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Abstract

We present integrated structural, petrological, mineralogical and geochemical investigations
conducted on an exhumed hydrothermal system identified in Terre-de-Haut Island
(Guadeloupe archipelago). This work demonstrates, for the first time, the occurrence of
ductile shear zones, marked by the development of spaced schistosity planes generated by
pressure-solution processes. We unravel first that the development of spaced schistosity is
coeval with high-temperature hydrothermalism (approximately 350°C) and second that this
hydrothermal alteration occurred at a depth of less than 2 kilometres. We highlight, at
shallow crustal depths, the record of both vertical and lateral fluid pathways in the studied
volcanic arc. Finally, combining this new dataset with the large number of published surface
data obtained in the active geothermal system of Bouillante, we propose a conceptual
scheme for the studied fossil reservoir to document the roots of magmatic arc-related active

geothermal systems and to introduce new perspectives for deep geothermal exploration.
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https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0377027321000858
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0377027321000858

39

40

41

42

43
44
45
46
47
48
49
50
51
52
53

54

55

56

57

58

59

60

61

62

63

64

Keywords: exhumed hydrothermal system; hydrothermal fluids pathways; high temperature

geothermal reservoir; geothermal exploration; Lesser Antilles arc.

1- Introduction

For many geothermal systems, a significant amount of geological and geophysical surface
data is currently available to characterize geothermal resources (Ledru and Guillou-Frottier,
2010; Moeck, 2014). However, deciphering the geological properties of the lowermost part of
geothermal reservoirs, i.e., below commonly drilled depths (1.5 kilometres in the case of the
Lesser Antilles arc), is, still challenging due to the high economic cost of exploratory drillings
and poor knowledge of the mechanical properties of hydrothermalized materials at high P-T
conditions (i.e. T > 300°C and P > 2 Kbar). As frequently implemented in the study of oil
resources, an effective alternative to address this type of issue is the study of exhumed
analogues (e.g., Bouma, 1962; Middleton and Bouma, 1973; Beck and Lehner, 1974; Joseph
and Lomas, 2004). This approach was successfully applied to epithermal systems coeval
with magmatic activities, which are regarded as fossil geothermal systems (Bouchot and

Genter, 2009; Liotta et al., 2010; Cooke D. R. and Simmons S. F. 2000; Garden et al., 2020).

On the west coast of Guadeloupe (Lesser Antilles magmatic arc), a high-energy geothermal
system favourable for electricity production was identified in the 1970s in Bouillante Bay
(Cormy et al. 1970; Demians d'Archimbaud and Munier-Jolain 1976; Demians d'Archimbaud
and Surcin 1976). This geothermal field has been well characterized through geological,
geochemical and geophysical investigations and several exploration and production wells
(lundt and Ouzounian, 1984; Abou Akar et al., 1992; Sanjuan and Brach, 1997; Guillou-
Frottier, 2003; Lachassagne et al., 2009; Bouchot et al., 2010; Thinon et al., 2010; Calcagno
et al., 2012; Gailler et al., 2013). However, despite these efforts, the pathways for fluid and
heat transfer in the deepest part of this reservoir are still under debate (Navelot et al., 2018).

A hydrothermal system considered a possible exhumed analogue of such a geothermal
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reservoir has been identified in the Guadeloupe archipelago, precisely in Les Saintes Islands
(Jacques and Maury, 1988; Verati et al., 2016). According to these authors, superposed fault
networks structurally control the development of hydrothermal alteration zones, and in a
previous paper, we investigated the role of faults, fractures and lithological discontinuities on
fluid transfers, hydrothermal alterations and petrophysical properties of volcanic rocks in this
area (Navelot et al., 2018). However, in the western arc of the Guadeloupe volcanic
archipelago, ductile tectonic structures were recently discovered (Verati et al., 2018; Favier
et al., 2019). As demonstrated by numerous authors, the tectonic and kinematic framework,
and therefore the regional stress field, has remained unchanged since 5 Ma in this volcanic
archipelago (Bouysse and Garrabé, 1984; Julien and Bonneton, 1989; Feuillet et al., 2002,
2004; Mathieu et al., 2011; Corsini et al., 2011; Lardeaux et al., 2013; Mdnch et al., 2013;
Leclerc et al., 2016). Consequently, the goal of this paper is to investigate the relationships
between the mineralogical evolution of hydrothermalized rocks and ductile tectonic
structures, in Les Saintes Islands, in order to document the roots of active geothermal
systems developed in magmatic arcs and to develop new perspectives for deep geothermal

exploration.

