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Two geothermal wells, GRT-1 and GRT-2, were drilled into the granite at Rittershoffen (Alsace, France) in the
Upper Rhine Graben to exploit geothermal resources at the sediment-basement interface. Brine circulation oc-
curs in a permeable fracture network and leads to hydrothermal alteration of the host rocks. The goal of the
study was to characterize the petrography and mineralogy of the altered rocks with respect to the permeable
fracture zones in the granitic basement. As clay minerals are highly reactive to hydrothermal alteration, they
can be used as indicators of present-day and paleo-circulation systems. Special attention has been paid to the tex-
tural, structural and chemical properties of these minerals. The fine-grained clay fraction (<5 pm) was analyzed
around the originally permeable fracture zones to observe the crystal structure of clay minerals using X-ray dif-
fraction. Chemical microanalysis of the clay minerals was performed using scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy. The occurrences of mixed layers illite-smectite (~10% smectite) pro-
vide a promising guide for identifying the fracture zones that control the present-day circulation of geothermal
fluids in the Rittershoffen wells. However, multistage paleo-circulation systems could lead to an abundance of
heterogeneous and fine-grained illitic minerals that could plug the fracture system. The permeability of fracture
zones in the GRT-1 well was likely reduced because of an intense illitization, and the well was stimulated. The
occurrence of chlorite in the permeable fracture zones of GRT-2 is indicative of less intense illitization, and the

natural permeability is much higher in GRT-2 than in GRT-1.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In geothermal systems, alteration minerals provide useful informa-
tion about the physico-chemical conditions of both past and present hy-
drothermal activity. This is particularly the case with clay minerals,
which have been investigated as markers of circulation zones based
on their reactivity to changes in physico-chemical conditions
(Beaufort et al., 1992, 1996; Browne and Ellis, 1970; Flexser, 1991;
Mas et al., 2006; Patrier et al., 1996; Reyes, 1990). The properties of
clay minerals are affected by temperature in addition to several other
factors, such as rock and fluid chemistries, time and the fluid/rock
ratio. This study focused on the argillic alteration of permeable fracture
zones related to a hydrothermal system located in the Upper Rhine Gra-
ben at Rittershoffen in France (Fig. 1). Two deep geothermal wells -
GRT-1, which has a vertical trajectory, and GRT-2, which has a deviated
trajectory - intersect natural, permeable fracture zones in the
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sandstones and granitic basement beneath Rittershoffen (Baujard et
al., 2017; Vidal et al., 2017). The influence of argillic alteration on the
permeability of fracture zones at the borehole scale is an important
milestone for an industrial project because fracture zones channel hot
geothermal fluids that are exploited for high-temperature (>160 °C)
heat applications at the surface.

Geothermal systems are dynamic systems that are constantly evolv-
ing; thus, the observed secondary minerals potentially consist of several
superimposed alteration assemblages. In Rittershoffen boreholes, the
mineral products of the existing hydrothermal circulation system (160
°C) appear to be superimposed upon previous secondary minerals
formed during earlier circulations events. Abundance of secondary min-
erals may lead to plugging and the transformation of fracture zones
from conduits into barriers to fluid flow. As the nature of fracture per-
meability is an important aspect of this geothermal project, most of
the cutting samples were collected along the open-hole sections of
wells around the originally permeable (OP) fracture zones in both
wells. Cutting samples from both GRT-1 and GRT-2 were investigated
to identify the alteration mineralogies, and special attention was paid

0377-0273/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Location of the Rittershoffen geothermal site. a) Geological and structural map of the Rittershoffen and Soultz-sous-Foréts (SsF) area. Isotherms at the top of the basement are from
Baillieux et al. (2014). b) Geological cross section through the Rittershoffen and Soultz-sous-Foréts geothermal sites after Geoportail of EU-Project GeORG - INTERREG IV Upper Rhine (2012).

The dashed line is an interpreted trajectory of the geothermal well GRT-1.

to the clay fraction. The fine-grained fraction of cuttings (<5 um) was
analyzed using X-ray Diffraction (XRD) to identify well-crystallized il-
lite, poorly crystallized illite and mixed layers illite-smectite. Then, scan-
ning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS) was used to analyze the chemical compositions of
the clay minerals.

2. Geological context

The geothermal site at Rittershoffen is located in the Upper Rhine
Graben (URG), approximately 15 km east of the Western Rhenan fault
and less than10 km from the well-known Soultz-sous-Foréts geother-
mal site (Alsace, France) (Fig. 1a). In the URG, the underground temper-
ature distribution is spatially heterogeneous, and several geothermal
anomalies are concentrated throughout the western side of the URG
in the areas of Soultz-sous-Foréts and Rittershoffen (Baillieux et al.,
2013; Pribnow and Schellschmidt, 2000; Schellschmidt and Clauser,
1996). Temperature anomalies at the top of the granitic basement indi-
cated by several temperature measurements are concentrated along the
Soultz and Kutzenhausen normal faults that dip toward the west (Fig.

Table 1

1a) (Baillieux et al., 2014). These zones are attributed to the upwelling
of hot geothermal fluids through fault zones within the crystalline base-
ment and Triassic and Permian sandstones (Fig. 1b) (Benderitter et al.,
1995; Pribnow and Clauser, 2000; Pribnow and Schellschmidt, 2000).
Geothermal reservoirs in the granitic basement at Rittershoffen are
quite similar to the reservoir at Soultz. Both deep fluids are of the NaCl
type with total dissolved solids (TDS) values close to 100 g/L (Table 1)
(Sanjuan et al., 2014, 2016). The pH values of the fluids in both reser-
voirs are close to 5.0. The fluids are interpreted as having originated
from the mixing of primary marine brine with water of meteoric origin
(Sanjuan et al., 2010, 2016). The estimated temperature of the deep res-
ervoir calculated by primary cationic geothermometers (Na-K, Na-K-Ca,
Na-K-Ca-Mg, K-Mg, Na-Li and Mg-Li) and by a 6'®0y20-s04 isotope
geothermometer was 225 + 25 °C at Soultz and at Rittershoffen
(Sanjuan et al.,, 2016).

Alteration episodes of the granitic reservoir are well known to have
occurred in deep wells at Soultz (Genter, 1989; Hooijkaas et al., 2006;
Ledésert et al., 1999; Traineau et al., 1992). Early propylitic alteration
of the whole granitic batholith is characterized by the formation of epi-
dote, the partial transformation of primary biotite into Fe,Mg-chlorite

Chemical compositions of geothermal fluid sampled in the Paleozoic granite at Soultz-sous-Foréts in the well GPK-2 at a measured depth of 5000 m (Sanjuan et al.,, 2014) and at

Rittershoffen in the well GRT-1 at a measured depth of 2580 m (Sanjuan et al., 2016).

Location Trottom pH TDS Na K Ca Mg Cl SO4 Si0, Br Li Gas

°C gL mg/L mgl  mgl  mgl  mgl mgL  mgl  mgl  mgl
Soultz-sous-Foréts 200 498 99 28,140 3195 7225 131 58,559 157 201 216 173 CO, N, CHy
Rittershoffen >160 6.27 101 28,451 3789 7200 138 59,900 220 146 251 190 unknown
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and the partial replacement of primary potassic feldspar with small
crystallites of illite. Then, hydrothermal alterations dominated by illite,
quartz and calcite occur around fracture zones after fluid circulations.
Several alteration facies were identified by Hooijkaas et al. (2006). The
same granitic batholith was encountered at Rittershoffen. As geother-
mal fluids are similar, alterations observed at Soultz could be a reason-
able reference for petrographical studies at Rittershoffen.

