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1 INTRODUCTION 
The development of geothermal energy projects in France aligns with national efforts to promote renewable 
energy expansion. Geothermal energy stands out as a strategic solution for supporting district heating systems 
as demonstrated in the Paris Basin since the 1970s (Bouniol and Maget, 1983; Laplaige et al., 2005) and for 
electricity production, notably in the Upper Rhine Graben (URG) since the 1980s (Baillieux et al., 2013; Genter, 
1990).  

Variations in thermal gradients have been observed in the URG, particularly within the fractured granitic 
basement and the overlying Triassic sedimentary formations, interpreted as fluid circulation in natural fractures 
and porosity (Baujard et al., 2017; Gérard and Kappelmeyer, 1987; Schellschmidt and Schultz, 1988). Fractures 
are associated to clay minerals that offer a valuable opportunity to trace hydrothermal circulation pathways, 
serving as sensitive indicators of geothermal brine-rock interactions (Genter et al., 2010; Glaas, 2021) using 
Short-Wave InfraRed (SWIR) spectroscopy (Glaas et al., 2019; Simpson and Rae, 2018; Vidal et al., 2018; Yang 
et al., 2001). In the Lower Triassic Buntsandstein Group (Gr.), clay minerals signature has been impacted by 
complex sedimentary (diagenesis) and hydrothermal histories, complicating the use of clay minerals as 
hydrothermal circulation tracer. 

This study aims (1) to differentiate hydrothermal alteration signatures in fractured domains from diagenetic 
trends across the Buntsandstein units using GRT-1 and GRT-2, and (2) to develop a quantitative clay-mineral 
assessment by calibrating field-based SWIR spectra with laboratory XRD (Rietveld) analyses. 

2 GEOLOGICAL CONTEXT 

2.1 Buntsandstein 
The Buntsandstein Gr. forms the basal Permian-Triassic succession at the southwestern margin of the Germanic 
Basin, part of the Central European Basin System (CEBS), a set of post-Variscan intracratonic basins extending 
from the North Sea to Central Europe (Durand and Lepper, 2013; Mader, 1985; Mansouri and Hinderer, 2021; 
Scheck-Wenderoth and Lamarche, 2005). Similar continental successions across western Europe highlight its 
regional extent (Bourquin et al., 2006). In the URG, it non-conformably overlies the Paleozoic basement and 
comprises a Permian Lower Buntsandstein of fluvial to aeolian sandstones and a Triassic Middle-Upper 
Buntsandstein, in which the Induan is missing despite an abrupt facies shift (Figure 1.A)) (Bourquin et al., 2009, 
2007). 

The Buntsandstein consists mainly of feldspathic to quartz-rich sandstones with subordinate siltstones and 
claystones deposited in semi-arid fluvial systems, with heterogeneity controlled by climatic variations and 
structural compartmentalization (Bourquin et al., 2009). At Rittershoffen, approximately 400 m thick succession 
(Figure 1.B)) includes: coarse fluvial-aeolian sandstones in the Lower Buntsandstein with (Grès anté-Annweiler 
(GaA) and Grès d’Annweiler (GA)); thick quartzose fluvial sand bodies in the Middle Buntsandstein (Grès 
Vosgiens itself separated into 3 formations Trifels (GVT), Karstahl (GVK) and Rehberg (GVR) and Conglomérat 
Principal (CP)) composed of laterally extensive fluvial sand bodies; and finer-grained sandstones, siltstones and 
claystones with local sulfate-carbonate horizons in the Upper Buntsandstein (Duringer et al., 2019).  

Basin-scale subsidence and salt-related deformation further shaped sediment distribution (Maystrenko et al., 
2012). The distribution of sedimentary facies, combined with varying degrees of diagenetic maturity and later 
hydrothermal circulation, has significantly modified porosity and mineralogy. (Bofill et al., 2024; Busch et al., 
2025; Haffen et al., 2015). Regional thermal anomalies are driven by hydrothermal convection rising from the 
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fractured granitic basement into the Buntsandstein and Muschelkalk formations (Baillieux et al., 2013). 
Consequently, the Buntsandstein constitutes both a sensitive archive of fluid-rock interactions and a key 
geothermal reservoir in the URG. 

 

Figure 1. A) Geological map from (Glaas, 2021) based on (Baillieux et al., 2013; GeORG, 2013; Vidal et al., 
2019). B) Cross-section focused on the Rittershoffen geothermal site adapted from (Glaas, 2021) . 

2.2 GRT-1 and GRT-wells 
The GRT-1 well, drilled in 2012 at Rittershoffen, intersects the Buntsandstein at almost 1800 m True Vertical 
Depth (TVD) and the granitic basement at 2200 m TVD (Figure 1.B)). It initially exhibited a low productivity index 
(PI) (PI < 0.5 L/s/bar), with two major permeable zones in the Muschelkalk limestone and one in the granite, all 
three associated with fracture networks (Baujard et al., 2017; Vidal et al., 2017). A well development strategy 
combining thermal, chemical, and hydraulic stimulation increased its PI to 2.5 L/s/bar (Baujard et al., 2017).  

