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ABSTRACT. The geothermal reservoir of Hainaut mainly consists in a fissured and karstic carbonate aquifer. It is composed of thick 
Lower Carboniferous limestone and dolostone formations with an E-W direction and a 10-15° south dip. In the Saint-Ghislain area, 
several layers of massive anhydrite are interbedded in the Upper and Middle Visean carbonate. Coeval formations in other areas consist 
of a collapse breccia suggesting that the entire anhydrite/carbonate sequence has been subjected to karstification. The existence of 
a deep karst in the Visean of Hainaut is supported by several indications, as, for example, the occurrence of abundant karstic pipes 
observed in the whole Upper Carboniferous formations. The overlying Mons Basin is also thought to be (at least partly) the result of 
karstic subsidence in the Visean basement. Anomalies in temperature and/or chemical and isotopic signatures in springs and water 
catchment wells of the Dinantian outcrop suggest moderate uprising flow of geothermal deep groundwater and mixing with shallow 
groundwater. Flow and heat transfers have been simulated using simplified models. Results corroborate the existence of large thermal-
induced convection loops within the Dinantian reservoir. Karst development in the deep Lower Carboniferous strata of Hainaut is 
related to an increase of permeability due to tectonic activity that initiated at least at the end of Jurassic, that allowed the initiation of 
thermal convection. This time estimation is consolidated by sedimentologic data on Cretaceous deposits in the Mons Basin.
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RESUME. Le réservoir géothermique du Hainaut : Le résultat de la convection thermique dans un aquifère carbonaté et 
sulfaté. Le réservoir géothermique du Hainaut est un aquifère fissuré karstique, composé de calcaires et dolomies du Carbonifère 
inférieur, de direction E-W, et affectés d’un pendage moyen de 10 à 15° sud. Dans la région de Saint-Ghislain, des niveaux d’anhydrite 
massive sont présents dans les calcaires du Viséen moyen et supérieur. Les formations équivalentes latéralement sont des brèches 
d’effondrement, suggérant que l’ensemble de la série d’anhydrites et les carbonates interstratifiés ont été sujets à la karstification. 
L’hypothèse de l’existence d’un karst profond dans le Viséen du Hainaut est supportée par plusieurs indices, par exemple la présence de 
nombreux puits d’effondrement karstiques à travers les terrains du Carbonifère supérieur. Le Bassin de Mons sus-jacent est également 
tenu (partiellement du moins) pour une conséquence de la subsidence karstique due aux dissolutions dans le Viséen. Des anomalies 
thermiques, chimiques et isotopiques dans les sources et puits de pompage de l’aquifère dinantien sub-affleurant confirment la remontée 
d’eaux géothermiques profondes et leur mélange avec les eaux peu profondes. Les écoulements et transferts de chaleur ont été simulés 
dans un modèle simplifié. Les résultats confirment l’existence de larges boucles de convection dans le réservoir dinantien. 
Le développement du karst dans le Dinantien profond du Hainaut est relié à l’augmentation de perméabilité elle-même due à l’activité 
tectonique extensive mise en place au moins à partir du Jurassique terminal. Cette estimation temporelle est étayée par des arguments 
sédimentologiques présents dans les dépôts crétacés du Bassin de Mons.

MOTS CLES: Energie géothermique, Bassin Mons, convection thermique, karst

1. Introduction

The geothermal exploitation site of Hainaut is located in the Mons 
region (Fig. 1). Three wells were drilled between Mons and the 
French border, in Saint-Ghislain, Douvrain and Ghlin (Delmer, 
1977; Leclercq, 1980; Delmer et al., 1982; Delmer et al., 1996). 
Each of them can produce hot water (approximately 70°C), at an 
artesian natural flow rate of 100 m3/h. The productive layers are 
located at 2500 m, 1375 m and 1575 m deep, respectively. The 
first two wells are currently in use for district heating applications. 
The third one will soon be connected to its own heating network. 

Several new projects are currently in progress in the 
Hainaut region, including the drilling of a new well near Mons. 
In the meantime, recent research has been led regarding the 
geological structure of the geothermal reservoir and its hydraulic 
characteristics (Licour et al., 2007; Licour, 2009; Licour et al., 
2011; Licour, 2012). This paper presents some of these results, 
which give new insights regarding the explanation of karstification 
in deep aquifers of Hainaut and offer new perspectives for 
geothermal exploitation, notably in terms of spatial extension. 
These results are described in the next sections.