3. OP fracture zones, thermal profile and hydraulic yield of the geo-
thermal wells at Rittershoffen

At Rittershoffen, two wells, GRT-1 and GRT-2, penetrate the Cenozo-
ic, Mesozoic and Permian sediments overlying the Paleozoic basement.
The wells were drilled to a true vertical depth of 2.6 km in the southeast-
ern end of a horst and targeted the so-called Rittershoffen normal fault
at the top of the basement (Baujard et al., 2017). Based on a seismic re-
flection interpretation of the sedimentary cover, this fault strikes N-S,
dips 45° westward and displays an apparent vertical offset of approxi-
mately 200 m (Fig. 1b) (Baujard et al., 2017). Wells intersect the fracture
network associated with the Rittershoffen fault in Buntsandstein and

J. Vidal et al. / Journal of Volcanology and Geothermal Research 349 (2018) 192-204

Permian sandstones (from ~245 Ma to ~255 Ma) and in the Carbonifer-
ous granite (~340 Ma) (Baujard et al., 2017). The fracture network was in-
vestigated in the open-hole sections using acoustic image logs correlated
with standard geophysical logs (e.g., gamma ray, neutron porosity), cutting
observations and permeability indicators (i.e., mud losses, gas occurrences),
and temperature logs (Vidal et al,, 2017). If fracture zones present indica-
tions of permeability or temperature anomalies at the borehole scale after
drilling operations without any stimulation operations, they are qualified
as OP fracture zones (Vidal et al.,, 2017). In GRT-1, one main OP fracture
zone was observed in the granitic basement from measured depths (MD)
0f 2325 to0 2368 m (Fig. 2) (Vidal et al., 2016a, 2017). In GRT-2, four OP frac-
tures zones were observed in the granitic basement (Fig. 3) (Baujard et al,,
2017; Vidal et al., 2017). The main OP fracture zone is located at 2766-
2800 m MD (Fig. 3). Others OP fracture zones are located at approximately
2535 m MD, approximately 2950 m MD and approximately 3050 m MD
(vidal et al,, 2017).

The thermal profiles of two wells are divided into two parts (Baujard
etal, 2017).

» The uppermost part is associated with a linear geothermal gradient of
95 °C/km indicative of conductive heat transfer (Baujard et al,, 2017).
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Fig. 2. Temperature log in the granitic basement of GRT-1 correlated with cutting sample observations, occurrences of alteration minerals, and gamma ray (GR) and neutron porosity
(NPHI) data. The light-yellow interval is an originally permeable (OP) fracture zone identified from a structural analysis (Vidal et al., 2016a, 2017). Core samples from Soultz-sous-
Foréts are indicated as potential analogs of the alteration grades observed in the cuttings. Black in the alteration mineral columns indicates the presence of the minerals in cuttings.
Cuttings observed with a hand lens are magnified 25 x. Qtz = quartz, anh = anhydrite, chl = chlorite, ill = illite, hem = hematite, bte = biotite, pg = plagioclase feldspar, K-Fsp =
potassic feldspar. GRAN_OX = propylitic alteration and hematite precipitation, HLOW = low degree of argilization, HMOD = moderate degree of argilization, HHIG = high degree of
argilization, HEXT = extreme degree of argilization, VEIN = quartz vein, RED = reddish granite affected by paleoweathering, PERM = Permian sediments, TRIAS = Triassic sediments.
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Fig. 3. Temperature log in the granitic basement of GRT-2 correlated with cutting sample observations, occurrences of alteration minerals, and gamma ray (GR) and neutron porosity
(NPHI) data. Light-yellow intervals are originally permeable (OP) fracture zones identified from a structural analysis (Vidal et al., 2017). Core samples from Soultz-sous-Foréts are
indicated as potential analogs of the alteration grades observed in the cuttings. Black in the alteration mineral columns indicates the presence of the minerals. Cuttings observed with a
hand lens are magnified 25 x. Qtz = quartz, anh = anhydrite, chl = chlorite, ill = illite, hem = hematite, bte = biotite, pg = plagioclase feldspar, K-Fsp = potassic feldspar, ms =
muscovite. GRAN = propylitic alteration, HLOW = low degree of argilization, HMOD = moderate degree of argilization, HHIG = high degree of argilization, VEIN = quartz vein, RED

= reddish granite affected by paleoweathering, PERM = Permian sediments.

The sedimentary formations from the Cenozoic and Mesozoic (Lower
Jurassic and Upper Triassic) may serve as cap rocks that insulate the
active hydrothermal system below.

The deepest part exhibits a null geothermal gradient in GRT-1 (Fig. 2)
and a low geothermal gradient of 18 °C/km in GRT-2 (Fig. 3) (Baujard
et al,, 2017). Heat and matter transfer in these hard, fractured sand-
stones (of the Buntsandstein and the Permian formations) and the
fractured granitic basement are dominated by convective processes.
This section has positive and negative deviations from the geothermal
gradient, which are positive or negative anomalies interpreted as the
thermal signature of the OP fracture zones (Baujard et al., 2017; Vidal
et al,, 2017). Each OP fracture zone is associated with thermal anom-
alies that may be caused by the outflow of hot geothermal fluids (pos-
itive anomalies) or by remnant cooling of porous damage zones after
mud invasion during drilling operations and the massive injection of
water during stimulation operations (negative anomalies) (Barton et
al., 1995; Bradford et al., 2013; Davatzes and Hickman, 2005; Genter
et al., 2010; Vidal et al.,, 2017).

The bottom-hole temperatures are 166 °C in GRT-1 and 177 °C in GRT-2
(Baujard et al., 2017). The hydraulic behavior of the vertical well GRT-1 is
controlled by the main OP fracture zone in the granitic basement from
2325 to 2368 m MD (Fig. 2), and its natural permeability was deemed
too low for industrial exploitation (Baujard et al, 2017; Vidal et al,
2016a). The well was thermally, chemically and hydraulically (TCH) stimu-
lated with success, and its hydraulic yield was enhanced from 0.5 L/s/bar to
2.5 L/s/bar (Baujard et al,, 2017). The hydraulic behavior of the deviated
well GRT-2 is controlled by several OP fracture zones. The natural perme-
ability of the well was high enough for industrial exploitation and present-
ed a good hydraulic yield (higher than 3 L/s/bar) and therefore was not
stimulated (Baujard et al., 2017). These OP fracture zones in the granitic
basement host the fracture-controlled circulation of fluids that generate
the observed hydrothermal alterations. The study focused on the hydro-
thermal alteration in the granitic basement inferred from observations of
clay minerals. Associated minerals such as silicates (i.e., quartz and other
forms of silica) and carbonates also provide information about the hydro-
thermal alteration, but they were not part of the study.
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4. Methodology
4.1. Evaluation of argilization from observations of cutting

The first part of the study involved the investigation of the alteration
petrography of the cutting samples by hand-lens examination at 3-m
depth intervals. With cutting samples, spatial resolution is low and tex-
tural relations between minerals are not studied. Moreover, minerals
from the fractures and the surrounding granitic protolith are commonly
mixed within each cutting sample. The degree of argilization of the pri-
mary minerals and the occurrence of chlorite were investigated by
hand-lens examination of the granitic samples. The degrees of alteration
of the granitic cuttings were determined based on observations of ana-
logue core samples from Soultz (core samples in Figs. 2 and 3) (Genter
and Traineau, 1992; Hooijkaas et al., 2006). The whole granitic base-
ment affected by propylitic alteration is designated GRAN (core sample
in Fig. 3). The top of the granitic basement is affected by paleo-
weathering related to Permian exhumation of the basement. This facies
is associated with hematization and designated reddish granite (RED)
(core sample in Fig. 2). Moreover, four types of granitic facies were de-
termined to show increasing levels of argilization of the primary
minerals:

* A facies with a low degree of argilization (HLOW) is characterized by
the persistence of weakly argilized biotite and chlorite and by unal-
tered plagioclase and potassic feldspars. The texture of the granitic
protolith is preserved (core sample in Fig. 3);

A facies with a moderate degree of argilization (HMOD) is character-
ized by the total argilization of biotite and the preservation of unal-
tered plagioclase and potassic feldspars (core sample in Fig. 3);

A facies with a high degree of argilization (HHIG) is characterized by
the total argilization of biotite and the partial to total replacement of
plagioclase and potassic feldspars with clay minerals (core samples
in Fig. 3);

A facies with an extremely high degree of argilization (HEXT) is char-
acterized by the total argilization of primary minerals (i.e., biotite and
the plagioclase and potassic feldspars). The overall texture of the core
sample is completely modified compared with that of the granitic
protolith (core samples in Fig. 2).