2- Regional setting

2-1- The Guadeloupe archipelago in the Lesser Antilles arc

The 850 km-long curved Lesser Antilles arc is located at the convergent boundary between
the Caribbean and American plates (Figure 1-A; Hawkesworth and Powell, 1980; Bouysse
and Westercamp, 1988; Demets et al., 2000). This is the consequence of southwest-directed
subduction of the American plates beneath the Caribbean plate with a velocity of
approximately 2 cm/yr (Lopez et al., 2006). The crustal thickness of the upper plate
supporting the volcanic arc was defined by geophysical investigations at approximately 28

km (Kopp et al., 2011; Gailler et al., 2013). The conductive geothermal gradient of the Lesser



91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

108

Antilles arc is now well established (Manga et al., 2012) and was measured around the
Guadeloupe archipelago in a range between 69.3 + 1.5 and 98.2 + 8.8 °C/km (Figure 1-A).

The northern part of the magmatic arc, including the Guadeloupe archipelago (Fig. 1-A), is
divided into two subparallel ridges (Westercamp, 1979). The eastern arc is an ancient arc
formed by late Oligocene to Pleistocene carbonate platforms (Grande-Terre), while the
western arc is composed of a recent chain of volcanic islands (Basse-Terre and Les Saintes)
active since 5 Ma (Bouysse and Westercamp, 1990). Basse-Terre Island consists of a cluster
of volcanic complexes, frequently called “volcanic chains” (Figure 1-B). From north to south,
Samper et al. (2007) recognized the following: the oldest, the Basal Complex, characterized
by 4.28 to 2.67 Ma aged volcanism (Favier et al., 2019); the Septentrional Chain, formed
between 1.81 and 1.16 Ma; the Axial Chain, active from 1.02 to 0.41 Ma; the Grande
Découverte — Trois Rivieres Complex (0.20 Ma-recent), including the present-day active La
Soufriere volcano (Boudon et al., 1987, 2008); and the Monts Caraibes Chain built at
approximately 0.55-0.47 Ma (Blanc, 1983; Ricci et al., 2017). Southeast of Basse-Terre
Island, the Les Saintes archipelago is composed of two islands: Terre-de-Haut Island with
3.63 to 2.00 Ma aged volcanism and Terre-de-Bas Island younger than 1.00 Ma (Jacques et

al., 1984; Jacques and Maury, 1988; Zami et al., 2014).
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Figure 1: A) Geodynamic setting of the Lesser Antilles arc (after Feuillet et al., 2001; heat
flow measurements from Manga et al., 2012), B) Map of the active volcanic arc in
Guadeloupe archipelago (i.e. Basse-Terre and Les Saintes) displaying the different volcanic
complexes and the main tectonic structures (modified after Boudon et al., 1987; Calcagno et
al., 2015; Ricci et al., 2017; Verati et al., 2018 and Favier et al., 2019), BC = Basal Complex;
GDVC = Grande Decouverte Volcanic Complex. (COLOR FOR ONLINE VERSION ONLY /
IMAGE SIZE: COLUMN WIDTH)
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Figure 1: C) Tectonic sketch map of Bouillante area in Basse-Terre Island (modified after
Calcagno et al., 2012; Calcagno et al., 2015; Navelot et al., 2018). (COLOR FOR ONLINE
VERSION ONLY / IMAGE SIZE: COLUMN WIDTH)

2-2- Brittle tectonic framework in the Guadeloupe archipelago:

Regionally, four major brittle fault directions have been identified: N50-N70, N90-N110,

