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ABSTRACT

Two geothermal wells, GRT-1 and GRT-2, were drilled in a granite at Rittershoffen (Alsace, France), in the Upper Rhine Graben, in
order to exploit the geothermal resource at the sediment-basement reservoir. Brine circulations occur in a permeable fracture network
and lead to hydrothermal alteration. The goal of the study is to characterize the hydrothermal alteration associated with permeable
fracture zones in Rittershoffen. As clay minerals are very reactive to hydrothermal alteration and could be good indicator to past and
present circulations. A special attention has been paid to the textural, structural and chemical properties of these minerals. The clay
fractions (<5 pm) were analyzed in fifty cuttings samples selected around permeable fracture zones in order to analyze the
microstructural properties of clays from X-Ray Diffraction and the chemical composition of clays from Scanning Electron Microscope
coupled with EDS. Chloritization (ferromagnesian chlorites) and sericitization (well crystallized illite) associated with pervasive
alteration are observed along wells. Iron-rich chloritic materials were observed in fracture fillings as well as illitic materials enriched in
poorly crystallized illite and I/S mixed layers (<10% of smectite) related to hydrothermal alteration as evidenced in both wells in
permeable fracture zones. The heterogeneous assemblages of I/S mixed layers and the small-size of illite crystallites could be a response
to an abrupt change of physical and chemical conditions such as the mixing of an oversaturated ascending geothermal fluid with a
cooler fluid favoring nucleation of metastable phases. The intense illitization associated with fluid circulations may lead to a total
replacement of chloritic materials as observed in the major permeable fracture zone of GRT-1 and a reduction of the natural
permeability. The well GRT-2 presents four permeable fracture zones in the granitic basement with a good natural permeability
probably because they are less affected by illitization.

1. INTRODUCTION

The Upper Rhine Graben (URG) is a geological structure located between Germany, France and Switzerland (Figure 1). This Cenozoic
rift hosts several geothermal anomalies associated with hydrothermal circulations through the fracture network at the sediments-
basement interface (Pribnow and Schellschmidt, 2000; Schellschmidt and Clauser, 1996). Between 2012 and 2014, a geothermal
doublet (GRT-1, GRT-2) was drilled at 2.6 km depth TVD in Rittershoffen (Alsace, France) in order to exploit the local geothermal
anomaly. The boreholes targeted the local normal fault of Rittershoffen (Figure 1). Both wells intersected the natural permeable fracture
network associated to the Rittershoffen fault at the sediment-basement interface. The geological characterization of this natural
permeable fracture network at the borehole scale is an important milestone for industrial project because it channels the present
geothermal fluids. At Rittershoffen, the natural fracture network intersected was structurally investigated from various geophysical logs
including acoustic image logs in open-hole section of the wells GRT-1 and GRT-2 (Vidal et al., 2016a).

Structural analysis was correlated with permeability indication such as temperature anomalies and/or mud losses during drilling
operations in order to identify permeable fracture zones (Figure 2). One permeable fracture zone was observed in the granitic basement
of GRT-1 whereas no obvious evidence of permeability was observed in sandstones. Four permeable zones were observed in the
granitic basement of GRT-2 (Baujard et al., 2017).

Special attention has been paid to the “clay signature” of these permeable fracture zones in the granitic basement. Due to their reactivity
to the physico-chemical environment, clay minerals have been used as markers of paleoconditions in both fossil and active geothermal
systems. Mineralogical studies of clay fraction have proved to be an efficient approach to mark the circulation zones in high-
temperature systems (Beaufort et al., 1992; Flexser, 1991; Mas et al., 2006; Patrier et al., 1996; Reyes, 1990; Teklemariam et al., 1996)
but are poorly applied to Hydrothermal Systems in the URG. In this study, clay fraction of cuttings from GRT-1 and GRT-2 was
analyzed by X-Ray Diffraction (XRD) in order to analyze crystal structures of clay minerals and Scanning Electron Microscope (SEM)
coupled with EDS in order to analyze chemical composition of clay minerals. As fracture permeability is a key challenge in this
geothermal project, most of the samples were collected around permeable fracture zones of both wells.