The macroscopic observations were correlated with the geophysical
logs (i.e., gamma ray and neutron porosity) to provide supplementary
information about the vertical distribution of the clay minerals identi-
fied in the cuttings. The gamma ray log involves the measurement of
the potassium, thorium and uranium contents used to detect the
leaching of radioactive primary minerals (negative anomaly) or the
presence of clay minerals that incorporate radioactive chemical ele-
ments within the fracture zones (positive anomaly). The neutron poros-
ity log is based on the response of a formation to the emission of fast
neutrons by a given source; in granite, that response is positive if
there is a fracture or if clays and hydrated minerals occur in the
formation.

Then, thin sections made from mount cuttings in epoxy were ob-
served by microscopy in approximately fifty cutting samples from
both wells. The degree of illitization of the primary minerals was esti-
mated from microscopic observations of the replacement rate of the
K-feldspars by illite in thin sections.

4.2. Identification of clay minerals

The second part of the study focused on the identification of clay
minerals. Twenty-one and thirty-eight cuttings samples were collected
from GRT-1 and GRT-2, respectively. The sampling was concentrated in
the permeable and altered fracture zones, which were identified within
the granitic basement using acoustic image and temperature logs. Some

of the samples were located in lightly altered zones and were used as
reference materials, as they are believed to be representative of rocks
preserved from present-day fluid circulation properties. Samples were
not ground; they were dispersed in distilled water by ultrasonic vibra-
tion to disintegrate the particles. Oriented powders on glass slides
were prepared with a <5 um clay suspension, obtained by sedimenta-
tion. Clay minerals were identified by XRD of air-dried and ethylene-
glycol (EG)-saturated oriented powders carried out on a Bruker D8 Ad-
vance diffractometer (CuKo radiation, 40 kV, 40 mA). The analytical
conditions were as follows: angular domain: 2.5-30° 26; step incre-
ment: 0.025 20; and counting time per step: 3 s. XRD data acquisition
and treatment were conducted using the X'Pert HighScore software
(PANalytical B.V.). The clay minerals were identified according to the lit-
erature (Brindley and Brown, 1980) (Fig. 4). When present, the (001)
reflection from the illitic minerals was deconvolved into poorly crystal-
lized illite (PCI), well-crystallized illite (WCI) and ordered illite-rich
mixed layered illite/smectite (I/S) using the Fityk software (Fig. 4c).
The full width at half maximum (FWHM) intensity of the typical
(001) reflections of WCI and PCI at 10 A is a good indicator of the crys-
tallinity along the c axis (Kubler, 1968). The crystallinity along the c axis
of the chlorite was estimated from the FWHM intensity of the (002) re-
flection at 7 A.
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Fig. 4. X-ray diffractograms of the clay fraction as observed in the main OP FZ a) in GRT-1
(samples 2362, 2368 and 2377) and b) in GRT-2 (samples 2770, 2773 and 2785).1ll =
illite, Chl = chlorite, Qtz = quartz, Pg = plagioclase feldspar, K-Fsp = potassic feldspar,
Ca = calcite. ¢) deconvolution of the 7-10° 26 CuKa domain of the X-ray diffractograms
(<5 pm clay fraction) of air-dried and EG-saturated oriented powder of an example
sample. I/S: ordered illite/smectite mixed layer; WCI: well-crystallized illite, PCI: poorly
crystallized illite. Dashed red line represents the data.
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4.3. Analysis of chemical composition of clay minerals which was equipped with a BRUKER XFlash 4030 Silicon Drift Detector

(accompanied by the SPIRIT software). The analytical conditions were
Finally, the third part of the study involved the investigation of the as follows: 15 kV; 1 nA; counting time: 60 s; and working distance:
chemical compositions of clay minerals using a JEOL 5600LV SEM, 16.5 mm. The analyzed elements were Si, Al, Fe, Mg, Mn, Ti, Ca, Na

e

acks '
f\lled b)}‘l

tallites of ill

! & Qfz
& ) A
3 "
s Coating of ill

GRT-1 2503m e ¥ : N 72 2977

Fig. 5. Microscopic observations of thin sections of cuttings fixed in epoxy in GRT-1 at a) 2236 m MD (PPL), b) 2212 m MD (SEM observations), ¢) 2326 m MD (PPL), d) 2368 m MD (PPL),
and e) 2503 m MD (plane polarized light, PPL); and in GRT-2 at f) 2773 m MD (PPL), g) 2773 m MD (crossed polarized light, XPL), h) 2273 m MD (SEM), i) 2950 m MD (PPL) and j) 2977 m
MD (PPL) Qtz = quartz, Bte = biotite, Chl = chlorite, Ill = illite, Py = pyrite, Anh = anhydrite, Dol = dolomite, Ca = calcite, Fe-ox = iron oxides.
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and K. The system was calibrated with a variety of synthetic oxide and
natural silicate standards. The reproducibilities of the standard analyses
were approximately 1%, except for Na, which had a reproducibility of
1.5%.

5. Alteration petrography in the geothermal wells at Rittershoffen
5.1. Observations in GRT-1

The top of the granitic basement is encountered at 2212 m MD in
GRT-1. The first granitic facies intersected is the RED facies down to
2270 m MD (Fig. 2). Cuttings near the contact with the overlying sedi-
ments are reddish because of the intense precipitation of hematite (cut-
tings in Fig. 2). Fractures into reddish granite contain a large amount of
illitic minerals associated with micro-quartz (Fig. 5a). Carbonates such
as calcite and dolomite as well as sulfate are prevalent in fractures.
Some green chlorite minerals are observed (Fig. 5a). More microscopy
images of the cutting samples in GRT-1 are provided in the Supplemen-
tary material S1. SEM observations indicate epitaxial growth of the large
chlorite (>50 um) that likely crystallized from hydrothermal circula-
tions (Fig. 5b). The RED facies is correlated with a well-known pattern
of gamma rays that is characteristic of the reddish granite in the area
(Fig. 2) (Vidal et al., 2016b). At the top of the granitic basement, the
gamma ray intensity decreases abruptly in the sedimentary cover.

Below the RED facies, an HHIG facies is intersected down to 2326 m
MD (cuttings in Fig. 3).