N120-N140 and N160-N10. Onshore and offshore investigations (Feuillet et al., 2002, 2004,
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2010, 2011; Thinon et al., 2010; Mathieu et al., 2011; Corsini et al., 2011; Laigle et al., 2013;
Lardeaux et al., 2013; Munch et al., 2013; De Min et al., 2015; Leclerc et al., 2016; Legendre,
2018; Navelot et al., 2018; Leclerc and Feuillet, 2019) allow the reconstruction of the
deformation history on the basis of relative chronology criteria (i.e., superposed geometries).
Statistically, the N160-N10 structures are regarded as the youngest fault system, while the
N40-N50 structures are the oldest. According to many authors, the N120-N140 and N90-
N110 structures are synchronous, have been generated under a transtensive regime, and
are presently active. Many studies (Bouysse, 1979; Bouysse and Westercamp, 1990; Feuillet
et al., 2002, 2004; Corsini et al., 2011; Lardeaux et al., 2013; De Min, 2014; Legendre et al.,
2018; Legendre, 2018; Verati et al., 2018; Navelot et al., 2018; Favier et al., 2019) have
emphasized the importance of structural heritage, and thus tectonic reactivation, on the
present-day active deformation pattern. Interestingly, the active Bouillante geothermal field
(Figure 1-B) is located at an intersection between three of the main regional tectonic

structures (Calcagno et al., 2012, 2015, Figure 1-C).

2-3- Terre-de-Haut in Les Saintes Islands

Terre-de-Haut, the oldest volcanic complex in the Les Saintes Islands, predominantly
consists of calk-alkaline lavas, debris and pyroclastic flows, with abundant lava domes and
volcanic plugs (Jacques and Maury, 1988; Verati et al., 2016). All volcanic rocks are
frequently fractured and deformed by superposed fault systems. We have recently clearly
established the main characteristics of the finite brittle field on Terre-de-Haut Island (Verati et
al., 2016; Navelot et al., 2018; Favier, 2019). In summary, our structural analyses revealed
the existence of four main directions for the orientation of fault networks characterized by the
following statistical structural directions: NO30-N060-, NO70-N100-, N120-N140- and N170-
NO10-trending fault systems (Figure 2-B). All these faults are generally strongly dipping, and
when kinematic criteria are visible, they are compatible with normal faulting with a strike-slip

component. This brittle finite strain pattern is therefore consistent with the regional
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transtensive tectonic framework currently recognized in the Guadeloupe archipelago (Feuillet

et al., 2002, 2004, 2010; Calcagno et al., 2012; Baird et al., 2015; De Min et al., 2015;

Leclerc et al., 2016).
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Figure 2: A) Sample localisations map, legend in table 1. B) Revised geological map of Terre
de Haut Island showing the main geological formations and the volcanic lithologies defined
by their geochemistry and their mineralogy (modified after Jacques and Maury, 1988 and
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159  Verati et al., 2016). The heavy dark lines represent the main brittle faults identified in the field
160 (modified after Verati et al., 2016 and Navelot, 2018). (COLOR / IMAGE SIZE: FULL PAGE)
161

162  Table 1: Samples location from Terre-de-Haut Island. (BLACK AND WHITE / IMAGE SIZE:
163 COLUMN WIDTH)

164
Localisation
(fig. 2-A) Samples

1 17TH26

2 17TH28

3 TH-23a,b,c,d,e

4 17TH29

5 TH-30a1,a2,b ; 16STH33

6 TH-32a,b, TH-33

7 GD-16-10

8 17TH30

9 17TH32a,b

10 17TH31

11 SA-14

12 17TH33

13 16STHO1a,b; 16STHO02; 16STH03; 16STHO04a,b; 16STHO5;
16STHO06; GD16-06

14 16STHO07; 16STHO08; 16STHO09a,b; 16STH10; GD-16-03;
GD16-05

15 16STH11a,b; 16STH19; 16STH20; TH26a,b

16 16STH12; 16STH13; 16STH14; 16STH15a,b; 16STH16;
16STH17; 16STH18; 17TH16; 17TH17a,b; TH-27

17 16STH34; GD15-142

18 16STH35a,b; TH-244a,b,c; TH-25

19 17THO1; 17THO2

20 17THO3; 17THO04; 17TH15; 16STH21a,b

21 17TH14; 16STH22

22 17TH12

23 17TH11

24 17THO09; 17TH10

25 17THO5; 17THO6; 17THO7; TH-25'; SA-12-08; GD-17-08

26 17THO08; GD17-09

27 16STH23a,b

28 16STH24; 16STH25; 16STH26; 16STH27; 16STH28

29 16STH30; 16STH31; 16STH32

30 16STH29; 17TH24; TH-28

31 17TH23

32 17TH22

33 17TH21

34 17TH18; 17TH19

35 17TH20
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36 17TH25a,b; DC-10-09a,b; GD17-11

