). These young ages at 1600 m of altitude do
not fit the regional thermal history depicted in Fig. 2. The
geothermal anomaly around St Thomas might have extended
1.5-2km to the west, which is inconsistent with present-day

https://doi.org/10.5194/se-11-1747-2020

numerical thermal modelling (Taillefer et al., 2018). Alter-
natively, a more local hydrothermal system may have been
active on the plateau independently of that of St Thomas.
The Planes area, similarly to the Caranga valley, may also
correspond to a blind geothermal system or a palaeo-system.
Both locations might then represent potential sites for future
geothermal exploration.

At the foot of the Puig Gallinas massif (GAL profile), our
results do not evidence significant AHe age scattering, while
REE content is more variable within the outer DZ (Fig. 13).

Solid Earth, 11, 1747-1771, 2020
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fit of these ages.

Although the number of analysed grains is limited, the homo-
geneity of the data suggests no significant hydrothermal cir-
culations within the DZ in the last 10 Ma, in contrast to what
the numerical models suggest (Taillefer et al., 2018). The
presence of calcite—quartz-filled fractures and chloritization
observed in the samples from this area might support more
ancient (> 10 Ma) hydrothermal circulation. Moreover, ther-
mal modelling of GAL samples from both outside the DZ and
in the outer DZ with QTQt software indicates a common his-
tory with the TET samples collected outside the DZ (Fig. 14).
The modelled T-t path suggests rapid cooling (25°C Ma™!)
between 30 and 24 Ma, followed by a quiescent period and a
second phase of cooling between 12 and 9 Ma (15°CMa~!)
(Sect. S6 for model parameters). This model shows a good
fit and is compatible with previous regional thermal histories
indicating rapid cooling in the late Oligocene—early Miocene
associated with the Tét fault activity during opening of the
Gulf of Lion (Maurel et al., 2008; Milesi et al., 2019). At the
scale of the eastern Pyrenees, the second exhumation phase
can be associated with global 2km uplift in the Tortonian
suggested by Gunnell et al. (2009), which is likely coeval
with a reactivation of the T&t fault around 10 Ma (Cabrera et
al., 1988; Mauffret et al., 2001). The good fit of the model
supports the lack of a significant recent thermal anomaly
along this segment of the Tét fault.

As fluid flow through fractured rocks is a highly heteroge-
neous process, even at the thin-section scale (Fig. 6), variable
4He loss or gain by fluid advection can account for AHe age
dispersion even in areas distant from present-day hot springs.
This is supported by the global positive correlation between
AHe rejuvenation and REE loss in samples from the Tét
fault outer DZ footwall. The combination of AHe dating and
REE analyses makes it possible to identify blind geothermal
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systems, possibly representing extensions of the present-day
surficial ones, and thus to better constrain the geometry and
intensity of recent geothermal anomalies along the Tét fault
(Fig. 15). This result questions a straightforward interpreta-
tion of AHe ages if potential hydrothermal alteration is not
considered.

5.2 Hanging wall of the Tét fault

Outside the hanging-wall DZ, apatites from samples ML1
and ST12 yield AHe ages (Table 2) consistent with previ-
ously published AHe ages in the Mont-Louis massif (Maurel
et al., 2008), and REE patterns from sample ST12 are com-
patible with those of apatites from S-type granites (Sha and
Chappell, 1999), with a moderate LREE depletion.

Within the hanging-wall DZ, samples closest to the Tét
fault (TETHW, ST1, and GALS) show scattering and mainly
ageing of AHe ages, similar to the footwall inner DZ (Milesi
et al.,, 2019). The AHe age scatter (Fig. 7; Table 2) can-
not be properly modelled with a common thermal history
(see Sect. S6). Apatite REE contents appear less variable
within the hanging-wall DZ, except for a single apatite grain
from the TETHW sample that yields a depleted REE pat-
tern associated with the youngest AHe age. This result can
be due to the hydrothermal influence of the Thues-les-Bains
hot springs in the footwall (Fig. 5) and to the same process
of “He loss described in the footwall outer DZ (e.g. sample
CARY?7), thus suggesting the fault is not an impermeable bar-
rier for fluids. We cannot exclude the possibility that fluid
circulation in the hanging wall also played a role as attested
by the presence of the Canaveilles hot springs just northeast
of the TET profile (Taillefer et al., 2018). In this specific lo-
cation (TET profile, gneiss—gneiss contact; Fig. 3) both the

https://doi.org/10.5194/se-11-1747-2020
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hanging-wall topographic gradient and the presence of per-
meable rocks might have contributed to a hydrothermal cell
in the hanging wall.