The main OP fracture zone presents abundant euhedral quartz from
2326 to 2329 m MD and from 2365 to 2368 m MD that could indicate
the presence of quartz veins (cuttings in Fig. 2). These quartz veins are
associated with a sharply negative anomaly of gamma ray radiation
(Fig. 2) and have already been observed in acoustic image logs (Vidal
et al,, 2017). Small crystallites of illitic minerals occur as grain coatings
of quartz (Fig. 5¢). At the top of the main OP fracture zone, a HEXT facies
is observed from 2329 to 2350 m MD (Fig. 2) in which cuttings are high-
ly bleached in response to intense hydrothermal alteration (cuttings in
Fig. 2). Anhydrite and pyrite are abundant in the main OP fracture zone
of GRT-1. Chlorite is seldom observed within the main OP fracture zone
of GRT-1. At the bottom of the main OP fracture zone, an HHIG facies is
observed down to 2380 m MD (cuttings in Fig. 2), and primary biotite
and local feldspars are completely replaced by small crystallites of illitic
minerals (Fig. 5d). Neutron porosity values confirm the significant
argilization of the main OP fracture zone, with values between 10 and
20% from 2340 to 2370 m MD and maxima of nearly 40% at 2325 and
2370 m MD.

Below the main OP fracture zone, from 2380 to 2410 m MD, an
HMOD facies is encountered, and then from 2410 to 2516 m MD, an
HLOW facies is observed (Fig. 2). The deep granitic samples from 2516
to 2580 m MD are affected by propylitic alteration with the partial
transformation of primary biotite into chlorite and the partial replace-
ment of primary potassic feldspar or muscovite with small crystallites
of illitic minerals (Fig. 5e). Cuttings exhibit a reddish colour, and this fa-
cies is designated GRAN_OX (Fig. 2).

5.2. Observations in GRT-2

The top of the granitic basement is encountered at 2480 m MD in
GRT-2. The first granitic facies is RED down to 2533 m MD (Fig. 3). At
the base of the RED facies, the abundance of euhedral quartz from
2533 to 2536 m MD suggests the presence of quartz veins associated
with the presence of an OP fracture zone at the same depth. Then, an
HHIG facies is observed from 2536 to 2578 m MD, and an HMOD facies
is observed from 2578 m MD to 2737 m MD (Fig. 3).

The main OP fracture zone in GRT-2 is associated with an HHIG facies
observed from 2737 to 2875 m MD. The top of the main OP fracture zone
is associated with neutron porosity values between 10% and 20% from
2760 to 2810 m MD, which are correlated with the significant

argilization of the cuttings (Fig. 3). In thin sections, primary minerals
are replaced by illitic minerals but are still identifiable compared with
the main OP fracture zone in GRT-1 (Fig. 5f). The microscopic observa-
tions indicate at least two different sizes of illitic minerals that are likely
associated with different hydrothermal events. Illitic minerals are pres-
entas large sheets (>50 um) as well as small crystallites (<5 pm) and are
sometimes present as the infill of cracks (Fig. 5f, g and h). At least two
sizes of chlorite are also observed. Chlorite derived from the transforma-
tion of biotite is observed as large sheets (>50 pm), and another popu-
lation of chlorite in the form of small flakes (<5 pm) is also observed
(Fig. 5h). More microscopy images of the cutting samples in GRT-2 are
provided in the Supplementary material S2. In the main OP fracture
zone, cuttings from 2770 to 2791 m MD indicate euhedral quartz,
which is interpreted as the occurrence of quartz veins (Fig. 3). These
cuttings correlate with quartz veins observed in acoustic image logs
(Vidal et al., 2017).

Below the main OP fracture zone, an HMOD facies is observed until
the OP fracture zone at 2944 m MD. Locally, primary minerals are
completely transformed into small crystallites of illitic minerals, while
primary muscovite could be preserved (Fig. 5i). Green chlorite and cal-
cite are also found at these depths. The OP fracture zone is associated
with an abundance of euhedral quartz from 2944 to 2950 m MD corre-
lated with a sharply negative anomaly of gamma ray radiation (Fig. 3).
Below the OP fracture zone, from 2950 to 3020 m MD, an HLOW facies
is associated with primary quartz minerals intersected by microcracks
filled with illitic minerals or with an assemblage of microquartz and il-
litic minerals (Fig. 5j). Then, the increase in neutron porosity until 13%
suggests an increase in the argilization of cuttings. Cuttings from 3020
to 3046 m MD confirm this increase in argilization and are associated
with an HMOD facies (Fig. 3). The deepest OP fracture zone is associated
with an abundance of euhedral quartz from 3046 to 3061 m MD corre-
lated with a sharp negative anomaly of gamma ray radiation (Fig. 3).
The deepest cuttings, from 3061 to 3196 m MD, are light gray (Fig. 3).
They are associated with the propylitic alteration and are designated
GRAN.

In conclusion, four main facies of argilization were observed in GRT-
1, and three were observed in GRT-2 (Figs. 2 and 3 and Supplementary
material 3). An HEXT facies is not observed in the main OP fracture
zones of GRT-2, the primary minerals are not completely transformed
into illitic minerals in the OP fracture zones of GRT-1, and Fe-rich chlo-
rite is much more abundant. The highest levels of alteration (HHIG and
HEXT) are observed in the main OP fractures zones of GRT-1 and GRT-2
(Figs. 2 and 3 and Supplementary material 3). Euhedral quartz is always
observed in abundance within the OP fracture zones.

6. Identification of clay minerals

X-ray diffractograms indicate that the clay alteration products are
dominated by illite and chlorite in the Rittershoffen wells (Fig. 4). The
(001) reflections of the illitic minerals at 10 A are complex. The (001)
reflections were deconvolved into two or three Gaussian peaks (Fig.
4c). Two peaks that correspond to the index peaks of WCI and PCI are
consistently observed at approximately 10 A and 10.2 A, respectively
(Fig. 4c). The WCI peak corresponds to a d-value of 10 A and is charac-
terized by a narrow FWMH that ranges from 0.08 to 0.24°26 in GRT-1
and from 0.09 to 0.18°26 in GRT-2. The PCI peak corresponds to a d-
value of 10.2 A and is characterized by a broader FWMH (between
0.26 and 0.48°26 in GRT-1 and between 0.18 and 0.44°26 in GRT-2). Mi-
croscopic observations reveal that illitic minerals occur as large sheets
and as small crystallites. Deconvolution is therefore based on a first-
order approximation with well-crystallized illitic minerals and poorly
crystallized illitic minerals. However, there are likely more illitic
populations.

Mixed layers I/S (~10% smectite) were identified in some of the sam-
ples. In air-dried samples, the layers are characterized by a broad peak
near 10.3 A that splits into two peaks near 10.5 A and 9.7 A after EG
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saturation (Fig. 4c) (Lanson et al., 1995). The WCI and PCI peaks do not
shift after EG saturation. Chlorites were identified by their non-expand-
ability and their harmonic peaks at 14 A and 7 A. The FWHM of the peak
at 7 A varies between 0.08 and 0.12°26 in GRT-1 and between 0.09 and
0.18°26 in GRT-2. Chlorite is less abundant in the diffractograms of GRT-
1 than in those of GRT-2 (Fig. 4).

6.1. Observations in GRT-1

Based on the crystallographic properties of the illitic minerals, two
zones can be observed in the granite (Fig. 6a).

The shallowest zone is composed of samples from 2212 to 2338 m
MD that are associated with the first three alteration facies intersected
by the well GRT-1, RED, HHIG and HEXT. In this zone, the average pro-
portion of WCI (%Int WCI) is 0.43, and the average FWHM of WCI is
0.15°26. The average proportion of PCI (%Int PCI) is 0.31, and the average
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FWMH of PCl is 0.34°26. Mixed layers I/S are systematically present in
this section, with an average %Int I/S of 0.26.