2. GEOLOGICAL CONTEXT

The Rittershoffen site is located in the URG, less than 10 km from the well-known Soultz-sous-Foréts site (Alsace, France) and

approximately 15 km east of the Western Rhenian fault, which strikes N45°E in this part of the graben (Figure 1). A geothermal doublet

was drilled in the southeastern end of a horst to intersect the so-called Rittershoffen normal fault at the top of the basement. Based on a

seismic reflection interpretation of the sedimentary cover, this fault strikes N-S, dips 45° westward and displays an apparent vertical
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offset of approximately 200 m (Baujard et al., 2017). The wells penetrate the Cenozoic, Mesozoic and Permian sediments overlying the
Paleozoic basement. They target the geothermal resource trapped in the fracture network at the sediment-basement interface. The
bottom of the sedimentary cover is composed of sandstones deposited during the early Triassic and Permian (Aichholzer et al., 2015).
The Paleozoic granitic basement, encountered at a depth of approximately 2200 m, is divided into three units: paleo weathered oxidized
granite, hydrothermally altered granite and fine-grained low altered granite (Figure 2). Core studies from the exploration well at Soultz-
sous-Foréts geothermal project showed that the granitic basement presents two stages of hydrothermal alteration : 1) a pervasive one
which is widespread in the massif with transformation of primary minerals has given way to secondary propylitic assemblages, where
chlorite is the most common phase related to the alteration of the primary biotite and 2) a vein alteration related to hydrothermal
circulation developed within the fracture system which is the cause of precipitation of white mica or regular illite-smectite mixed layers
associated with carbonates, iron oxides, and locally secondary quartz (Genter, 1989; Traineau et al., 1992). The upper part of the
batholith shows a pronounced reddish color due to hematization related to weathering alteration and sub-horizontal joints which took
place after post-orogenic exhumation.
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Figure 1: Location of the Rittershoffen geothermal site and geological cross section through the Upper Rhine Graben at the
latitude of Rittershoffen. The interpretative trajectory of GRT-1 is represented in red on the cross section. The cross section was modified
after Kappelmeyer et al. (1992) and the interpretation below 4 km depth is done by analogy to the cross section of Brun et al. (1992) and is
highly speculative.

The first well, GRT-1, is nearly vertical and intersect one major permeable fracture zone between 2323 and 2368 m Measured Depth
(MD) associated to a large negative temperature anomaly (Vidal et al., 2016b) (Figure 2). The natural permeability was too low for
industrial exploitation and the well was successively thermally, chemically and hydraulically (TCH) stimulated (Baujard et al., 2017).
The second well, GRT-2, is highly deviated to the north, an intersect one permeable fracture zone between 2535 and 2545 m MD
associated to a positive temperature anomaly, one major permeable fracture between 2766 and 2800 m MD associated to a positive and
a negative temperature anomaly, and two deep altered permeable zone around 2950 and 3050 m MD associated to negative temperature
anomaly (Baujard et al., 2017; Vidal et al., 2016a) (Figure 2). The natural permeability expressed in term of productivity index was high
enough for industrial exploitation. Geothermal water circulating into permeable fractures is higher than 160°C. Deep fluids are NaCl
type with a salinity of 101 g/L and a measured pH around 6.3 (Sanjuan et al., 2016). They probably result from a mixing of primary
marine brine and water of meteoric origin.

Microscopic observations of cuttings in the granitic basement of GRT-1 indicate that the top of the granitic basement down to 2380 m
MD is highly hydrothermally altered with a high fracture density (Dezayes et al., 2013) (Figure 2). Two hydrothermal alteration stages
were observed:1) a cataclastic stage with microquartz and illite in all the granitic samples and 2) a stage of calcite and anhydrite veins in
samples above 2380 m MD. In the top of the granite ferromagnesian minerals are totally altered. Only illite is observed on bulk sample
XRD analysis. Traces of pyrite are sometimes associated to illite. Dezayes et al. (2013) interprets this zone as a place of intense paleo-
circulations, presently restricted between 2320 and 2380 m MD.

