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Abstract: The current research project aims at better characterising the 3D geometry of the main deep geothermal reservoir
in northern France: the Dinantian karstic and brecciated limestones (lower Carboniferous, Mississippian). The detailed 3D
geometry of this buried reservoir in the region has been investigated here through the integration of a large database includ-
ing 1,128 boreholes and 532 km of reprocessed and interpreted seismic reflection profiles. This geological information was
then interpolated in a 3D structural model using the GeoModeller software. Despite residual uncertainties related to the
time-depth conversion procedure of the seismic data as well as the interpolation process, it provides an image of the 3D
geometry of the Dinantian sequence at depth with an unprecedented resolution.

The 3D modelling indicates that the Dinantian reservoir is rather continuous and extends over an area of approximately
7,675 km? in northern France-southwestern Belgium. Interestingly, we document that the Dinantian reservoir extends at least
30 to 40 km south or southwest of the coal basin area as indicated by the geometry of its cut-off line with the major frontal
and lateral ramps of the Allochthon Main Basal Thrust of the Northern Variscan Front. From the Lille metropolitan area,
where the Dinantian is rather shallow (depth lower than 200 m), the Dinantian reservoir strongly deepens southward as it
reaches 1,000-3,000 m depth beneath the coal basin district and a maximum depth of about 7,000 m at the southern end of

the study area.
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1. Introduction

Over the last few decades, growing societal awareness re-
garding the need to turn to renewable energies has led to the
implementation of new energy policies. Following the Paris
Agreements for climate change in 2015, governments are
committed to massively invest into and develop renewable
energies in the coming decades. Among this renewable en-
ergy package, geothermal energy is probably one of the less
known, although it is locally of major importance. Numer-
ous projects for the development of deep geothermal energy
have thus been launched recently both at the European level,
such as the Interreg North-West Europe DGE-ROLLOUT
project, and at the regional scale, e.g. the Hauts-de-France
region in northern France.

In the Hauts-de-France region (northern France), the pop-
ulated Nord-Pas-de-Calais (NPC) coal basin district (1.5 mil-
lion inhabitants), located above the fossil deformation front of
the Variscan Orogen, constitutes an interesting target for the
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development of low-temperature deep geothermal energy.
Such orogenic fronts have long been favoured targets for the
exploration and exploitation of hydrocarbons and coal. It was
particularly the case of the NPC Molasse foreland basin ex-
plored and exploited for coal production during the 1920
centuries. More recently, however, they have raised major in-
terest for deep geothermal applications. Indeed, in such geo-
logical setting, potential rock reservoirs can be buried at a few
kilometres depth beneath the foreland basin, thereby creating
favourable conditions for the generation of high-temperature
waters. This is, for example, the case in Bavaria, Germany,
near Munich, where high-temperature geothermal fluids (80—
140 °C) are extracted beneath the Alpine molassic basin
(Farquharson et al. 2016).

In late Carboniferous times, the development of the Vari-
scan NPC Molasse foreland basin led to the burial of the
pre-orogenic sequence up to few kilometres depth in north-
ern France; the region-wide Dinantian (Lower Carbonifer-
ous) carbonate units are part of this buried pre-orogenic se-
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quence. Due to their highly fractured and karstified charac-
ter, they constitute the main target reservoir for the
exploitation of deep geothermal energy in northern France.
This reservoir is already exploited in Belgium in the Hainaut
coal district area, that is the eastward prolongation of the
NPC coal district area, where the water temperature in the
three geothermal wells of Douvrain, Ghlin and Saint-Ghis-
lain reaches 60—70 °C (e.g. Delmer 1982; Licour 2012). In
northern France, the Dinantian reservoir has only been
observed through boreholes and its geothermal potential is
not well constrained. A few geothermal anomalies have been
recorded in the NPC coal basin district at the source of
Saint-Amand-les-Eaux (23 °C) and near Lens in the mining
boreholes of Lens n°10 and Meurchin n°2 (40 °C at 240—
335 metres depth; Becq-Giraudon 1983). During the 1980s,
a geothermal exploration well was drilled at Condé-sur-
I’Escaut, less than 20 kilometres from the Belgian produc-
tive geothermal wells, without finding any geothermal evi-
dence. This highlighted the geographical variability of the
geothermal potential in the region, most probably related to
both the hydrodynamics within the Dinantian reservoir and
the complex structure and fault network along the Northern
Variscan Front.