The deepest zone is composed of samples from 2347 to 2503 m MD
that are associated with the last three alteration facies intersected by the
well GRT-1, HHIG, HMOD and HLOW. In this zone, the %Int WCl is 0.72,
and the average FWHM of W(l is 0.15°26. The average %Int PCI is 0.40,
and the average FWMH of PCI is 0.28°26. Mixed layers /S layers are
no longer present in this section.

The crystallographic properties of chlorite are more strongly influ-
enced by the main OP fracture zone than by the limits of alteration fa-
cies, as observed for illitic minerals (Fig. 6a).

From the top of the granitic basement (2212 m MD) to the top of the
main OP fracture zone (2326 m MD), the average proportion of chlorite
(%Int Chl) is 0.05 (Fig. 6a). Chlorite is only observed in one sample of the
main OP fracture zone at 2354 m MD, wherein the highest proportion of
chlorite in GRT-1 (0.97) is observed. From the base of the main OP
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Fig. 6. Crystal structure properties of the illitic minerals and chlorite measured using XRD of the <5 pm clay fraction versus depth a) in GRT-1 and b) in GRT-1. Relative proportion of WCI:
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fracture zones from a structural analysis (Vidal et al., 2017, 2016a).
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fracture zone (2377 m MD) to the bottom of the granitic basement
(2503 m MD), chlorite is observed with an average %Int Chl of 0.24.
With an average value of 0.10°26, the FWHM values of chlorite do not
vary significantly with depth.

6.2. Observations in GRT-2

The crystallographic properties of illitic minerals are more strongly
influenced by the occurrence of the OP fracture zone than by limits of al-
teration facies, as observed for GRT-1 (Fig. 6b).

From the top of the granitic basement (2480 m MD) to the bottom of
the granitic basement (3196 m MD), %Int WCI tends to increase with
depth (Fig. 6b). The average %Int WCI is 0.78, with an average FWMH
of 0.13°26. Locally, the %Int WCI decreases in OP fracture zones:

* %Int WCl is 0.56 for the sample at 2533 m MD;
* %Int WCl is 0.65 and 0.61 for samples at 2773 and 2785 m MD;
» %Int WClI is 0.56 for the sample at 3052 m MD.

From the top of the granitic basement (2480 m MD) to the bottom of
the granitic basement (3196 m MD), %Int PCI tends to decrease with
depth (Fig. 6b). The average %Int PCI is 0.16, with an average FWMH
0f 0.30°26. Locally, %Int PCI increases at each OP fracture zones:

* %Int PCl is 0.29 for the sample at 2533 m MD;

* %Int PClis 0.23 and 0.27 for samples at 2785 and 2794 m MD;
» %Int PClis 0.18 and 0.15 for samples at 2950 and 2959 m MD;
* %Int WCl is 0.28 for the sample at 3052 m MD.

Mixed layers I/S are observed in samples at 2533, 2773, 2785 and
3052 m MD and are associated with OP fracture zones (Fig. 6b). Outside
OP fracture zones, mixed layers I/S are no longer observed.

Chlorite is observed in all samples from the granitic basement of
GRT-2 (Fig. 6b). The average %Int Chl is 0.38, and the FWHM is relatively
constant, with an average value of 0.12°26 (Fig. 6b). In the main OP frac-
ture zone, the %Int Chl decreases from 0.71 at 2773 m MD to 0.23 at
2848 m MD.

In conclusion, the granitic basement is characterized by a general in-
crease in %Int WCl and a decrease in %Int PCI with depth. However, local
variations are associated with OP fracture zones in both wells. Each OP
fracture zone is associated with a decrease in %Int WCI, an increase in
%Int PCI and the occurrences of mixed layers I/S. These variations are
more strongly correlated with the alteration facies limit in GRT-1 than
in GRT-2. In GRT-1, the main OP fracture zone appears to act as an inter-
face between two zones that are quite distinct, with occurrences of
mixed layers I/S above and no longer mixed layers I/S below.

7. Chemical compositions of clay minerals

The structural formulae of the illitic minerals were calculated rela-
tive to a structure containing 11 oxygen atoms and assuming that the
total iron content was composed of Fe>* (Supplementary material 4).
The structural formulae of the chloritic minerals were calculated rela-
tive to a structure containing 14 oxygen atoms and assuming the total
iron content was composed of Fe? ™ (Supplementary material 4).

7.1. Observations in GRT-1

The chemical analyses of the illitic minerals (WCI + PCI + ml I/S) in
GRT-1 do not demonstrate major variations with depth (Fig. 7a). The in-
terlayer charge is between 0.83 and 0.90, and the average octahedral Al
content is 1.67 4+ 0.05 per O;0(OH) (Supplementary material 4). Sam-
ples above the main OP fracture zone (i.e. from 2212 to 2329 m MD)
present an XFe ratio < 0.5, whereas samples in the main OP fracture
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Fig. 7. Plot of the structural formulae of a) the illitic minerals ina M + -R2 + -4Si ternary
diagram and b) chlorite in a diagram of XFe versus Si for wells GRT-1 and GRT-2. XFe =
Fe/(Fe + Mg). The average structural formula for each sample is presented in
Supplementary material 4.

zone and below (i.e. from 2329 to 2503 m MD) present an XFe ratio >
0.5.

Two types of chlorite were distinguished based on their structural
formulae. Samples associated to sealed fracture zone at the top of the
granitic basement, at 2218 m MD, and in the main OP fracture zone, at
2368 m MD, contain Fe-rich chlorite with XFe > 0.80 (Fig. 7a). The
deepest sample in GRT-1 associated to granitic protolith, at 2503 m
MD, contains ferromagnesian chlorite with XFe = 0.38.

7.2. Observations in GRT-2

The chemical analyses of the illitic minerals (WCI + PCI + ml I/S) in
GRT-2 do not demonstrate major variations with depth (Fig. 7b). The in-
terlayer charge varies between 0.85 and 0.91, and the average octahe-
dral Al content is 1.63 + 0.07 per O;9(OH) (Supplementary material
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4). Samples in OP fracture zones, i.e. at 2270, 2773, 2950, and 3052 m
MD, present an XFe ratio (~0.5) similar to that of samples associated
to the granitic protolith, i.e. at 2794 and 2977 m MD.

Two types of chlorite were distinguished based on their structural
formulae. Samples in OP fracture zones, i.e. at 2773, 2794 and 2950 m
MD, contain Fe-rich chlorites with XFe > 0.60 (Fig. 7b). Ferromagnesian
chlorite with XFe < 0.5 is observed in samples in OP fracture zones, i.e. at
2770, 2773, 2950, and 3052 m MD, as well as in the sample at 2977 m
MD associated to the granitic protolith (Fig. 7b).

In conclusion, the illitic minerals in both wells exhibit similar com-
positions regardless of the size of the illitic minerals, the occurrences
of OP fracture zones or the alteration facies of the granitic basement
(Fig. 7a). Chlorite occurs as two distinct populations: Fe,Mg-chlorite,
which corresponds to the large sheets observed by microscopy,
resulting from the alteration of biotite (Fig. 5g); and Fe-chlorite, which
forms aggregates of small flakes or epitaxial growths along pore walls,
formed during later hydrothermal events (Fig. 5g and b). Fe-chlorite is
associated with OP fracture zones, whereas Fe,Mg-chlorite is observed
regardless of the occurrence of OP fracture zones and the alteration fa-
cies of the granitic basement.

8. Discussion
8.1. Interpretation of the alteration assemblages in the granitic basement

The characterizations of the alteration petrography and of the sec-
ondary mineralogies of the cuttings collected from the two wells inves-
tigated in this study help to refine the hydrothermal history of the
granitic basement at Rittershoffen (Fig. 8).