For this study, 21 cuttings samples were collected in the granitic basement of GRT-1 and 27 in the granitic basement of GRT-2. They
were mainly collected around permeable and altered fracture zones observed in acoustic image logs and temperature logs but some
samples are located in poorly zones in order to be used as reference of the pervasive alteration background.
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Figure 2: Temperature log in GRT-1 (in blue) and GRT-2 (in red) wells. Associated cuttings in the granitic basement of GRT-1 and
acoustic image log of the main permeable fracture at 2368 m MD.

3. METHODOLOGY

XRD was performed on oriented powders of untreated and ethylene—glycol saturated samples of the fine-grained fraction (<5 pm). XRD
was carried out on a Bruker D8 Advance diffractometer (CuKa radiation, 40 kV, 40 mA). Analytical conditions used for the acquisition
of XRD data were as follows: angular domain: 26 = between 2.5 and 30; step increment: 20 = 0.025; counting time per step: 3s. XRD
data acquisition and treatment were realized with the X’ Pert HighScore software (PANalytical B.V.). Clay minerals were identified
according to Brindley and Brown (1980).

The (001) reflection of the illitic material was deconvoluted in poorly crystallized illite (PCI), well crystallized illite (WCI) and ordered
illite rich illite/smectite (I/S) mixed layer if there is any, using the Fityk software (Figure 3). Illite coherent scattering domain (CSD)
size was estimated from the full width at half maximum (FWHM) intensity of the typical (001) reflection of WCI and PCI at 10 A on
the < 5 pm-fraction untreated oriented preparations (Kubler, 1968). Chlorite CSD was estimated from the FWHM intensity of the (002)
reflection at 7 A.
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Figure 3: Deconvolution in the 7-10°20 CuKa domain of the X-Ray diffractograms of air dried and EG-saturated oriented
powder, sample GRT-1 2218 (<5 pm clay fraction). I/S: ordered illite/smectite mixed-layer; WCI: well-crystallized illite, PCI: poorly
cristallized illite

Thin sections were made from the cutting samples in order to analyze chemical composition of illite and chlorite with SEM JEOL 5600
LV equipped with a BRUKER XFlash 4030 SSD (associated with SPIRIT software). Analytical conditions were 15 kV, 1 nA, counting
time 60 s, working distance 16.5 mm. Elements analyzed were Si, Al, Fe, Mg, Mn, Ti, Ca, Na and K. The system was calibrated with a
variety of synthetic oxide and natural silicate standards. The reproducibility of standard analyses was close to 1% except for Na, which
was 1.5%.
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4. RESULTS
4.1 Mineralogy of the altered fracture zones associated to hydrothermal circulations

In GRT-1, the deepest cutting sample at 2503 m MD, corresponds to the less altered sample and is representative to the pervasive
alteration background. On thin section, plagioclase phenocrysts are partially altered and partially replaced by carbonates, or illitic clay
phases (Figure 4a). Biotite minerals are replaced by large-size chloritic minerals. On thin section of cuttings at 2368 m MD, a massive
illitization of primary minerals associated to an intense hydrothermal alteration is observed (Figure 4b). All primary minerals are
destroyed and mainly replaced by small-size illitic minerals. More rarely small-size chlorite minerals are observed. Clay materials are
often associated to hematite and oxides.

In GRT-2, thin section at 2774 m MD presents an alteration stage similar to the thin section at 2503 m MD in GRT-1. Plagioclase
phenocrysts are partially altered into illite and a lot of secondary quartz is observed. An illitization of minerals occurs but relicts of
primary minerals are still perceptible and the structure of the rock is preserved (Figure 4c). Quartz and microquartz minerals associated
to a cataclastic stage are locally observed sometimes crosscut by small cracks filled by illitic materials. Large-size (>20um) and small-
size (<5 pm) illitic minerals are identified as well as large-size (>20pum) and small-size (<5 pm) chloritic minerals (Figure 4d & e).