In this general context, our study aims at defining the 3D
geometry of the buried Dinantian carbonate reservoir in
northern France. It is based on the 3D modelling of the struc-
ture of the Northern Variscan Front in northern France—
southwestern Belgium, using the GeoModeller software.
This 3D model integrates a large database, comprising
532 kilometres of reprocessed seismic reflection profiles,
1,128 boreholes as well as local structural data. A depth
structural map of the top of the Dinantian reservoir in the
study area has been generated as a result of the modelling
process. This 3D modelling approach allows defining the ex-
tension and depth of the Dinantian carbonate reservoir with
an unprecedented resolution and thereby represents the first
step towards assessing the geothermal potential in the re-
gion.

2. Geological setting

2.1 The Dinantian carbonate sequence in
northern France

In NW Europe, the Dinantian carbonate units (Lower—Mid-
dle Mississippian, 359-331 Ma) are known all around the
lower Palacozoic London-Brabant Massif. They extend from
Ireland via England to the Netherlands and from northern
France via Belgium to western Germany (Arndt 2021;
Broothaers et al. 2021; Pharaoh et al. 2021; Pracht et al.
2021). In northern France, the Dinantian units and the entire
Palacozoic substratum are generally covered, unconforma-
bly, by a 100-200 metres thick Cretaceous-Tertiary se-
quence, deposited along the northern border of the Paris Ba-
sin (Fig. 1). The Dinantian sequence is thus mainly con-
strained through boreholes (see reference wells in Fig.2a),
and on a few outcrops localised in the Boulonnais (English
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Channel borders) and Avesnois regions (western end of the
Ardennes Massif) as well as in the Mons-Tournai area
(southwestern Belgium) (Fig. 1).

In the NPC coal district area (northern France) and in the
Hainaut region (southwestern Belgium), the known thick-
ness of the complete Dinantian series varies between 600 m
in the area of Jeumont (COPESEP 1965) and 2,600 m in the
area of Saint-Ghislain (Groessens et al. 1982). The lower Di-
nantian or Tournaisian (Lower Mississippian, 359-347 Ma),
is well documented in the boreholes Tournai, Vieux-Leuze
(Coen-Aubert et al. 1980) and Saint-Ghislain (Groessens et
al. 1982) (Fig. 2a). It consists of shales, calcareous shales
with crinoidal beds and crinoidal limestones with argilla-
ceous intervals and cherty layers (Poty et al. 2001; Hance
2006a) (Fig. 2¢). At its base, the uppermost Devonian-lower-
most Tournaisian is characterised by sandstones, dolomitic
sandstones, shales, dolomitic limestones and sandy lime-
stones. The upper Dinantian or Visean (Middle Mississip-
pian, 347-331 Ma) consists mostly of bioclastic and crinoi-
dal dolomites and limestones. It usually comprises thick in-
tervals of brecciated limestones with stromatolitic levels
(Groessens et al. 1982; Poty et al. 2001; Hance et al. 2006b;
Fig. 2¢). The extensive brecciated character of the Visean
limestones is attributed to the polyphased, long-term dissolu-
tion of interstratified evaporite sequences during the succes-
sive events of burial of the Dinantian rocks (Rouchy et al.
1986, 1987; De Putter 1995; De Putter et al. 1994). Thick
residual levels of anhydrite are locally preserved in the Vi-
sean series of the Epinoy and Saint-Ghislain boreholes
(Delmer 1977; Rouchy et al. 1986, 1987; De Putter et al.
1991, 1994); where anhydritic levels are present, brecciated
limestones are more scarce (Licour 2012). The heterogeneity
and fractured character of the Visean brecciated limestone
sequence together with its higher tendency for local karstifi-
cation make this unit the main geothermal target in the N
France-Hainaut area.