8.1.1. Early alteration stage in the poorly fractured granitic basement
Petrographic observations of the basement rocks from the parts of
the wells that preserve the characteristics of strong fracture-controlled

alteration features reveal that the entire granitic batholith has been af-
fected by an earlier alteration stage consisting of the pervasive replace-
ment of biotite and primary calc-silicate minerals with an assemblage of
Fe Mg-chlorite, epidote and illite (Fig. 8). This type of alteration and its
consequent mineral assemblage correspond to the propylitic alteration
facies reported in the literature (Lowell and Guilbert, 1970). Propylitic
alteration is very common in magmatic intrusive bodies. This alteration
occurs during the cooling of an igneous intrusion, and results from in-
teractions, at moderate to high temperatures (200 to 400 °C), of the
most reactive igneous minerals with fluids of diverse origins that are
stagnant in pores or microcracks (Reyes, 1990; Thomasson and
Kristmannsdottir, 1972). Consequently, propylitic alteration can affect
large volumes of intrusive rocks, and it is representative of hydrother-
mal alteration in inactive flow regimes (Beaufort et al., 1990).

8.1.2. Subsequent alteration stages in the highly fractured granitic
basement

The OP fracture zones identified within the two boreholes during the
drilling operations and from the subsequent geophysical monitoring
were characterized. In the well GRT-1, OP fracture zones correlate
with HEXT and HHIG facies, whereas in the well GRT-2, they correlate
with HHIG and HMOD facies (Figs. 2 and 3 and Supplementary material
3). According to petrographic observations of cuttings from these facies,
three different mineral assemblages can be distinguished based on the
following parageneses:

« lllite 4+ quartz + hematite + calcite
« Illite + Fe-chlorite + pyrite
« lllite + ml I/S + hematite + calcite

These three parageneses crystallized under different physico-chemical
conditions and reveal typical multistage hydrothermal crystallization (Fig.
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8). The strong illitization of the wall rock in these facies could completely
obliterate the features of the earlier propylitic alteration, and in some
cases, strong illitization dominated by mixed layers I/S could even obliterate
minerals from earlier hydrothermal parageneses (Fig. 8). For example, in
HEXT facies in the well GRT-1, chlorite is no longer observed and was likely
replaced completely by illite and mixed layers I/S. The relative timing of the
hydrothermal events that promoted these mineral assemblages is not
strictly constrained due to the absence of core samples.

It is important to note that similar mineral parageneses have been
observed in the geothermal wells of Soultz (Genter, 1989; Genter and
Traineau, 1992; Jacquemont, 2002; Ledésert et al., 1999), in which the
occurrence of illitic minerals in fractures of core samples has been
dated to more than five different geological ages from the Permian to
the Eocene (Bartier et al., 2008; Clauer et al., 2008; Schleicher et al.,
2006). Moreover, these clay minerals were not found at isotopic equilib-
rium within the currently circulating fluids at either Soultz or
Rittershoffen (Table 1). Only calcite was found to be in isotopic equilib-
rium with the existing fluids (Fouillac and Genter, 1992). Nevertheless,
the isotopic composition of the mixed layers I/S has not yet been deter-
mined because of the difficulty in separating these phases from other il-
litic minerals and because their relationship with the subsurface
geothermal fluids is still questionable.

8.2. lllitic signature of paleo-circulation systems and OP fracture zones

[llitic minerals are known to be potential indicators of fluid circula-
tion and paleo-circulation systems (Flexser, 1991; Harvey and
Browne, 1991; Patrier et al., 1996; Teklemariam et al., 1996; Mas et al.,
2003, 2006).

Observations of cuttings, macroscopically by a hand lens and micro-
scopically in thin sections, reveal that the highest illitization occurs

above 2380 m TVD in the well GRT-1 (HEXT and HHIG) and above
2470 m TVD in the well GRT-2 (HHIG and HMOD). These sections of
strong illitization suggest that intense paleo-circulation systems were
concentrated in the first 200 m of the granitic basement in GRT-1 and
in the first 300 m of the granitic basement in GRT-2. Both sections of
strong illitization are delimited at the base by main OP fracture zones
in both wells.

XRD results obtained for the well GRT-1 confirm the observations of
cuttings. The main OP fracture zone acts as an interface between two
highly distinct sections. The uppermost section is associated with a
low proportion of WCI correlated with the occurrence of mixed layers
I/S that suggest intense paleo-circulations. This uppermost section cor-
relates with HEXT and HHIG facies. The deepest section is associated
with a high proportion of WCI correlated with the absence of mixed
layers 1/S. This deepest section correlates with HHIG, HMOD and
HLOW facies.

The XRD results obtained for the well GRT-2 do not indicate two
sections delimited by the main OP fracture zone, as observed for cut-
tings and GRT-1. XRD results reveal local variations that correlate
with the three OP fracture zones in the granitic basement. The
three OP fracture zones are associated with a local decrease in W(I,
a local increase in PCI and occurrences of mixed layers I/S regardless
of the alteration facies. These variations in the XRD results could be
linked to local variations in the physico-chemical conditions in OP
fracture zones. In an OP fracture zone that channels ascending geo-
thermal fluids that are strongly oversaturated with respect to the
surrounding clay minerals, abrupt changes in the flow regime, in-
cluding the mixing of geothermal fluids, can lead to the explosive nu-
cleation of small clay crystallites and promote the occurrence of
heterogeneous mineral assemblages, such as mixed layers /S
(Beaufort et al., 1996; Patrier et al., 1996).
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The chemical analyses of the illitic minerals in the Rittershoffen
wells are quite consistent, and thus, we can suppose that the fluid did
not evolve over time (Fig. 7a).

Even if mixed layers I/S can result from both past and present-day
hydrothermal events, the occurrence of mixed layers I/S appears to be
the signature of the OP fracture zones in the Rittershoffen wells (Fig.
9). Mixed layers 1/S occur in the main OP fracture zone in the well
GRT-1 and in three OP fracture zones in the well GRT-2. However, ex-
tensive precipitations of mixed layers I/S could lead to plugging of the
OP fracture zones, thereby decreasing their natural permeability. In
the well GRT-1, for example, primary and earlier secondary minerals
are completely replaced by mixed layers I/S in the main OP fracture
zone, and the permeability is reduced to the point that the well needs
to be stimulated to bring it into production.

8.3. Chlorite signature in OP fracture zones

Two populations of chlorite were observed in the wells GRT-1 and
GRT-2 (Fig. 7b). Ferromagnesian chloritic minerals associated with
propylitic alteration occur throughout the granitic batholith. These min-
erals originate from the alteration of biotite under oxidizing conditions.
It has been demonstrated that the chemistries of chloritic minerals are
rock-dominated during propylitic alteration (Beaufort et al., 1992;
Lopez-Munguira et al., 2002; Mas et al., 2006) and that the incorpora-
tion of magnesium is promoted within the structure of chlorite, which
crystallizes with iron oxides such as hematite under oxidizing condi-
tions (Beaufort et al., 1992). It has also been demonstrated that the
chemistry of Fe-chlorite is likely controlled by fluids circulating in the
permeable fracture zones under reducing conditions (Beaufort et al.,
2015; Mas et al., 2006; Patrier et al., 1996). Both of these chlorites are as-
sociated with higher temperatures than those in the present-day wells,
and they do not represent current hydrothermal circulation. However,
the persistence of Fe-chlorite in the OP fracture zones of GRT-2 indicates
that these minerals have yet to be completely destabilized by oxidizing
fluids, which are currently crystallizing mixed layers I/S (Fig. 9). The OP
fracture zones of GRT-2 show higher natural permeabilities than the
main OP fracture zone in GRT-1.