100 pm

Figure 4: Microscopic observations of a) pervasive alteration at 2503 m MD in GRT-1 (LPA), b) intense secondary illitization at
2368 m MD in GRT-1 (LPA), ¢) illitization at 2774 m MD in GRT-2 (LPA), d) illitic and chloritic materials at 2774 m
MD in GRT-2. 1Il -S = small-size illitic materials, Ill -L = large-size illitic materials, Chl -S = small-size chloritic materials, Chl -L = large-
size chloritic materials, Hem = hematite, Bt = Biotite, Qtz = quartz, Anh = Anhydrite

4.2 Microstructural properties of clay minerals
XRD results in GRT-1 well

In GRT-1, the presence of the PCI and the WCI is observed in all diffraction patterns. On the basis of microstructural properties of the
illitic materials, three zones can be evidenced in the granite (Figure 5). At the top of the granitic basement and down to the top of the
major permeable fracture zone, between 2212 and 2326 m MD, the average proportion of WCI (WCI int/(PCI int + WCI int + I/S int) is
around 0.45. In this zone, the FWHM is quite constant with an average value of 0.12 °20, the lowest sample at 2260 m MD (0.10 °20)
and the highest one at 2323 m MD (0.13 °20). I/S mixed layers (less than 10% of smectite) are systematically evidenced. In the deeper
samples of the drill hole below the fracture zone (from 2383 m), the proportion of WCI reaches 0.74 and 0.84 and I/S mixed layers are
no more observed. WCI present slightly higher FWHM (0.17 °20) than in the previous zone. The deepest sample at 2503 m MD
presents highest proportion of WCI in GRT-1 (0.91) and the lowest FWMH (0.08 °20). Between these two zones, in the major
permeable fracture zone, from 2329 to 2377 m MD, WCI are observed in intermediate properties in terms of relative proportion,
average of 0.62, and FWHM, average of 17 °20. The highest FWHM in GRT-1 is 0.24 °20 at 2338 m MD. I/S mixed layers are not
observed in the major permeable fracture zone. PCI abundance is quite constant in depth with an average proportion of 0.29. Their
FWMH range from 0.25 to 0.48 °20 (average: 0.38 °20) with the maximum value 0.48 °20 observed at 2354m MD.

Chloritic materials are observed in all samples at the top of the granitic from 2212 to 2329 m MD except at 2260 m MD with an average
proportion of chloritic materials (Chl int/(WCI int+PCI int+I/Sint)) of 0.05 (Figure 5). Chlorite is not observed in samples (fraction > 5
um) from the major permeable fracture zone between 2338 and 2368 m MD except the sample at 2354 m MD where the highest
proportion of chloritic materials is observed in GRT-1 (0.97). Chloritic materials are observed in samples from 2377 and 2503 m MD
below the major permeable fracture zone with an average proportion of chloritic materials of 0.24. The FWMH is quite constant in
depth with an average value of 0.10 °206, the lowest sample at 2284 m MD (0.08 °20) and the highest one at 2323 m MD (0.125 °26).
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Figure 5: Microstructural properties of illitic materials and chlorite measured on XRD of the <Spm clay fraction versus depth
along GRT-1 well. Red disk: WCI relative intensity; Yellow square: FWHM of WCI; Purple disk: PCI relative intensity; Blue square:
FWHM of PCIL Pink disk: I/S mixed layers relative intensity; Orange disk: ratio of intensity of the (002) reflection of chlorite over the intensity
of the (001) reflection of the illitic materials; Green square: FWHM of the (002) reflection of chlorite. Presence of Anhydrite (Anh) and Calcite
(Ca) on XRD is indicated by a black line at the sample depth. Occurrence of fracture (black) and permeable fracture (red) is derivd from acoustic
image log observations (Vidal et al., 2016b). Alteration grades are evaluated from geophysical logs analysis (Vidal et al., 2016b). Yellow:
quartz- and clay-rich cataclastic zone associated to fault core; Light orange: altered and porous damage zone; Light brown: altered granite.

XRD results in GRT-2 well

In GRT-2, the presence of the PCI and the WCI is observed in all diffraction patterns (Figure 6). The proportion of WCI in samples of
the poorly granite is between 0.73 and 1 with an average value of 0.85. The proportion of WCI decreases in samples at 2533 (0.56),
2773 (0.65), 2785 (0.61) and 3052 m MD (0.56). In these samples, I/S mixed layers (less than 10% of smectite) are also observed. WCI
present similar FWHM in all samples with an average value of 0.13 °20 with the lowest value (0.095 °20) at 3064 m MD and the
highest one (0.18 °20) at 3052 m MD. PCI properties seem to be quite similar in all samples. The average proportion of PCI is 0.16
with the highest sample (0.28) at 3052 m MD and the average FWMH of 0.30 °20 with the lowest sample (0.18 °20) at 3052 m MD
and the highest one (0.40 °20) at 3058 m MD.