37 17TH13; TH-29; GD-15-135

38 GD-15-139; GD15-140; GD15-141

The central part of Terre-de-Haut Island is dominated by a large area (2 km?) of intensely
hydrothermally altered rocks (Figure 3), within which the initial magmatic structures and
mineralogy have been completely erased, making it impossible to distinguish between lava,
debris or pyroclastic flows (Jacques and Maury, 1988; Verati et al., 2016). The recognition of
high-temperature hydrothermal mineral associations as well as the importance of fault
networks led Verati et al. (2016) to interpret this hydrothermal zone as an exhumed
paleogeothermal reservoir. Such hypothesis is consistent with the age of volcanic activity (3-
2 Ma) combined with the fact that the Guadeloupe archipelago is subjected to intense
weathering and erosion processes (Dessert et al.,, 2015). Indeed, because effective
mechanical and chemical erosion rates are approximately 1-2 mm/yr (Sak et al., 2010; Lloret
et al.,, 2011; Rad et al., 2013; Ricci et al.,, 2015 a, b), the central part of this island was
potentially burried by a minimum of 2 km of volcanic materials. Low-temperature mineral
associations typical for subsurface zones of geothermal fields have been recently described
in this area (Beauchamps et al., 2019). Altogether, these data suggest that the Terre-de-Haut
hydrothermal system is the key target to study an exhumed analogue of a geothermal

reservoir in the Guadeloupe archipelago.
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Figure 3: Aerial view of a central portion of the Terre-de-Haut Island showing the extent of
the highly hydrothermalized area. View from Pré Cassin. (COLOR / IMAGE SIZE: FULL
PAGE WIDTH)

3- Material and methods

3-1- Terminology

The term “hydrothermal processes” strictly refers to the changes that occur when fluids
circulate into and react with surrounding pre-existing rocks, producing physicochemical
changes in these “country rocks” (see reviews in Meyer and Hemley, 1967; Guilbert and
Park, 1986; Pirajno, 2009). Because a hydrothermal system requires a heat source, a fluid
phase (supergene and/or hypogene fluids) and a transfer structure, there are different
geological settings favourable for hydrothermalism. Consequently, the terms relevant to
describing the chemical and mineralogical changes in rocks affected by hydrothermalism are
not homogeneous. In particular, these chemical/mineralogical transformations are called
“hydrothermal alteration” in the geothermal community but are described as “hydrothermal
metamorphism” by endogenous petrologists, even if the pioneering and seminal works of
Ramberg (1952) and Korzhinskii (1965) established that the physicochemical processes
driving the fluid—rock interactions obey similar thermodynamic and kinetic laws. Since the
late 2000s (Smulikowski et al., 2007), the International Union of Geological Sciences (IUGS)
recommends using the term “hydrothermal metamorphism” for mineralogical and textural
transformations of a local extent caused by the circulation of hot H2O-rich fluids developed in
specific settings such as ocean-floor spreading centres, contact aureoles around igneous
intrusions, or volcanic/magmatic arcs (see also Fyfe et al., 1978; Mason, 1978; Schiffman et
al., 1986, 1991; Liou et al, 1987; Yardley, 1989; Frey and Robinson, 1999). During
hydrothermal metamorphism, as is the case in geothermal systems or ore deposit formation,
the percolation of volatile and sometimes overpressurized fluids may dissolve and remove
chemical elements from the country rocks, significantly altering the country rocks’ chemical

composition (Schiffman et al., 1984; Yardley and Cleverley, 2015, with references therein).

11
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As underlined by Schiffman et al. (1984) and Pirajno (2009), high-temperature hydrothermal
alteration and hydrothermal metamorphism are terms describing similar processes.
Consequently, the term “hydrothermal alteration”, hereafter used, must be considered in its

broadest acceptance.