From a palacogeographical point of view, the Dinantian
series of northern France (Lille and NPC coal district area)
and southwestern Belgium (Mons-Tournai area) were depos-
ited in a marine shallow-water carbonate environment at the
southern margin of the Laurussian continental block. Over-
all, it evolved from a south-facing ramp in the early Tournai-
sian to a rimmed shelf during the late Tournaisian-early Vi-
sean (Hance et al. 2001, 2006a; Poty et al. 2001). During the
mid-late Visean, this carbonate sequence deposited on a
broad shelf of regional extent. A polarity inversion occurred
in the middle Visean (Livian): facies characteristics of a
more restricted marine environment (e.g. anhydrite, stroma-
tolitic facies) deposited to the south while open marine facies
deposited to the north (Hance et al. 2001, 2006b; Poty et al.
2001). This change reflects the first effects of the northward
propagating uplift associated to the tectonic inversion of the
Laurussian margin and the subsequent development of the
Variscan thrust front.
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Fig. 1: Simplified geological map of the modelled area extracted from the geological map of France (Chantraine et al. 2003) reporting the
location of the boreholes and seismic reflection profiles used to produce the 3D model. Dinantian outcrops in the Brabant Para-autochtho-
nous Unit (Belgium) have been delimited by a thick black line. Borehole legend: EPY — Epinoy; JEU — Jeumont.

2.2 Structural framework

The Dinantian units developed as part of a large-scale post-
rift transgressive carbonate platform onto the slowly subsid-
ing southern Laurussian margin from the late Eifelian to the
Visean (Meilliez et al. 1991; Mansy et al. 1999). This large
platform recorded the long-term thermal subsidence of the
proximal southern margin of the Laurussian continent fol-
lowing a major rifting phase that took place from Early
(Lochkovian) to Middle Devonian (Eifelian) (Meilliez et al.
1991; Franke 2000; Shail & Leveridge 2009). This rifting
event triggered the opening of the Rheno-Hercynian Ocean
in between the northern Laurussian margin and the southern
Armorica-Saxo-Thuringia continental blocks. The syn-rift
subsidence of the Laurussian margin was marked by normal
faulting oriented along two main directions: i.e. N50-70° and
N110-130° (Meilliez et al. 1991).

From Late Devonian times onward, tectonic kinematics
changed and the subsequent N—S convergence between Ava-
lonia and the Armorica-Gondwana accretion complex led to
the progressive southward subduction and closure of the
Rheno-Hercynian Ocean and to the collision of the surround-
ing margins during the middle Visean (ca. 340 Ma; Cazes et
al. 1985; Averbuch & Piromallo 2012 ; Franke et al. 2017).
This Variscan collision stage, characterised by an overall
NNW-SSE shortening, lasted about 35 Ma until the Middle
Pennsylvanian (ca. 305 Ma) and led to the gradual tectonic
inversion of the southern Laurussian margin (e.g. Oncken et
al. 1999, 2000; Averbuch et al. 2004; Averbuch & Piromallo
2012). It resulted in the development of a north-vergent
thrust system extending in northern France from the Channel
borders (Boulonnais) to the Avesnois region (Maubeuge area
in Fig. 2; Cazes et al. 1985; Raoult & Meilliez 1987; Aver-
buch et al. 2004).
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Fig. 2: (a) Structural map of the Variscan basement in the modelled area (modified from CFP et al. 1965 and Averbuch et al. 2004). Only
the geological levels modelled in 3D are represented in full colours (i.e. Brabant Para-autochthonous Unit). The reference wells correspond
to the deep boreholes used to define and describe the Dinantian in northern France-southwestern Belgium. Borehole legend: ANN — An-
nappes; CES — Condé-sur-1’Escaut; DV — Douvrain; EPY — Epinoy; GHL — Ghlin; JEU — Jeumont; LZ — Leuze; SGH — Saint-Ghislain;
TOU — Tournai. (b) Interpretation of the M146 seismic profile (location in Fig. 2a), illustrating the structure of the Northern Variscan Front
in the area of Valenciennes (modified from Lacquement et al. 1999 and Mansy & Lacquement 2006). AA — Ardennes Allochthonous Unit;
AMBT — Allochthon Main Basal Thrust; BP — Brabant Para-autochthonous Unit; OTS — Overturned Thrust Sheets; TPU — Top Palacozoic
Unconformity. (¢) Synthetic lithostratigraphic log of the Brabant Para-autochthonous Unit in northern France-southwestern Belgium. Indi-
cated thicknesses have been defined based on the data of the reference boreholes in the region (Fig. 2a). The coloured arrows point at the
geological surfaces interpreted in seismics (Fig. 3) and modelled in 3D. Main Dinantian geothermal reservoir is indicated.