The GRT-2 well, drilled in 2014 with a 30° deviated trajectory toward the Rittershoffen Fault, reaches the 
Buntsandstein at 1795 m TVD and the basement at 2155 m TVD (Figure 1.B)). This demonstrates high productivity 
(PI = 4 L/s/bar) (Baujard et al., 2017) and intersects one major permeable zone in the Muschelkalk, one in the 
Buntsandstein and 4 in the granite (Baujard et al., 2017; Vidal et al., 2017). 

Because GRT-2 tangentially follows the fault, its granite section shows strong hydrothermal alteration and higher 
fracture density over a wider interval, whereas GRT-1, crossing the fault more vertically, records a similar but 
more localized pattern. 

3 METHODS 

3.1 Buntsandstein samples 
Analyses were conducted on drill cuttings from the GRT-1 and GRT-2 wells. Cutting samples were collected at 
3-meter depth intervals, washed using sieves, and subsequently dried on-site at 80°C for 40 minutes. 

3.2 XRD analysis 

X-Ray Diffraction (XRD) analyses were performed on a Bruker D8 Advance diffractometer (CuKα radiation, 40 kV, 
40 mA) in Bragg-Brentano geometry. Whole-rock powders were scanned from 3° to 75°2θ (0.015° step, 1 s/step), 
and mineral abundances were quantified by full-pattern Rietveld refinement using BGMN/PROFEX (Doebelin 
and Kleeberg, 2015). Clay mineralogy was determined on <2 µm oriented preparations in air-dried and ethylene-
glycolated states. XRD patterns were collected from 2° to 35°2θ with a 0.01° step and 1 s/step. These preliminary 
XRD results will be refined with upcoming SEM mineral quantification to ensure accurate phase identification 
and proportions. 
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3.3 SWIR analysis 
SWIR spectroscopy was performed using a field TerraSpec 4 spectrometer (Malvern Panalytical), equipped with 
a Si photodiode array (350-1000 nm) and two InGaAs-based scanning monochromators (1000-2500 nm), 
providing a spectral resolution of 3 nm in the VNIR and 10 nm in the SWIR. Measurements were acquired in 
reflectance mode with a contact probe and calibrated against a Spectralon® white reference. For each 
homogenized cutting sample, four spectra were collected, each consisting of almost 200 stacked scans to 
improve signal quality. 

Data interpretation focused on the 1800-2500 nm interval, corresponding to OH combination bands (ν+δ), 
including Al₂-OH near 2200 nm (dioctahedral clays), Al-Fe/Mg-OH around 2250 nm (mixed-layer or Fe/Mg-rich 
phases), and carbonate or Fe (II)-Mg-OH absorptions at 2330-2350 nm. Spectral deconvolution provided peak 
areas used as semi-quantitative mineral proxies: the 2200 nm peak for dioctahedral clays, mainly illite (Glaas et 
al., 2019; Vidal et al., 2018), and the 2300-2350 nm domain for carbonates and trioctahedral clays (Lypaczewski 
and Rivard, 2018; Madejová et al., 2017; Yang et al., 2024). Variations in the 2200 nm peak area therefore track 
changes in dioctahedral phyllosilicates, key markers of hydrothermal alteration along fracture corridors. 

4 PRELIMINARY RESULTS AND INTERPRETATION 

4.1 MINERALOGICAL CHARACTERIZATION OF BUNTSANDSTEIN IN GRT-1 
The preliminary results show that dioctahedral minerals, quartz and carbonates reach almost 6 to 5%, 72 to 83% 
and 2 to 0% respectively from GA to the base of GVR (2158 to 2056 m) (Table 2.). This interval is characterized by 
relatively constant mineral proportions. A shift in this trend appears at the transition of GVR and GVK (1993 to 
1948 m), where dioctahedral clay contents decrease from 3 to 2% (Table 2.). The sample at 1993 m also shows 
a marked enrichment in sulfates with 6% and carbonates (with almost 18%), together with a lower quartz 
proportion (66%) (Table 2.). This level (1993 m) therefore represents a clear mineralogical contrast within the 
succession.  

From the base of the GVK to GaV (1948 to 1810 m), the contents of carbonates, dioctahedral and trioctahedral 
minerals increase from 9 to 22%, 5 to 33% and, 1 to 16%, respectively, while quartz and feldspar proportions 
decrease from 74 to 23% and 11 to 5% respectively (Table 2.). This trend indicates a reduction in silification and 
the concomitant development of secondary minerals such as clay and carbonates.  

Overall, these preliminary results suggest a relatively uniform mineral composition from GA to the top of MGV, 
with a distinct sulfate-enriched layer at 1993 m. Above this horizon and up to the GaV, mineralogy follows a 
progressive evolution characterized by decreasing quartz and feldspar contents and increasing clay and 
carbonates abundances. 