Chloritic materials are observed in all samples in the granitic basement of GRT-2 (Figure 6). The average proportion of chloritic
materials is 0.38 in the granitic basement with the lowest sample (0.02) at 2652 m MD and the highest one (1.35) at 3190 m MD. The
FWMH is quite constant with the average value of 0.12 °20, the lowest sample at 2652 m MD (0.09 °20) and the highest one at 2533 m
MD (0.18 °20).
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Figure 6: Microstructural properties of illitic materials and chlorite measured on XRD of the <Spm clay fraction versus depth
along GRT-2 well. Red disk: WCI relative intensity; Yellow square: FWHM of WCI; Purple disk: PCI relative intensity; Blue square:
FWHM of PCI; Pink disk: I/S mixed layers relative intensity; Orange disk: ratio of intensity of the (002) reflection of chlorite over the intensity
of the (001) reflection of the illitic materials; Green square: FWHM of the (002) reflection of chlorite. Presence of Calcite (Ca) on XRD is
indicated by a black line at the sample depth. Occurrence of fracture (black) and permeable fracture (red) is derived from acoustic image log
observations (Vidal et al., 2016a). Alteration grades are evaluated from geophysical logs analysis (Vidal et al., 2016a). Yellow: quartz- and clay-
rich cataclastic zone associated to fault core; Light orange: altered and porous damage zone; Light brown: altered granite.
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4.3 Chemical compositions of clay minerals
SEM results in GRT-1 well

The structural formulae of illitic materials are calculated on the basis of 11 oxygens, assuming the total irons as Fe** (Table 1). Chemical
analyses of illitic material (WCI+PCI +I/S ml) do not present major variations. The interlayer charge is between 0.83 and 0.90 and the
average octahedral Al content is 1.67+/-0.05 per O,o(OH), The average Fe and Mg contents are 0.14+/-0.05 and 0.18+/-0.07 at the top of
the granitic basement. The ratio Fe/Mg is <1 for samples at 2212, 2218, 2236, 2284, 2326, 2329 m MD. The average Fe and Mg
contents are 0.14+/-0.05 and 0.13+/-0.04 in the major permeable fracture zone and in the deep granitic basement. The ratio Fe/Mg is >1
for samples at 2338, 2365, 2368, 2377 and 2503 m MD. Nevertheless, the standard deviation of chemical analyses decreases with depth
underlying more homogeneous illitic materials in the deeper part outside the permeable fracture zone.

The structural formulae of chloritic materials are calculated on the basis of 14 oxygens, assuming the total irons as Fe*" (Table 2). The
octahedral occupancy is between 5.80 and 5.94 and the octahedral Al is higher than tetrahedral Al. An iron-rich chlorite is observed in
samples at 2212m MD (XFe=0.80) and 2368 m MD (XFe=0.83) at the top of the granitic and in the major permeable fracture zone
(Figure 7). A ferromagnesian chlorite which is relatively depleted in iron compared to the chlorite at the top of the granitic basement is
again observed in the deepest granitic samples at 2503 m MD (XFe=0.38).

Table 1 Chemical analyses of some illitic materials 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.