3-2- Mapping lithology, structural analysis and sampling strategy

We mapped the various volcanic units distinguishing the following formations: well-developed
soils, superficial quaternary sedimentary formations, debris flows, lava flows, lava domes and

volcanic plugs.

More than a hundred measurements across the island of tectonic structures were acquired
for this study during seven fieldwork campaigns between 2010 and 2017 to characterize the
superposed finite ductile strain fields, the chronology of deformations and, when possible, the

kinematics of deformation.

To assess the intensity and degree of hydrothermal alteration of the volcanic rocks, we
sampled fresh, slightly altered, and highly altered volcanic rocks. The sampling was executed
while taking into account the rock deformation in the regional finite deformation gradient. As
a result, the undeformed fresh volcanic rocks are considered a standard reference in order to

quantify the effects of hydrothermalism and deformation.

3-3- Whole rock geochemistry

Whole rock major and trace element analyses were performed on 108 samples (localized in
figure 2-A and table 1; analytical results provided in the supplementary data in table A-1),
first, to improve the definition of the lithotypes defined on the geological map and, second, to
specify the magmatic characteristics of the sampled lava flows. We carefully selected the
rock exposures to ensure that the main types of lava flows were sampled. Analyses were
obtained by using inductively coupled plasma atomic emission spectrometry (ICP-AES) and

inductively coupled mass spectrometry (ICP-MS) for major and trace elements, respectively,

12
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on rock powders at the Geochemical and Petrographic Research Center in Nancy (SARM

laboratory, CNRS-CRPG, with the procedure proposed by Carignan et al., 2001).

3-4- Mineral chemistry

In order to precise and quantify the mineralogical evolution of Terre-de-Haut, we investigated
126 thin sections. Mineral chemistry data were obtained by electron microprobe analyses, X-

ray diffractometry and Raman spectrometry.

Non-oriented powders of whole rocks (<70 um) were analysed by an X-ray diffractor with an
XPert-Pro MPD system (Bragg Brentano geometry, Cu anticathode, KAlphail and KAlpha2

rays, PIXcel detector) at the CEMEF in Sophia-Antipolis Scientific Center.

Mineral major compositions were analysed using the “Service Commun de Microsonde” of
the University of Montpellier using a Cameca-SX100 electron microprobe. The operating
conditions were a 20 kV accelerating voltage and 10 nA beam current. The chemical
analyses of hydrothermal phases are presented in the supplementary data in tables A-2, A-3,

and A-4.

We also used Raman spectrometry to complete the mineral determination. The spectra were
recorded with a LabRam HR800UV Jobin-Yvon™ microspectrometer equipped with 1800
g/mm gratings and using 532 nm green laser excitation; the acquisition time span varied from

20 to 70 s during three accumulating cycles.

3-5- P-T-XH:20 estimates for hydrothermal mineral associations

The pressure and temperature conditions of hydrothermalism were quantified by the use and

the comparison of:

- Stability fields of typical geothermal minerals, using the available detailed descriptions of
phase distribution with respect to measured temperatures and depths in active geothermal

fields (see, for example, Reyes, 1990 and White and Hedenquist, 1995).

13
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- Classical chlorite solid-solution thermometry, which has been successfully used (Lanari et
al., 2014) since the pioneering works of Cathelineau and Nieva (1985) and Cathelineau

(1988) in both geothermal and low-grade metamorphic systems.

- Thermodynamic modelling of representative samples using the THERIAK-DOMINO method
(De Capitani and Petrakakis, 2010) with the Holland and Powell database (1996-2007).
These calculations were carried out only on samples not affected or poorly affected by
supergene alteration. THERIAK-DOMINO, similar to other mineral equilibrium modelling
methods (for example THERMOCALC, Powell et al., 1998), allows us to approach, as closely
as possible, the effects of all major chemical elements measured (i.e., real and effective
whole rock chemistry) in a given bulk rock composition on the stability of the observed
mineral assemblage in the thin section of interest. THERIAK-DOMINO is a free energy
minimization program, taking into account available mixing models for mineral solid solutions
and allowing calculation of pseudo-sections (i.e., isochemical phase diagrams) for a selected
natural sample. Pseudo-section calculations allow exploration of not only the P-T stability
fields of complex mineral assemblages (including the relative abundances of the different
phases in a given mineral assemblage) but also the effects of the Fe-oxidation state on
mineral stabilities as well as the influence of the amount and nature of fluids (particularly

H-0) on the stability field of a given mineral association.