2. Geological setting

2.1. Paleozoic bedrock of the Mons Basin

The geothermal reservoir is located in the Lower Carboniferous 
(Mississippian, previously Dinantian) and Upper Devonian 
aquifer that lies under the coal measures and the Meso-Cenozoïc 
Mons Basin (Figs 2 and 3). The Dinantian aquifer outcrops a 
few kilometers north of the existing geothermal wells. It mainly 
consists in carbonates (limestone and dolostone) (Bultynck 
& Dejonghe, 2001; Poty et al., 2001; Delmer et al., 2001), but 
also contains more detritic formations close to the bottom and 
top of Dinantian. These detritic strata include phtanites of the 
Dinantian-Namurian transition and shales and sandstones of 
Lower Tournaisian, Famennian and Upper Frasnian (see Fig. 3). 
Evaporites were also observed in the Saint-Ghislain borehole (see 
Fig. 4), in the Upper and Middle Visean series (Dejonghe et al, 
1976; Rouchy et al., 1984; De Putter et al., 1991). More detail is 
given about these deposits in Section 3.
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Figure 1. Localization of the geothermal exploitation area of Hainaut. 
The 3 geothermal wells are symbolized by a star. The Jeumont borehole 
and the Condé-sur-Escaut well are also represented. 
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2.2. Structural setting

Variscan tectonic has induced several structural units in the 
Paleozoic bedrock of Belgium and surrounding countries (Mansy 
et al., 1999; Vanbrabant et al., 2002; Mansy & Lacquement, 2006; 
Bélanger et al., 2012). The geothermal reservoir is part of the 
Brabant Parautochton unit that lies under the Ardennes Allochton 
and the Overturned Thrust-Sheets (OTS) of Haine-Sambre-
Meuse, a complex of several thrust-sheets determined by the serie 
of thrust faults that constitutes the Variscan Front. The Dinantian 
reservoir shows few folds and faults, in comparison with the 
tectonical complexity of the overlying units (Lacquement et al., 
1999; Delmer, 2004; Vandycke, 2007). 

Older tectonic can be observed when comparing the 
thicknesses of formations between the Saint-Ghislain (Groessens 
et al., 1979) and the Jeumont boreholes (Delmer,1988), located 
20 km southeastward (Fig 1). The important thickening of the 
Devonian and Carboniferous deposits in the Saint-Ghislain 

region suggests synsedimentary movements due to ante-Variscan 
subsidence (Meilliez, 1989; Ziegler, 1990; Mansy & Meilliez, 
1993; Mansy & Lacquement, 2006). This context may imply 
discontinuities in the Dinantian reservoir and must be taken into 
account for resource characterization and estimation. 

2.3. Regional subsidence and Post-Paleozoïc sediments

The Mons Basin contains Meso-Cenozoïc sediments trapped 
in a subsident structure (Delmer, 1972; De Magnée et al., 
1986; Rouchy et al., 1986). The top of the Paleozoïc bedrock is 
relatively well known thanks to coal mining industry. Isohypse 
maps of this surface have been produced (Stevens & Marlière, 
1944; Cordonnier, 1984) and show a basin-like irregular 
structure oriented E-W (see section 3.2.3). Detailed studies about 
Cretaceous sediments (Dupuis & Vandycke, 1989; Spagna, 2010) 
demonstrate the displacement of the subsidence maxima toward 
the South during Cretaceous times. Wealden facies deposits 
position on the north flank of the structure (Spagna, 2010) 
fossilizes the early Mons Basin before its later progression. 

3. Karstic features in the Dinantian of Hainaut and 
impact on overlying strata 

3.1. Karst in shallow formations

Superficial karst features have been investigated for years in the 
Carboniferous limestones of Hainaut (Quinif, 1989; Quinif et al., 
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Figure 2. Simplified geological map (above) and vertical cross section 
(below) of the Mons Basin.  
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1993; Vergari & Quinif, 1997; Quinif et al., 1997; Kaufmann, 
2000; Quinif et al., 2006; Havron et al., 2007), mainly in the 
Soignies and Tournai regions where quarries activity implies 
increasing concern about water pumping and stability related 
to karst. Previous studies (Vergari & Quinif, 1997; Quinif et 
al., 1997) have determined the strong relation between karstic 
occurrences and regional extensive tectonic context (Fig. 4), 
resulting in preferential karstified directions. 

Paleogeographical conditions, and more specifically the relief 
evolution and the eustatic variations, influence the formation of 
the different karstic features depending on hydraulic regime, 
among which the “ghost rock” karst corresponding to low 
hydraulic potential (Vergari and Quinif, 1997). 