Samples  GRT-12212 GRT-12218 GRT-1 2236 GRT-1 2284 GRT-12326 GRT-1 2329 GRT-1 2338 GRT-1 2365 GRT-1 2368 GRT-1 2377 GRT-1 2503

n.a. 13 18 15 14 29 22 21 46 52 19 22
An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd.  An.Av. sd. An.Av. sd. An.Av. sd.  An.Av. sd. An.Av. sd.  An.Av. sd.  An Av. sd.
Si 3,35 025 3,28 020 3,36 0,02 3,40 0,04 331 019 338 012 344 029 3,30 006 334 012 3,31 0,08 3,33 0,06
Al IV 0,65 025 0,72 020 0,64 002 0,60 0,04 0,69 019 0,62 012 0,56 0,29 0,70 0,06 0,66 012 0,69 0,08 0,67 0,06
Al VI 1,66 018 1,73 011 1,61 013 1,63 0,06 1,71 021 1,66 0,07 1,67 007 1,68 0,04 1,65 0,09 1,72 0,07 1,74 0,06
Fe 3+ 0,13 0,08 0,11 003 0,18 0,09 0,16 0,04 0,13 0,07 0,14 0,00 0,14 0,06 0,16 0,04 0,17 0,05 0,14 003 0,11 0,04
Mg 021 010 0,16 0,06 0,19 002 0,19 0,04 0,15 014 0,18 0,06 0,14 0,04 0,14 0,01 0,16 0,05 0,12 0,04 0,11 0,05
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 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 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 2,00 002 2,01 003 1,99 001 198 002 1,99 0,00 1,99 002 195 011 198 0,02 198 0,05 199 001 1,96 0,02
Ca 0,01 0,00 0,01 002 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 003 0,00 0,00 0,04 0,04
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 0,00 0,00 0,00 002 0,00 0,00 0,00 0,00 0,00 0,00
K 0,83 0,08 0,84 004 0,86 0,04 0,85 0,03 0,86 0,06 0,82 0,01 084 014 0,89 0,05 0,86 0,05 0,85 0,05 0,86 0,04

INTCH 0,85 0,08 0,85 0,05 0,87 0,04 0,85 0,03 0,86 0,06 0,83 0,01 084 0,14 0,90 0,02 087 0,05 0,85 0,04 0,90 0,07

Samples  GRT-2 2770 GRT-2 2773 GRT-2 2794 GRT-2 2950 GRT-2 2977 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. sd.
Si 332 015 3,31 009 3,35 003 3,32 001 3,33 002 3,35 0,00
AllV 0,68 0,15 0,69 0,09 0,65 0,03 0,68 0,01 0,67 0,02 0,65 0,00
Al'VI 1,62 020 1,64 005 1,59 007 1,68 0,03 1,68 0,04 1,60 0,02
Fe 3+ 0,17 0,08 0,17 0,01 019 0,02 0,15 0,03 0,15 0,05 0,19 0,02
Mg 0,18 0,11 0,18 0,04 0,20 0,06 0,15 0,01 0,15 0,01 019 004
Ti 0,00 0,01 0,01 000 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 1,99 0,01 1,99 0,00 1,98 0,01 1,99 001 1,99 0,00 1,98 0,00
Ca 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,01 000
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 0,90 0,02 0,89 004 0,89 001 0,86 0,00 0,84 002 0,87 003

INTCH 091 002 0,89 0,04 0,90 0,01 0,87 0,00 0,85 0,01 0,88 0,04

Table 2 Chemical analyses of some chloritic materials at various depths of 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; an. loc.: microsite of crystallization; Fe-Mg: chlorite
in replacement of primary ferromagnesian minerals; Vug: chlorite crystallized in vugs.