The Dinantian carbonate units of northern France were  Boulonnais hills (western limit of the area under study) and

primarily deformed during the Variscan orogenic cycle. Sub-
sequent deformation events (i.e. the late Carboniferous-Per-
mian and Late Jurassic-Early Cretaceous rifting episodes as
well as the Tertiary inversion related to the far-field accom-
modation of the Alpine-Pyrenean shortening) produced only
second-order structures, mostly localised along the Artois-

the Mélantois dome (between Lille and Tournai) (e.g. Mansy
et al. 2003; Minguely et al. 2010 and references herein). Be-
neath the Mesozoic-Cenozoic cover, the Dinantian series are
incorporated within three major structural units involved in
the northern Variscan thrust front (from north to south): the
Brabant Para-autochthonous Unit, the Overturned Thrust
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Sheets and the Ardennes Allochthonous Unit (Fig.2a; Meil-
liez & Mansy 1990; Mansy et al. 1997, 1999; Lacquement et
al. 1999).

The Brabant Para-autochthonous Unit corresponds to the
slightly deformed part of the Laurussian continental margin.
It is formed by the Middle Devonian to lower Carboniferous
(late Eifelian—Visean) post-rift transgressive cover of the
Brabant lower Palacozoic basement and by the overlying sy-
norogenic molasse (Fig. 2¢), deposited along the Northern
Variscan foredeep during the Late Mississippian-Middle
Pennsylvanian (Namurian—Westphalian, 325-305 Ma; Fig.
2a). In northern France, this basin, known as the NPC coal
basin, involves an up to 3.5 km thick molasse sequence made
of an alternation of fluvio-deltaic and paralic deposits
(Bouroz 1969; Becq-Giraudon 1983; Delmer et al. 2001).
This structural unit displays an overall monoclinal geometry
with a general gentle southward dip (5-10°; Fig. 2b) due to
the flexural response of the foreland to thrust loading. North
of the emergence of the frontal thrust zone, it displays how-
ever a major flexure allowing for the exhumation of the Pal-
aeozoic substratum directly below the Mesozoic-Cenozoic
cover (the Orchies anticline in Fig. 2a).

To the south, the Brabant Para-autochthonous Unit is
overthrust by the Ardenne Allochthonous Unit along a major
crustal-scale thrust zone (Figs. 2a, b; Raoult 1986; Meilliez
& Mansy 1990; Mansy et al. 1997; Lacquement et al. 1999).
The latter is referred to, in this paper, as the Allochthon Main
Basal Thrust (AMBT). Its emerging part, which delimits the
southern extension of the coal district area, is usually known
as the Midi Fault (Meilliez 2019 and references herein). The
Ardenne Allochthonous Unit is composed of a more com-
plete and thicker Lower Devonian to Dinantian sequence
than the Brabant Para-autochthonous Unit due to its more
distal palacogeographic position on the southern Laurussian
margin. The allochthonous unit forms part of a typical fold-
and-thrust belt with an overall E-W to ENE-WSW trend in
the area under study (Khatir et al. 1988; Meilliez & Mansy
1990; Mansy & Meilliez 1993; Lacquement 2001; Moulouel
2008). In northern France, restoration of the margin geome-
try before compression suggests that the Ardenne Allochtho-
nous Unit was displaced over at least 60—70 km northward
along the main frontal thrust zone (Raoult & Meilliez 1987;
Lacquement et al. 1999; Mansy et al. 1999; Laurent et al.
2021). This intense deformation is emphasised by the exist-
ence of thrust sheets characterised by a complex and overall
overturned geometry between the Brabant Para-autochtho-
nous Unit and the Ardenne Allochthonous Unit (Bouroz et
al. 1961; Delmer 1997, 2003; Mansy et al. 1997; Lacque-
ment et al. 1999; Fig. 2b). These so-called “Overturned
Thrust Sheets” (OTS) consist of a folded Silurian to upper
Carboniferous sequence affected by a series of second-order
NNW-vergent forelimb thrusts (Bouroz 1950; Le Gall 1994;
Meilliez 2019). This typical structural style is depicted in the
N-S cross-section of Fig. 2b, based on the interpretation of
the reference M 146 seismic profile in the Valenciennes area
(Mansy et al. 1997; Lacquement et al. 1999; Laurent et al.
2021).
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3. Data and methodology

