Characterizing geothermal and lithium resources in the

Upper Rhine Graben (France) with active electromagnetic methods

Introduction

Exploitation of deep hydrothermal fluids for heat, electricity and lithium production relies on our knowledge and prediction capacity of hydrothermal fluid property, mainly temperature, flow rate and chemistry. Most of hydrothermal fluid properties are obtained from post-drilling phases, whereas proxy information is hard to access in an economically viable way. The main challenge is then to develop methods to access these properties at the early stage of the exploration phase. Deep fractured reservoirs are usually characterized by non-invasive geophysical methods (seismic, gravity, etc.). However, these techniques have a low sensitivity to geothermal fluids and so, do not predict accurately the geothermal resource, and more particularly the flowrate, before drilling operation.

Due to their sensitivity to fluids and particularly brine water in rocks [START_REF] Archie | The Electrical Resistivity Log as an Aid in Determining Some Reservoir Characteristics[END_REF], electromagnetic (EM) techniques have been traditionally used to investigate the subsurface conductivity. EM methods have shown to be effective to characterize geothermal reservoir geometry in volcanic areas [START_REF] Munoz | Exploring for geothermal resources with electromagnetic methods[END_REF], hydrocarbon reservoir geometry in offshore sedimentary area or onshore mineral exploration. Nevertheless, the ability of EM methods to image targets with high geothermal potential in deep fractured reservoir and in a high man-made noise environment still need to be demonstrated. Indeed, EM signals must compete with high noise levels and a conductive sedimentary cover resulting in low signal to noise ratio [START_REF] Darnet | Characterizing deep hydrothermal fluid circulation in the Upper Rhine Graben (France) with electromagnetic methods[END_REF].

In the framework of recent research projects, we have developed the acquisition and processing strategy of the Controlled-Source EM (CSEM) to overcome these constraints and so reduce the risk of exploration projects. In this paper, we present the first "full-scale' application of this new methodology on the Exploration License hold by Lithium de France and named "Les Sources" in the French side of the Upper Rhine Graben (URG), where geothermal and lithium exploitations are envisaged. The exploration campaign driven by the company aimed to identify hot and Li-rich fluids circulating in the fracture network at the sediments-basement interface of the central URG.

CSEM Field Survey

For about thirty years, the URG has been a main target for geothermal exploration in deep fractured formations. Favorable targets are mainly deep and fractured hard rocks located within Triassicsediments and/or crystalline basement. The Soultz-sous-Forêts and Rittershoffen (Alsace, France) geothermal wells data have provided electrical resistivity logs to study the electrical signature of deep fluid circulations. Preliminary results show a conductive trend for hydrothermally altered fractured zones and a highly resistive trend for unaltered facies and hence a strong link between conductivity and permeable zones [START_REF] Glaas | How do the geological and geophysical signatures of permeable fractures in granitic basement evolve after long periods of natural circulation? Insights from the Rittershoffen geothermal wells (France)[END_REF][START_REF] Darnet | Characterizing deep hydrothermal fluid circulation in the Upper Rhine Graben (France) with electromagnetic methods[END_REF].

These results together with EM simulations have been used to define the appropriate CSEM survey specifications for sensing possible deep resistivity variations associated to deep hydrothermal fluid circulations in the Exploration License of "Les Sources". Indeed, investigation and resolution depth in EM measurements mainly depends on formation resistivity and on the transmitted frequency (Zonge and Hughes,1991).

The CSEM survey consisted in 30 electric-field sensors distributed with nominal 500m-spacing in a quasi-linear setup, depending on land-access conditions (Figure 1). Along this profile, we installed 10 grounded electric dipole transmitters with a length ranging from 1km to 3km. To fight the expected high-level of EM noise, we drilled short boreholes (3m deep) and equipped them with metallic rods as injection electrodes. In addition, we transmitted multiple square wave signals with a wide range of fundamental frequencies (from 16s until 512 Hz) to maximize the signal to noise at the receivers whatever the typology of the noise spectrum. As a result, all receivers managed to record a reliable CSEM signal from all transmitters, whatever the distance between the devices (up to 15km).

To compensate for the lack of resolution of the CSEM layout in the shallow subsurface (<100m) that could create potentially some EM "static shift", we acquired additional towed time-domain EM data (tTDEM) along the CSEM survey line.

Figure 1 CSEM survey layout over the Exploration License "Les Sources" (green polygon). Red triangles and yellow arrows represent the CSEM receivers and transmitters, respectively. The black dotted line represents the main axis of the 2.5D model used for the CSEM data inversion.

CSEM results

We have processed the CSEM data in the frequency domain using the Razorback algorithm adapted from MT robust processing to CSEM robust processing [START_REF] Smaï | Razorback, an open source Python library for robust processing of magnetotelluric data[END_REF]. We subsequently inverted the data in 2.5D using the MARE2DEM algorithm [START_REF] Key | MARE2DEM: a 2-D inversion code for controlled-source electromagnetic and magnetotelluric data[END_REF]. We selected the frequencies with the best signal to noise ratios as well as the highest sensitivity to the target depth. We therefore inverted six fundamental frequencies from 16s until 32 Hz (16s,8s,2s,2Hz,8Hz,32Hz). We defined and fixed the shallow resistivity layers based on the tTDEM survey results. We also included topography in the inversion grid to compensate for the moderate elevation change over the surveyed area (max 100m). Finally, we included a break in the regularization term of the cost function at the depth of the granitic basement to enforce the known resistivity change at that depth between resistive granite and conductive sediments.

The resulting resistivity model after inversion is shown on figure 2. In good agreement with the resistivity logs from the surrounding area, conductive sediments (resistivity less than 100 Ohm.m) are found on the top of a resistive granitic basement (resistivity greater than 100 Ohm.m). In addition, a slightly resistive layer (resistivity between 10 and 100 Ohm.m) is found in the middle of the sedimentary pile. This layer corresponds well to the Jurassic units made of more resistive material (carbonates, dolomite, salt) than the surrounding Triassic (Buntsandstein) and Tertiary silico-clastic sediments (clays, sandstones). Remarkably, this resistivity layering disappears when crossing the major normal faults at abscissae 6, and 10 and 12km, where thermal anomalies are known from past hydrocarbon exploration wells. The resistivity drop along these faults could be related to the increased porosity within the fault zone and/or the presence of hotter and/or more saline hydrothermal fluid. Such resistivity anomalies provide new insight into the favorability of the different prospective areas of the exploration license that could not be spotted based on seismic data only.

Figure 2 2.5D resistivity model derived from the inversion of CSEM data (logarithm of resistivity).

Blue, pink and black lines represent the Jurassic, Triassic and Basement seismic horizons, respectively. Black dotted lines represent the faults identified on seismic data.

Conclusions

Due to their sensitivity to fluids and particularly brine water in rocks, electromagnetic (EM) techniques have been traditionally used to characterize geothermal reservoir geometry in volcanic areas. We showed with a field survey in the Upper Rhine Graben that EM methods can provide valuable information for de-risking targets with high geothermal and lithium potential in deep fractured reservoirs, despite the presence of a high man-made noise as typically found in Western Europe.

  

  

Acknowledgements

The authors acknowledge Smart Seismic Solutions for their grateful help during data acquisition.