Samples from the distal hanging-wall DZ yield less scat-
tered AHe than those close to the Tét fault with the exception
of sample PLAS. However, all samples including PLAS ex-
hibit very similar REE patterns. The intra-sample variation
of AHe ages for PLAS can be explained by a unique ther-
mal history (see Sect. S6). Therefore, samples from the distal
hanging-wall DZ (GAL1, GAL2, ST11, and ST14) are used
in combination with those outside the DZ (ML1 and ST12)
for modelling the thermal history of the hanging wall. The
T-t path (Fig. 16) shows rapid cooling between 35 and 30 Ma
in the temperature range of 150 to 50 °C and slow cooling
since 30 Ma. Low cooling rates may account for the intra-
sample variation of AHe ages in the hanging wall away from
the Tét fault in accordance with previous works (Fitzgerald
et al., 2006; Maurel et al., 2008; Brown et al., 2013). Sam-
ple PLAS is peculiar because it is the only sample located at
a lower elevation than the Tét fault surface trace (Fig. 5). It
is therefore located lower than the geothermal system along
the Tét fault footwall in the Planes area. This peculiar lo-
cation may account for the AHe age scattering and ageing
within this sample outside the DZ, in addition to the more

https://doi.org/10.5194/se-11-1747-2020

pronounced age dispersion compared to the footwall due to
the above-mentioned regional slow cooling.

In the hanging wall, disturbed AHe ages are observed
close to the Tét fault. Therefore, we consider AHe age dis-
persion within the hanging wall near the Tét fault to be po-
tentially indicative of hydrothermal circulations within this
part of the hanging wall even though the small number of
samples does not allow for a clear interpretation. This ques-
tions the impermeable character of the hanging-wall rocks
and the Tét fault gouges (Taillefer et al., 2017). However, the
AHe perturbation is more limited than in the Tét fault foot-
wall, without REE depletion for the GAL, ST, and PLA pro-
files, suggesting episodic circulation or thermal effects due
to the increase in temperature in the Tét fault footwall. We
show that moving away from the fault all samples outside the
DZ share a common thermal history together with rocks far
away from the fault (Fig. 16). This thermal modelling shows
a rapid cooling event (10°C Ma~!) between 36 and 30 Ma,
followed by slow cooling under 4 °C Ma~!. Rapid cooling of
the hanging wall at the end of the Eocene occurred contem-
poraneously with the thrusting of the Aston—Mont-Louis unit
onto the Canigou massif (Ternois et al., 2019).

Solid Earth, 11, 1747-1771, 2020
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6 Conclusions

This coupled (U-Th)/He and REE study of a geother-
mal anomaly along the Tét normal fault confirms that the
apatite thermochronometer can be impacted by local low-
temperature hydrothermal circulations along a dormant fault,
as evidenced in our previous work (Milesi et al., 2019). It
shows that apatites from samples in the fault DZ display large
AHe age scattering and strong depletion of REE contents
compared to apatites from samples located far away from the
fault zone, which preserve the original REE patterns and the
regional cooling history.

These results highlight the mobility of REE in apatite dur-
ing interaction with hydrothermal fluids, demonstrating that
apatite grains can no longer be considered a closed system
in such a context. AHe age dispersion due to *He loss or
gain may be induced primarily by fluid advection rather than
by a thermal diffusion process as usually considered in non-
hydrothermal environments. As fluid flow through fractured
rocks is a highly heterogeneous process, even at the thin-
section scale, variable “He mobility can account for large
inter- and intra-sample AHe age dispersion.

This study also shows that even in the absence of surface
hydrothermal activity, AHe ages can be affected by recent
blind hydrothermal systems. This questions the interpretation
of AHe ages when hydrothermal alteration is not carefully
considered even when evidence of active fluid circulations is
lacking.

The combined use of AHe thermochronology with apatite
REE analysis appears to be an efficient tool to identify the
open-system behaviour of apatite grains in relation to hy-
drothermal fluid circulations. This approach provides infor-
mation on the origin of AHe age scattering, thus allowing for
the selection of proper AHe ages and rejection of others cor-

Solid Earth, 11, 1747-1771, 2020

responding to reset apatites. This mode of age selection can
be applied for thermal modelling calculations. We propose
that this coupling of AHe ages with REE analyses should be
generalized in low-temperature thermochronological studies
of areas susceptible to having suffered hydrothermal over-
print. Moreover, this methodological coupling could be a
way to look for geothermal systems in addition to other ap-
proaches including water geochemistry, geophysical surveys,
well drilling, or numerical modelling. In the present study,
the thermal anomalies are restricted to two main hot spring
clusters along the fault in contrast to a previous thermal nu-
merical modelling, which suggested a more regular distribu-
tion of a single thermal anomaly along the fault. Moreover,
this coupling shows that the AHe age dispersion and REE
depletion are more pronounced in one cluster with abundant
hot springs, thus providing additional constraints on the in-
tensity and geometry of this localized geothermal anomaly.
However, its sensitiveness to hydrothermal fluid flow varia-
tions through space and time has to be further explored

AHe ages from the hanging wall and the footwall remain
unaffected by recent hydrothermal perturbation and can be
used to restore the cooling history on both sides of the Tét
fault. In the hanging wall of the Mont-Louis massif, AHe
ages record Eocene fast cooling related to the main collision
event in the eastern Pyrenees. In the footwall of the Caranca
and Canigou massifs, two main phases of cooling in relation
to the Tét fault normal activity are recognized: (i) between 30
and 24 Ma in agreement with previous thermochronological
studies and (ii) a second one around 10 Ma that is reported
for the first time in the eastern Pyrenees. This second cooling
phase is coeval with a major episode of regional uplift in the
eastern Pyrenees.

https://doi.org/10.5194/se-11-1747-2020
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