Samples GRT-12212 GRT-1 2368 GRT-12503 GRT-2 2770 GRT-2 2773 GRT-22773  GRT2 2794  GRT-2 2950 GRT-2 2950 GRT-2 2977 GRT-2 3052
an. loc. Vug Vug FeMg FeMg FeMg Vug Vug FeMg Vug FeMg FeMg
n.a. 7 10 6 2 3 4 1 2 2 5 7
An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd.  An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd. An.Av. sd.
Si 281 003 281 004 3,07 010 2,88 0,01 2,88 005 2,84 007 2,81 297 005 290 004 3,00 0,09 2,90 001
ALV 1,19 003 1,19 004 093 010 1,12 001 1,12 005 1,16 0,07 1,19 1,03 005 1,10 0,04 1,00 0,09 1,10 0,01
Al VI 124 004 1,28 0,04 1,22 0,06 1,22 0,01 1,76 0,10 1,68 013 1,37 1,15 007 1,30 0,07 1,21 002 1,20 005
Ti 0,00 0,00 0,01 001 0,03 005 0,01 0,00 0,00 0,00 0,00 001 0,01 0,01 000 0,01 0,00 0,01 001 0,01 000
Fe 2+ 3,77 0,24 381 025 1,70 016 201 012 2,18 012 3,67 032 3,13 197 016 292 0,08 1,92 007 201 011
Mn 2+ 0,01 0,00 0,01 0,00 0,07 0,04 0,04 0,04 0,04 002 0,01 001 0,01 0,05 003 0,01 000 0,07 000 0,05 004
Mg 2+ 092 020 0,79 0,23 2,78 0,09 2,65 0,05 239 015 091 018 1,35 2,74 022 1,62 0,05 2,65 0,02 2,67 0,01
OCT 594 004 590 0,05 580 008 593 001 590 003 590 003 5,87 592 0,02 586 0,07 587 0,07 593 003
Ca 0,02 002 0,04 007 0,01 001 0,00 0,01 0,00 0,00 0,01 002 0,03 0,01 000 0,02 001 0,01 000 0,01 001
Na 0,00 0,00 0,00 0,00 0,00 000 0,00 0,00 0,00 000 0,00 000 0,00 0,00 000 0,00 000 0,00 000 0,00 0,00
K 0,01 001 0,02 001 0,04 004 0,01 000 0,00 0,00 0,01 001 0,00 0,00 000 0,02 002 0,03 004 0,01 000
INTCH 0,05 004 011 014 0,05 004 0,01 001 0,01 0,00 0,04 002 0,06 0,02 0,00 0,06 0,04 0,04 005 0,02 001
Fe/(Fe+Mg) 0,80 0,04 0,83 0,05 0,38 0,03 043 002 0,48 0,03 0,80 005 0,70 042 004 0,64 0,00 042 001 043 001

SEM results in GRT-2 well

In GRT-2 well, as in GRT-1, chemical analyses of illitic material (WCI+PCI +I/S ml) do not present major variations (Table 1). The
interlayer charge is between 0.85 and 0.91 and the average octahedral Al content is 1.63+/-0.07 per O,o(OH), The average Fe and Mg
contents are 0.17+/-0.03 and 0.184/-0.05 in the granitic basement. The ratio Fe/Mg is >1 for samples at 2338, 2365, 2368, 2377 and
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2503 m MD. Nevertheless, the standard deviation of chemical analyses decreases with depth underlying more homogeneous illitic
materials in the deeper part outside the permeable fracture zone.

In the chloritic materials, octahedral Al is higher than tetrahedral Al (Table 2). The octahedral occupancy is between 5.86 and 5.93. An
iron-rich chlorite (XFe>0.60) is observed in samples at 2773, 2794, 2950 in the major permeable fracture zone and in one altered
permeable zone in the deepest granitic basement. A ferromagnesian chlorite (XFe=0.33-0.48) which is relatively depleted in iron is
observed in samples 2770, 2773, 2950, 2977 and 3052 m MD int the major permeable fracture zone and in the deeper altered and
unaltered granitic basement (Figure 7).
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Figure 7: Plot of some chlorite analyses in Fe/(Fe+Mg) (XFe) versus Si diagram for GRT-1 and GRT-2 wells.