9. Conclusions

The alteration petrography within the granitic basement of two deep
geothermal wells at Rittershoffen, GRT-1 and GRT-2, was investigated
with a special focus on the clay minerals and their influence on perme-
ability. The whole granitic basement was affected by a pervasive early
stage of propylitic alteration, with the crystallization of Fe,Mg-chlorite,
illite and epidote. Several stages of fluid circulation occurred later with-
in OP fracture zones and led to subsequent alteration of the granite.
These stages can be identified based on several mineral assemblages
dominated by illitic minerals that formed successively. OP fracture
zones in both wells are associated with occurrences of small crystallites
of illite and mixed layers I/S (~10% smectite) that are the clay signatures
of zones of circulation at Rittershoffen. However, the abundance of small
crystallites of illite and mixed layers I/S could lead to plugging of the
fracture network. When small crystallites of illite and mixed layers I/S
do not completely obliterate minerals from previous hydrothermal
parageneses, as observed for the well GRT-2, the natural permeability
of OP fracture zones is higher and the corresponding well does not re-
quire stimulation.
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Introduction

This supplementary material provides microscopic observations of cutting samples in the
granitic basement of the well GRT-1.

Caption

: Cutting samples in the granitic basement at 2536 m MD (GRAN_OX)

: Cutting samples in the granitic basement at 2503 m MD (HLOW)

: Cutting samples in the granitic basement at 2407 m MD (HMOD)

: Cutting samples in the granitic basement at 2407 m MD (HMOD)

: Cutting samples in the granitic basement at 2377 m MD (HHIG)

: Cutting samples in the granitic basement at 2371 m MD (HHIG)

N OO O A WDN -

: Cutting samples into the main OP fracture zone in the granitic basement at 2368 m MD
(HHIG)

8: Cutting samples into the main OP fracture zone in the granitic basement at 2368 m MD
(HHIG)

9: Cutting samples into the main OP fracture zone in the granitic basement at 2368 m MD
(HHIG)

10: Cutting samples into the main OP fracture zone in the granitic basement at 2368 m MD
(HHIG)

11: Cutting samples into the main OP fracture zone in the granitic basement at 2368 m MD
(HHIG)

12: Cutting samples into the main OP fracture zone in the granitic basement at 2347 m MD
(HEXT)

13: Cutting samples into the main OP fracture zone in the granitic basement at 2338 m MD
(HEXT)

14: Cutting samples into the main OP fracture zone in the granitic basement at 2326 m MD
(HEXT)

15: Cutting samples into the main OP fracture zone in the granitic basement at 2326 m MD
(HEXT)

16: Cutting samples in the granitic basement at 2284 m MD (HHIG)
17: Cutting samples in the granitic basement at 2284 m MD (HHIG)
18: Cutting samples in the granitic basement at 2284 m MD (HHIG)



19: Cutting samples in the granitic basement at 2284 m MD (HHIG)
20: Cutting samples in the paleo-altered granitic basement at 2218 m MD (RED)
21: Cutting samples in the paleo-altered granitic basement at 2212 m MD (RED)
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Introduction

This supplementary material provides microscopic observations of cutting samples in the
granitic basement of the well GRT-2.

Caption

1: Cutting samples into the deep OP fracture zone in the granitic basement at 3052 m MD
(HMOD)

2: Cutting samples into the deep OP fracture zone in the granitic basement at 3052 m MD
(HMOD)

3: Cutting samples in the granitic basement at 2977 m MD (HLOW)

4: Cutting samples into the deep OP fracture zone in the granitic basement at 2950 m MD
(HMOD)

5: Cutting samples into the main OP fracture zone in the granitic basement at 2794 m MD
(HHIG)

8: Cutting samples into the main OP fracture zone in the granitic basement at 2773 m MD
(HHIG)

9: Cutting samples into the main OP fracture zone in the granitic basement at 2773 m MD
(HHIG)

10: Cutting samples into the main OP fracture zone in the granitic basement at 2773 m MD
(HHIG)

11: Cutting samples into the main OP fracture zone in the granitic basement at 2368 m MD
(HHIG)

12: Cutting samples into the main OP fracture zone in the granitic basement at 2770 m MD
(HHIG)
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Introduction

This supplementary material provides a geometrical representation of degrees of alteration in
the granitic basement in the wells GRT-1 and GRT-2.

Degrees of alteration are based on argilization of cuttings described in section 5 of the

article. Limits of each facies intersected by wells are detailed in the table below.
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Caption

N-S cross section through the wells GRT-1 and GRT-2 (from MOVE 3D geometrical
modeling) with the degrees of alteration indicated along the open-hole sections. A
magnification of the open-holes is presented. Red lines are major fractures that act as fluid
pathways in the main OP fracture zones of both wells. They were identified from acoustic
image logs reported by Vidal et al. (2017).

RED: reddish granite

GRAN: granitic protolith

HLOW: low degree of argilization
HMOD: moderate degree of argilization
HHIG: high degree of argilization
HEXT: extreme degree of argilization

Table Facies of alteration encountered in wells GRT-1 and GRT-2 from the top to the
deepest granitic basement. The top of the granitic basement is located at 2212 m MD (i.e.,
2198 m TVD) in GRT-1 and at 2480 m MD (i.e., 2156 m TVD) in GRT-2.

Facies intersected GRT-1 GRT-2

by wells from the

shallowest to the Name of Measured  True vertical Name of Measured  True vertical
deepest the facies depth (m) depth (m) the facies depth (m) depth (m)
Facies 1 RED 2270 2057 RED 2533 2204
Facies 2 HHIG 2326 2310 VEIN 2536 2206
Facies 3 VEIN 2329 2314 HHIG 2578 2239
Facies 4 HEXT 2350 2334 HMOD 2737 2363
Facies 5 HHIG 2365 2349 HHIG 2770 2390
Facies 6 VEIN 2368 2352 VEIN 2791 2407
Facies 7 HHIG 2380 2364 HHIG 2875 2470
Facies 8 HMOD 2410 2393 HMOD 2944 2523
Facies 9 HLOW 2516 2498 VEIN 2950 2528
Facies 10 GRAN_OX 2580 2562 HLOW 3020 2579
Facies 11 HMOD 3046 2600
Facies 12 VEIN 3061 2610

Facies 13 GRAN 3196 2708
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Introduction

This supplementary material provides detailed calculations of structural formulae of illitic
minerals (Tables 1 and 2) and chlorite (Table 3). Results are represented in Figure 7 of the
article.

Table 1 Calculations of structural formulae of some illitic minerals at various depths in GRT-1
well. n.a.: number of analyses; An. Av.: analytical average; s.d.: standard deviation; OCT:
octahedral occupancy; INTCH: interlayer charge; XFe: Fe/(Fe+Mg).