 

 Table 2. Summary table of preliminary quantitative mineral proportions from the GRT-1 well. Qz: quartz; 
Cb: carbonate; Ms: muscovite; Kln: kaolinite; Chl: chlorite; Bt: biotite; Plg: palygorskite; Fds: feldspar; 

Sul: sulfate; Hem: hematite; Py: pyrite; Px: Pyroxen. 

4.2 SWIR SIGNATURES IN GRT-1 AND GRT-2 
Firstly, the overall SWIR trends of GRT-1 and GRT-2 differ from the base of GaA to the top of MGV (Figure 3.). At  
the transition between the MGV and the UGV (around 1990 to 1970 m), both wells then follow a common trend 
up to the top of the GaV.  

In the lower part of the section, from the base of the GaA to the unconformity between the GA and the LGV, GRT-
1 and GRT-2 display similar SWIR trends and both record the same fracture zone at the GaA-GA transition (Figure 
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3.). this is followed, in both wells, by a pronounced SWIR peak (with amplitudes up to almost 1.5 ua) at the GA-
LGV unconformity (Figure 3.). However, the semi-quantitative dioctahedral mineral proportions are consistently 
higher in GRT-2 by almost 2 to 3 ua compared to GRT-1 (Figure 3.). These higher values in GRT-2 correlate with 
its higher thermal gradient relative to GRT-1 (Glaas et al., 2025). Based on their similar SWIR trends but higher 
amplitudes in GRT-2, the SWIR signal suggests the presence of a permeable Permian interval in GRT-2.  

From the GA to the top of the MGV, the dioctahedral mineral proportions in GRT-1 remain smooth and nearly 
constant (Figure 3.). In contrast, the SWIR responses in GRT-2 are highly variable, reflecting an interval affected 
by alternating mineralogical assemblages including dioctahedral clays and secondary minerals such as quartz, 
barite, or carbonates. This structure sugggests the presence of zones enriched in dioctahedral minerals (e.g., 
illitic phases) alternating with zones potentially sealed by secondary minerals precipitation. The upper limit of 
this first characteristic interval is marked by a strong SWIR peak in both wells, reaching 7 ua, associated with a 
major fracture zone (Figure 3.). at this depth, GRT-1 and GRT-2 intersect a geological layer with similar 
dioctahedral mineral proportions, suggesting comparable petrophysical characteristics. However, only GRT-2 
exhibits a thermal anomaly of almost +1.6°C (Glaas et al., 2025). While both wells cross the same geological 
layer, only GRT-2 seems to record a permeable zone, implying an increase in dioctahedral minerals within a 
damage zone located above this fracture zone and extending to the base of the MGV.  

The second main SWIR trend, from the transition between the MGV and UGV up to the top of the GaV, shows 
similar behaviour in both wells (Figure 3.). Dioctahedral mineral proportions reach 5 to 6 ua up to the UGV-CI 
unconformity, then increase further to almost 8 ua in both wells (Figure 3.). However, GRT-1 shows a marked 
depletion in dioctahedral minerals between 1930 and 1910 m, suggesting enrichment in non-hydroxylated  
secondary minerals (e.g., quartz, barite or others). These minerals likely sealed porosity in this interval, as no 
thermal anomaly is observed (Glaas et al., 2025). 

 

Figure 3. Evolution of SWIR semi-quantitative proportion of di-octahedral mineral in GRT-1 and GRT-2. 

5 CONCLUSION 
Taken together, the SWIR and XRD datasets outline a coherent mineralogical and spectral evolution through the 
Buntsandstein Gr. while revealing strong contrasts between GRT-1 and GRT-2. In GRT-1, XRD results show a 
transition from quartz-rich sandstones at the base to increasingly clay- and carbonate-rich intervals toward the 
GaV, including a distinct sulfate-enriched horizon at 1993 m (Table 2.). SWIR profiles validate this trend, 
displaying a smooth and homogeneous 2200 nm signal consistent with a poorly permeable matrix. In contrast, 
GRT-2 exhibits highly variable spectral and mineralogical signatures, with alternating illite-rich intervals and 
zones sealed by secondary minerals (Figure 3). These fluctuations, together with the thermal anomaly observed 
in GRT-2, indicate localized hydrothermal alteration and enhanced permeability within a structurally connected 
damage zone, despite both wells intersecting comparable stratigraphic levels (Glaas et al., 2025). Together, 
these results underline the value of combining SWIR and XRD to resolve reservoir heterogeneity. Ongoing work 
includes quantitative mineralogy (Rietveld refinement) and SEM-based clay polytype analysis to distinguish 
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diagenetic (2M1, 1Md) from hydrothermal (1M, fibrous) illite, refine mineralogical attribution of SWIR indices, 
and better constrain fracture pathways and permeability distribution within Buntsandstein.  
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