4- Diversity of lithologies

The first geological map of Terre-de-Haut was produced in the 1980s (Jacques and Maury,
1988) and was later improved by geochronological and structural investigations (Zami et al.,
2014; Verati et al., 2016). To continue the refinement of Terre-de-Haut geology we produced
a revised geological map (Figure 2-B). We refined the definition of volcanic rocks, sampled in
domes or lava flows, by systematic geochemical and petrographic investigations taking into

account their degree of hydrothermal alteration overprint.
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SiO2 content ranges from 54 to 67 wt.% (100% anhydrous) for lava flows, with a

compositional range from basalt-andesite to dacite (Figure 4-A). The studied samples have a

calk-alkaline affinity with an evolution from andesites to dacites and medium to low K series

(SiO2 versus Nb/Y diagram, Winchester and Floyd 1977, and K>O versus SiO. diagram,

Peccerillo and Taylor 1976, in supplementary data in figure A-1).
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Figure 4: Geochemical characterization of lava flows: A) Total alkali vs. silica diagram after
Bas et al. (1986), white circles represent previous data from: Jacques et al., 1984; Jacques
and Maury, 1988; Zami et al., 2014 and Navelot et al., 2018. Blue circles correspond to our
new analyses. B) Co vs. Th plot after Hastie et al., 2007 showing the primary volcanic
chemical characters of the studied rocks whatever their degree of alteration. B, E and G)
Rare Earth Element (REE) patterns normalized to chondrite values (after Sun and
McDonough, 1989) of the andesite, dacite and rhyodacite lava flows, respectively, used in
this study. D, F and H) Multi-element patterns normalized to primitive mantle (after Sun and
McDonough, 1989). For C to H : The shaded bands correspond to the range determined for
Terre-de-Haut volcanic rocks (after Zami et al., 2014) and black bold lines for fresh samples.
(COLOR /IMAGE SIZE: FULL PAGE WIDTH)

The Rare-Earth-Element (REE) diagram normalized to chondrite values (after Sun and
McDonough, 1989; Figures 4-C, E and G) displays relatively constant slopes with light REE
(LREE) enrichment for most samples, which is typical of insular arc-related calk-alkaline
lavas (Hawkesworth and Powell, 1980; Labanieh, 2009). Moreover, the multi-element
diagram normalized to primitive mantle (Sun and McDonough, 1989; Figure 4-D, F and H)
also displays typical patterns of calk-alkaline arc lavas, i.e., with Th, Pb, U and large ion

lithophile element (LILE) enrichments and Nb and Ta negative anomalies (Labanieh, 2009).

The rhyodacitic samples (Figures 4-G and H) show the most diversified geochemistry with
especially strong Sr depletion, large K, Th, U enrichments, or K depletion. This geochemical
variability can be explained either by different magmatic differentiation stages or by element

mobility during alteration processes, especially for Sr and K.

However, the positive Y and heavy-REE (HREE) anomalies of samples from “Morne a Craie”
(17TH11) (Figure 4-F) and the intrusion in the southern part of Grande Anse beach (TH-25’
and 17THO5, Figure 4-H) reflect supergene processes (Cotton et al., 1995), as also identified

in REE spectra (Figures 4-E and G).

Major and some trace elements (mainly LILEs and LREEs) are severely mobile in altered
lavas. Therefore, to improve the geochemical characterization of our samples, particularly
those affected by hydrothermal transformations, we selected diagrams based only on minor
and trace elements considered the most immobile. Samples where the LOI (loss on ignition)
is below 1-2% and in which the primary volcanic mineralogy is well preserved (see section