5. DISCUSSION
5.1 Signature of illitic materials

The illitic material properties evidenced that GRT1 and GRT2 do not display the same hydrothermal alteration profile. A highly altered
zone at the top granite is evidenced only for GRT1. This clay rich zone is expressed by illite rich illite/smectite mixed layers + illite of
small size crystallites (increased abundance of PCI and FWHM). Outside permeable fracture zones, illitic material displays quite
constant crystal structures properties (proportions of WCI, PCI, FWHM, absence of I/S) and stable chemical properties both in GRT1
and GRT2. Regarding the clay signature of permeable levels, in GRT-1, in the major permeable fracture zone, from 2320 to 2380 m
MD, the proportion of the WCI is lower than the bottom low altered granite, I/S mixed layers are observed at the top of the zone and the
PCI crystallinity is lower at the bottom of the zone (Figure 5). In GRT-2, in the permeable fracture zones at 2533 m MD and from 2765
to 2800 m MD, the proportion of WCI decreases and I/S mixed layers are observed (Figure 6). Around 2960 m MD, the PCI
crystallinity is lower. Between 3050 and 3060 m MD, the proportion of WCI decreases, I/S mixed layers are observed and the PCI
crystallinity is lower. In both wells, the crystallinity (along the c axis) of the illitic materials decreases in permeable zones as reflected
by the higher FWMH of PCI and the presence of I/S mixed layers. In both wells, the granitic primary rock composition is approximately
homogeneous as well as the nature of geothermal fluids collected (Sanjuan et al., 2016). The microstructural properties of the illitic
materials are known to be potential indicators of fluid circulations and paleo-circulations (Flexser, 1991; Harvey and Browne, 1991;
Mas et al., 2003, 2006; Patrier et al., 1996; Teklemariam et al., 1996). In permeable fracture zone which channels the ascending
geothermal fluids strongly oversaturated with respect to clay minerals, abrupt changes flow regime such as mixing of geothermal fluids
lead to explosive nucleation of clay crystallites with low size and promote the occurrence of heterogeneous mineral assemblages such as
I/S mixed layers (Beaufort et al., 1996; Patrier et al., 1996). As seen from cutting microscopic observations in GRT-1 and GRT-2, in
permeable fracture zones, small-size illitic materials predominate.

The chemical compositions of illitic materials are quite homogeneous in all samples except at the top of the granitic basement in GRT-1
where Mg content is higher (Table 1). This could be explained by some basin fluids exchanges from the sedimentary cover and
chemical measurements of illite in overlying sandstones will be carried out to investigate this hypothesis.

5.2 Signature of chloritic materials

Two populations of chloritic materials were observed in GRT-1 and GRT-2 (Table 2, Figure 7). Ferromagnesian chloritic materials,
associated to pervasive alteration, occur in all the granitic batholite. They result from biotite alteration under oxidizing conditions. It has
been demonstrated that during pervasive alteration, the chemistry of the chloritic materials is rock dominated (Beaufort et al., 1992;
Lépez-Munguira et al., 2002; Mas et al., 2006). The magnesium incorporation is promoted in the structure of chlorite which crystallize
with iron oxides such as hematite or magnetite under oxidizing conditions (Beaufort et al., 1992). Iron-rich chloritic materials,
associated to hydrothermal alteration, occur in permeable fracture zones. It has been demonstrated that the chemistry of iron-rich
chloritic materials is probably controlled by the fluid circulating into permeable fracture zone in reducing conditions (Beaufort et al.,
1992; Mas et al., 2006; Patrier et al., 1996).
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Both chloritic populations do not crystallize during the same mineralogical events and the pervasive alteration probably took place at
higher temperature. In GRT-1, the rare presence of chloritic materials could be explained by a quasi-total dissolution of chlorites during
paleo-circulations and the massive illitization of the permeable fracture zone (Figure 5). Due to high water/rock ratio related to massive
fluid circulation in the natural fracture system, intense vein alteration took place and transformed successively primary biotite into
chlorite and then into illite.

6. CONCLUSION

The study of clay minerals in geothermal wells GRT-1 and GRT-2 at Rittershoffen confirms the presence of permeable fracture zones
that channel geothermal fluids. Illitic phases which precipitate during fluid circulation have specific microstructural properties in
particular, the decrease of their crystallinity and the specific apparition of I/S mixed layers. In response to mixing of oversaturated fluids
with contrasting temperatures, the nucleation rate predominates over growth rate favoring small-size clay crystallites and metastable
phases. In GRT-1, the intensive illitization of the top of the granitic basement and the major permeable fracture zone reflects paleo-
circulations that probably plug the fracture system and contribute to the actual low natural pre-stimulation permeability. In GRT-2,
hydrothermal alteration and illitization are less pronounced than in GRT-1 that could partly explain the higher natural permeability of
the fracture system. The ferromagnesian chloritic materials, the iron-rich chloritic materials and the illitic materials belong to different
clay paragenesis. These first conclusions are promising and underline the importance of studying clay minerals for permeable fracture
zone prospection into the Rittershoffen geothermal reservoir.
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