3.2. Karst in deep formations

3.2.1 Breccias
The deep karst of the Dinantian aquifer seems strongly linked to 
the presence of Visean evaporites and their partial dissolution. 
Massive anhydrite still exists in Saint-Ghislain (Groessens et al., 
1979, Rouchy et al., 1984; De Putter et al., 1994), and has been 
replaced laterally by collapse breccias (Leclercq, 1980; Delmer et 
al., 1982; Rouchy et al., 1984; Mamet et al., 1986; De Magnée et 
al., 1986; Rouchy et al., 1986; De Putter, 1995) that can be seen in 
the two other geothermal wells (Fig. 5) and in outcropping rocks 
of the Basècles and the Grande Brèche formations, respectively 
noted BAS and GRB on Fig. 3. 
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3.2.2 Breccias formation model 
Different types of breccias co-exist in Dinantian series, and 
show different facies. Fig. 6 localizes some of these breccia 
occurrences, in both parautochton and allochton units. They can 
be the result of many phenomena (Overlau, 1963; Overlau, 1966; 
Fiege et al., 1967; Hance e& Hennebert, 1980; Hance et al., 1981; 
Mamet et al., 1986; De Magnée et al., 1986; Rouchy et al., 1986; 
Rouchy et al., 1993; De Putter, 1995), among which slumping, 
erosion/deposition, tectonic influence and karstic collapse. 

The Hainaut Visean breccias seem to be related to two possible 
origins at two different periods: slumping (synsedimentary) and 
karstic collapse due to evaporites dissolution occurring during the 
Meso-Cenozoïc extensional phase. 
3.2.3 Other indications of karst activity
Consequences of karstic activity during the Cretaceous and 
Paleogene can be found through the existence of numerous karstic 
pipes across the Upper Carboniferous strata and in the regional 
subsidence that has affected the Mons region at that period, 
causing the Cretaceous and Cenozoïc deposits conservation. 

The breccia pipes are roughly cylindrical structures observed 
across the Upper Carboniferous strata. Their dimensions range 
from a few meters to several hundreds of meters laterally, and 
can reach several hundreds of meters vertically. Their extension 
limit (Fig. 7) corresponds to the subsided region evoked at 
section 2.3, illustrated on Fig. 7 by the isohypses of the Paleozoïc 
surface (Delmer & Van Wichelen, 1980; Spagna, 2010; Quinif 
& Licour, 2012; Licour, 2012). They mostly contain brecciated 
coal measures, but also sometimes caused the trapping of 
sediments from the contemporary surface. Therefore, they 
allow an estimation of the active karstic period corresponding 
to their formation (Delmer & Van Wichelen, 1980). The Ghlin 
well, drilled into a karstic pipe, demonstrates the origin of the 

dissolution in the deep Dinantian (Delmer et al., 1982), as it 
touched both the brecciated Upper Visean and permeable breccias 
laterally correlated to the Grande Brèche formation (Figs 3 and 
5).

3.3. Deep dissolution model 

The Saint-Ghislain region (Fig. 8) shows some particularities that 
can lead to several hypotheses about the dissolution processes 
in the deep Lower Carboniferous strata. First, the coincidence 
between the subsidence of the Paleozoic bedrock and the breccia 
pipes spatial distribution is obvious. Second, the breccia pipes 
are absent around the Saint-Ghislain region. The intensive coal 
mining activity in this area would have highlighted them if 
present (Licour, 2009). 

A schematic model can be drawn from these observations 
(Friedman, 1997; Licour, 2012), based among others on the 
difference in mechanical behavior between anhydrite and 
limestone (Fig. 9). Where the limestone shows fragile rupture if a 
cavity forms within its strata, anhydrite shows ductile deformation 
and prevents the formation of sinkholes. Supposing a fresh water 
influx through joints and fractures, the formation of breccia pipes 
is observed at a local scale. Then, lateral spreading leading to 
regional subsidence can be suggested. 

This model supposes the removal of large quantities 
of anhydrite, and then implies the existence of continuous 
groundwater flow for solution replacement and dissolution 
products elimination. Hydraulic gradient is of course at the origin 
of flow in the sub-superficial part of the aquifer. However, an 
additional source of power is needed to explain deep groundwater 
circulation.  
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4. Flow in the Dinantian reservoir

4.1. Thermal and chemical traces of deep water exsurgence

Water upflow from the deep reservoir toward the surface is 
suggested by thermal and chemical arguments: several springs 
and groundwater pumping in the shallow part of the Dinantian 
aquifer show warm temperatures and high sulfate content (Fig. 
10a) (Bosch et al., 1981; Delmer et al., 1982; Blommaert et al., 
1983; Licour, 2012). Sulfate resulting from anhydrite dissolution 
can be considered as the chemical signature of deep waters (see 
Fig. 10b). Nevertheless, evaporites dissolution may not be the only 

possible origin for dissolved sulfate in water. The Carboniferous 
limestone actually contains pyrite and other sulfides that can also 
give sulfates if oxidized. 