Samples  GRT-12212 GRT-12218 GRT-12236 GRT-12284 GRT-12326 GRT-12329

n. a. 13 18 15 14 29 22

An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd. An.Av. s.d. An.Av. sd.
Si 3,35 0,25 3,28 0,20 3,36 0,02 3,40 0,04 3,31 0,19 3,38 0,12
Al IV 0,65 0,25 0,72 0,20 0,64 0,02 0,60 0,04 0,69 0,19 0,62 0,12
Al VI 1,66 0,18 1,73 0,11 1,61 0,13 1,63 0,06 1,71 0,21 1,66 0,07
Fe 3+ 0,13 0,08 0,11 0,03 0,18 0,09 0,16 0,04 0,13 0,07 0,14 0,00
Mg 0,21 0,10 0,16 0,06 0,19 0,02 0,19 0,04 0,15 0,14 0,18 0,06
Ti 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
OCT 2,00 0,02 2,01 0,03 1,99 0,01 1,98 0,02 1,99 0,00 1,99 0,02
Ca 0,01 0,00 0,01 0,02 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Na 0,00 0,01 0,00 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
K 0,83 0,08 0,84 0,04 0,86 0,04 0,85 0,03 0,86 0,06 0,82 0,01
INTCH 0,85 0,08 0,85 0,05 0,87 0,04 0,85 0,03 0,86 0,06 0,83 0,01
XFe 0,38 0,44 0,41 0,33 0,49 0,33 0,46 0,50 0,46 0,33 0,44 0,00

Samples GRT-12338 GRT-12365 GRT-12368 GRT-12377 GRT-12503

n. a. 21 46 52 19 22

An.Av. sd. An.Av. sd. An.Av. sd. An.Av. s.d. An.Av. s.d.
Si 3,44 0,29 3,30 0,06 3,34 0,12 3,31 0,08 3,33 0,06
Al IV 0,56 0,29 0,70 0,06 0,66 0,12 0,69 0,08 0,67 0,06
Al VI 1,67 0,07 1,68 0,04 1,65 0,09 1,72 0,07 1,74 0,06
Fe 3+ 0,14 0,06 0,16 0,04 0,17 0,05 0,14 0,03 0,11 0,04
Mg 0,14 0,04 0,14 0,01 0,16 0,05 0,12 0,04 0,11 0,05
Ti 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mn 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
OCT 1,95 0,11 1,98 0,02 1,98 0,05 1,99 0,01 1,96 0,02
Ca 0,00 0,00 0,00 0,00 0,01 0,03 0,00 0,00 0,04 0,04
Na 0,00 0,00 0,00 0,02 0,00 0,00 0,00 0,00 0,00 0,00
K 0,84 0,14 0,89 0,05 0,86 0,05 0,85 0,05 0,86 0,04
INTCH 0,84 0,14 0,90 0,02 0,87 0,05 0,85 0,04 0,90 0,07

XFe 0,50 0,60 0,53 0,80 0,52 0,50 0,54 0,43 0,50 0,44



Table 2 Calculations of structural formulae of some illitic minerals at various depths in GRT-2
well. n.a.: number of analyses; An. Av.: analytical average; s.d.: standard deviation; OCT:
octahedral occupancy; INTCH: interlayer charge; XFe: Fe/(Fe+Mg).

Samples GRT-22770 GRT-22773 GRT-22794 GRT-22950 GRT-22977 GRT-2 3052

n. a. 21 15 18 29 24 20

An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd. An. Av. sd. An Av. s.d.
Si 332 0,15 331 009 335 003 332 001 333 002 335 0,00
ALV 068 015 069 009 065 003 068 001 067 002 065 0,00
AlLVI 1,62 020 164 005 159 0,07 168 0,03 168 004 160 0,02
Fe 3+ 0,17 008 017 0,01 019 002 015 003 015 005 019 0,02
Mg 0,18 0,11 018 004 020 006 015 001 015 0,01 019 0,04
Ti 0,00 0,01 001 000 0,00 000 000 000 000 000 000 0,00
Mn 0,00 0,00 000 0,00 0,00 000 000 000 000 000 000 0,00
oCcT 1,99 0,01 199 000 198 007 199 007 199 000 1,98 0,00
Ca 0,00 0,00 000 0,00 0,00 000 000 000 000 000 001 0,00
Na 0,00 0,00 000 0,00 0,00 000 0,00 000 000 000 000 0,00
K 0,90 002 089 004 0,89 001 086 000 084 002 087 003
INTCH 091 002 089 004 090 007 087 000 085 001 088 004
XFe 049 042 049 020 049 025 050 0,75 050 0,83 050 0,33

Table 3 Calculations of structural formulae of some chlorite at various depths in GRT-1 and
GRT-2 wells. n.a.: number of analyses; An Av: analytical average; s.d.: standard deviation;
OCT: octahedral occupancy; INTCH: interlayer charge; XFe: Fe/(Fe+Mg); an. loc.: microsite
of crystallization; Fe—Mg: chlorite in replacement of primary ferromagnesian minerals; FZ:
chlorite crystallized in fracture zone.

Samples GRT-1 2212 GRT-1 2368 GRT-1 2503 GRT-2 2770 GRT-2 2773 GRT-2 2773
an. loc. FzZ FzZ FeMg FeMg FeMg FzZ
n. a. 7 10 6 2 3 4
An. Av. s.d. An. Av. s.d. An. Av. s.d. An. Av. s.d. An. Av. s.d. An. Av. s.d.
Si 281 0,03 281 0,04 3,07 0,10 2,88 0,01 2,88 0,05 284 0,07
Al IV 1,19 0,03 1,19 0,04 0,93 0,10 1,12 0,01 1,12 0,05 1,16 0,07
Al VI 1,24 0,04 1,28 0,04 1,22 0,06 1,22 0,01 1,76 0,10 168 0,13
Ti 0,00 0,00 0,01 0,01 0,03 0,05 0,01 0,00 0,00 0,00 0,00 0,01
Fe 2+ 3,77 0,24 3,81 025 1,70 0,16 201 0,12 218 0,12 3,67 032
Mn 2+ 0,01 0,00 0,01 0,00 0,07 0,04 0,04 0,04 0,04 0,02 0,01 0,01
Mg 2+ 0,92 0,20 0,79 0,23 2,78 0,09 265 0,05 239 0,15 091 0,18
OoCT 594 0,04 590 0,05 580 0,08 593 0,01 590 0,03 590 0,03
Ca 0,02 0,02 0,04 0,07 0,01 0,01 0,00 0,01 0,00 0,00 0,01 0,02
Na 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
K 0,01 0,01 0,02 0,01 0,04 0,04 0,01 0,00 0,00 0,00 0,01 0,01
INTCH 0,05 0,04 0,11 0,14 0,05 0,04 0,01 0,01 0,01 0,00 0,04 0,02
XFe 0,80 0,04 0,83 0,05 0,38 0,03 0,43 0,02 0,48 0,03 0,80 0,05

Samples GRT22794 GRT-22950 GRT-22950 GRT-22977 GRT-2 3052

an. loc. FZ FeMg FzZ FeMg FeMg
n. a. 1 2 2 5 7
An.Av. s.d. An.Av. sd. An.Av. sd. An Av. sd.
Si 2,81 2,97 0,05 2,90 0,04 3,00 0,09 2,90 0,01
Al IV 1,19 1,03 0,05 1,10 0,04 1,00 0,09 1,10 0,01
Al VI 1,37 1,15 0,07 1,30 0,07 1,21 0,02 1,20 0,05
Ti 0,01 0,01 0,00 0,01 0,00 0,01 0,01 0,01 0,00
Fe 2+ 3,13 1,97 0,16 2,92 0,08 1,92 0,07 2,01 0,11
Mn 2+ 0,01 0,05 0,03 0,01 0,00 0,07 0,00 0,05 0,04
Mg 2+ 1,35 2,74 0,22 1,62 0,05 2,65 0,02 2,67 0,01
OoCT 5,87 592 0,02 5,86 0,07 5,87 0,07 5,93 0,03
Ca 0,03 0,01 0,00 0,02 0,01 0,01 0,00 0,01 0,01
Na 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
K 0,00 0,00 0,00 0,02 0,02 0,03 0,04 0,01 0,00
INTCH 0,06 0,02 0,00 0,06 0,04 0,04 0,05 0,02 0,01

XFe 0,70 0,42 0,04 0,64 0,00 0,42 0,01 0,43 0,01
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