6), demonstrating that hydrothermalism and/or weathering are insignificant, are named
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slightly altered rocks, while when the LOI is above 3% (as suggested by Samper et al., 2007,
to identify significantly altered volcanic rocks), and when secondary minerals are abundant,
they are named altered or highly altered rocks. Hypogene and supergene hydrothermal
alteration produce new mineral assemblages often associated with significant redistribution
of chemical elements (Sturchio et al., 1986; Fulignati et al., 1999; Pandarinact et al., 2008;
Salalin et al., 2011). For these reasons, we used the Th-Co diagram proposed by Hastie et
al. (2007), which is an efficient tool for the characterization of magmatic protolith signatures
in altered lava flows. In this diagram, the studied rocks define a typical medium-K calk-
alkaline volcanic series (Figures 4-A and A-1) characterized by significant magmatic
differentiation from basaltic andesites to rhyodacites. Many lava domes and volcanic plugs
correspond to andesites or rhyodacites. Lava flows are more diversified and thus we
distinguished, on the revised geological map, basalt-andesites, andesites, dacites and

rhyodacites (Figure 2-B).

In common trace element diagrams (Figures 4 C to H), the lava flow samples are compared

to fresh volcanic rocks from Terre-de-Haut Island (Zami et al., 2014)

Hydrothermally altered andesite samples (Figures 4-C and D) are similar to fresh volcanic
andesites. A specific sample (16STH23b) displays enrichment in MREEs (middle-REEs) and

HREEs, typical for weathering and leaching processes (Zhou et al., 2013).

Dacite samples (Figures 4-E and F) display a consistent trend for most samples with
enrichment in LREEs. However, two samples (17TH11 and 16STH20) show chemical
anomalies indicating supergene alteration processes (Cotten et al., 1995; Zhou et al., 2013;
Ricci et al., 2017) and plagioclase fractionation or interaction with mildly acidic low

temperature fluids (Bau, 1991; Taylor and McLennan, 1995) respectively.

Rhyodacite samples (Figures 4-G and H) display the most varied spectra with different
degrees of LREE enrichment. This feature can be either related to different magmatic

differentiation stages or to secondary alteration events (hydrothermal and/or supergene
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alteration). Some samples show especially negative or positive Eu anomalies, suggesting
either plagioclase fractionation or interaction with secondary fluids (Bau, 1991). For example,
two severely hydrothermalized samples from the southern part of the Bourg Bay area
(17TH32a) and the northern part of Grande Anse beach (16STHO02) reveal both LREE
depletion and slightly negative Eu anomalies related to typical high temperature alteration
under mildly acidic conditions (Bau, 1991). Other hydrothermalized samples from the
northern part (TH-27, 16STHO1a, 16STH09b) and southern part (17THO06) of Grande Anse
beach present a positive Eu anomaly due to acidic high-temperature hydrothermal fluids
(Michard et al. 1983; Cotten et al., 1995). Samples from the southern part of Grande Anse
beach (TH-25" and 17THO05) show high HREE enrichment and slight negative Ce anomalies,
reflecting weathering processes under tropical conditions (Cotten et al., 1995; Zhou et al.,

2013; Ricci et al., 2017), as already observed for the dacitic sample (Figure 4-E).

5- Structural and microstructural analyses

Despite previous structural analyses at Terre de Haut (Jacques and Maury, 1988; Verati et
al., 2016; Navelot et al., 2018), we identify for the first time in Terre-de-Haut Island zones of
ductile deformation (Figures 5-A and B), marked by the development of spaced cleavages

produced by pressure-solution processes.
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Figure 5: A) Schistose corridors showing a finite deformation gradient (from the aerodrome
quarry). B) Zoom on well-developed schistosity planes. C) Local ductile strain pattern with S
(schistosity) and C (shear planes) structure compatible with normal sense of shear
(schistosity plane N160, 40W, stretching lineation N270, 35W, C plane NO, 75W). D) Typical
S (schistosity) and C (shear planes) structure compatible with a normal sense of shear in the
area of interest. (COLOR / IMAGE SIZE: FULL PAGE WIDTH)

These planar rock structures are concentrated into decametre to hectometre corridors and
thus define “ductile shear zones” within the finite ductile strain pattern (Figures 5-A and B
and Figures 6-A and B). Stretching lineations are difficult to decipher, but in highly strained
domains, strongly dipping lineations and local C/S or C’ structures indicate a normal sense of
shear (Figures 5-C and D). At