In this context, isotopic geochemistry is helpful for sulfate 
origin determination (Holser & Kaplan, 1966; Krouse, 1980; 
Pearson & Rightmire, 1980; Mook, 2000). Evaporitic sulfate 
shows positive isotopic ratios for 18O and 34S in sulfate ion, and 
sulfate resulting from sulfide oxidation shows negative isotopic 
ratios. Deep groundwater samples are located in the evaporitic 
domain of the δ34S/δ18O diagram (Fig. 11). Only one of the 
shallow groundwaters, sampled in a spring originating from a 
pyrite-rich alterite, represents the sulfide domain of the diagram. 
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The other samples, including most of the warm and sulfated 
springs, take place between these two categories of groundwaters. 
Their sulfate content can thus be considered as of mixed origin. 
Several spring waters are closer to the evaporitic domain. One of 
these springs is the famous “Fontaine Bouillante”, which shows 
a 18°C constant temperature throughout the year. Their location 
on the diagram confirms the more important contribution of deep 
water in their sulfate content. 

A possible assumption is that the outcropping part of the 
Dinantian aquifer could be considered as both the recharge and 
the discharge area of the deep geothermal reservoir. Meteoric 
water that infiltrates the deep aquifer flows back to the surface by 
convection forces, after heating and changing in geochemical and 
isotopic signature by contact with the rock matrix or mixing with 
hot sulfated water (Licour, 2012).  

4.2. Convective flow  
The existence of thermal convection in a porous medium is 
conditioned by the following equation (Combarnous & Bories, 
1975): Ra.cos γ ≥ 4 π²

Ra is the Rayleigh number dependant on the fluid 
characteristics, the permeability of the porous medium, its 
thickness and the temperature gradient. γ is the dip of the porous 
stratum. 

In the Saint-Ghislain region, the condition is met for thermal 
convection to occur in the deep reservoir. This is consistent with 
the observed temperatures of the geothermal fluid exploited in 
Douvrain and Ghlin, higher than expected considering the local 
geothermal gradient, and with the perturbations in the thermal 
profile of the Saint-Ghislain well (Legrand, 1978). 

Flow and heat transfer have been simulated using SHEMAT 
(Clauser et al., 2013), a finite differences code adapted to hydro-
thermal reservoirs. A simplified model of a 13° dipping, 2000 
m thick permeable layer (k = 10-13 m²) bounded by impervious 
top and bottom formations (k = 10-20 m²) has been realized (Fig. 
12). The resulting simulated temperature and groundwater fluxes 
fields are consistent with measured temperatures and estimations 
of residence times in the reservoir based on residual 14C activity 
(Licour, 2012). More information about these simulations can be 
found in Licour (2012). 

In the aim of understanding the first steps of the deep reservoir 
formation and estimating the initial permeability that would be 
needed to start the convective flow, simulation has been tested 
with a regular thermal gradient of 2,5 °C/100 m, in a permeable 
300 m thick unconfined stratum, without any hydraulic gradient. 
Thermal convection appears as soon as the Combarnous & Bories 
(1975) condition is met, in this case with k = 10-11 m², which is 
an average permeability in the present shallow reservoir. Thermal 
convection is then likely to be at the origin of regional flow 
circulation and anhydrite removal in the deep Dinantian reservoir. 
These phenomena caused the formation of collapse breccia layers 
and karstic pipes, and participated to regional subsidence in the 
Mons Basin area.  

5. Conclusions
The existence of shallow karst in the Dinantian aquifer of 
Hainaut relates to the extensional tectonic regime occurring at 
least during the deposition of the Meso-Cenozoic sediments of 
the Mons Basin. Different karstic features co-exist, depending on 
paleogeographical conditions and hydraulic potential.

The propagation of karstification to the deep part of the 
aquifer, mainly in evaporitic thick strata, can be linked to the 
same phenomenon. The increase of permeability induced by 
fracturation in the carbonate formations leads to the initiation of 
thermal convection, even if the hydraulic potential is very low. 
Once initiated, convective flow brings more aggressive water 
toward soluble rocks and removes the dissolution products. 

The dissolution of Visean evaporites and its propagation 
toward South had several effects on overlying strata. First, fresh 
water influxes through joints and fractures cause the formation of 
sinkholes and breccias pipes. Second, the lateral spreading of the 
dissolution participates to replace the thick strata of anhydrites by 
collapse breccia layers. These layers are met in two geothermal 
wells and at the Visean outcrop. Finally, the loss of volume in 
deep layers could have induced, among other possible causes, 
the regional subsidence and the trapping of Meso-Cenozoic 
sediments in the resulting Mons Basin. 

The convective circulation is still active currently. The 
exsurgence of deep water is attested by temperature anomalies and 
chemical and isotopic content of several springs and groundwater 
catchment wells in the shallow part of the Dinantian aquifer. 
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