3.1 Selection of the seismic and well data

The 3D geometry of the Dinantian carbonate reservoir in the
NPC coal district area and its southward extension below the
Ardenne Allochthonous Unit has been investigated by mod-
elling the 3D structure of the Northern Variscan Front in
northern France and southwestern Belgium (Hainaut area).
The study area extends over 125 km E-W, from the Hainaut
coal basin district in the east to the Artois region in the west,
and over 86 km N-S, from the northerly Roubaix-Tourcoing
cities to the southern limit of the Nord-Pas-de-Calais region
(Fig. 1). It represents a surface area of 10 750 km?.

A large database including mainly seismic reflection and
well data was compiled prior to the 3D modelling process.
21 seismic reflection profiles, acquired during the onshore
oil exploration of the northern Paris Basin (France) in the
1980s, have been reprocessed by the BRGM—French Geo-
logical Survey (static corrections, velocity analysis, noise
attenuation, pre-stack time migration) and interpreted within
the scope of this study (Fig. 1). Given the acquisition param-
eters used in the surveys (recording length up to 5 seconds
two-way-time), the estimated depth of investigation is
around 7 to 8 km and the vertical resolution of seismic imag-
ing is approximately 25-30 metres. Seismic lines represent a
total length of 532 km and cover an area of approximately
5,130 km? over the allochthonous and para-autochthonous
units (Fig. 1). The seismic profiles cross the region along
various orientations allowing their interpretation to provide
an updated image of the 3D structure of the Dinantian car-
bonate platform in the investigated area. The seismic inter-
pretation was carried out using the IHS Kingdom Software.
The targeted geological surfaces have been identified in seis-
mics by calibrating and tying seismic and well data. Syn-
thetic seismograms have been produced using the velocity
data from the Epinoy and Jeumont boreholes (Fig. 1), which
are the only wells of sufficient depth in the vicinity of the
seismic lines to cross the targeted geological levels (see the
example of the seismic-well tie between the Jeumont bore-
hole and the M590 seismic profile in Fig. 3a). Several geo-
logical horizons and faults have been interpreted (Fig. 2c),
with a special focus on the Dinantian carbonates and the re-
gional structural pattern (see Laurent et al. 2021 for further
details).

In addition to the seismic data, 1,128 boreholes reach-
ing the Palacozoic basement have been selected in northern
France and southwestern Belgium and included in the data-
base (Fig. 1). A methodical screening process limited to
one borehole in a 500 m radius was applied in order to
collect as much relevant well data as possible, while avoid-
ing redundant and excessive information. Among the
1,128 selected boreholes, 389 reach the Dinantian in the
Brabant Para-autochthonous Unit (Fig. 1). All but one (Jeu-
mont) of these boreholes are located north of the Variscan
front. South of the Variscan front, where the underthrust
Dinantian units deepen below the thick Ardenne Allochtho-
nous Unit, only the seismic data provides information at
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depth, thus reflecting the complementarity of seismic and
well data (Fig. 1).

Finally, our database was completed with structural data
from the geological maps of France (1: 1,000,000; Chan-
traine et al. 2003) and Wallonia (Belgium) (1: 25,000, “Carte
géologique de Wallonie”, Programme de révision de la Carte
géologique de Wallonie), such as azimuth and dip values and
stratigraphic contacts (see the Dinantian outcrops high-
lighted in Fig. 1). A digital elevation model (DEM) with a
resolution of 25 metres (EU-DEM v1.1 from the Copernicus
Land Monitoring Service), provided the required topo-
graphic information (Fig. 4).

3.2 Time-depth conversion of the seismic
data

Seismic horizons interpreted in time (Fig. 3a) have been con-
verted to depth before being integrated into the 3D model. To
do so, several time-depth (TD) conversion methods have
been tested: (1) time-depth conversion using the seismic
stacking velocities, obtained from the reprocessing of the
seismic profiles in time; (2) time-depth conversion based on
the migration velocities used for the pre-stack depth migra-
tion (PSDM) of six seismic profiles, carried out as part of the
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Interreg North-West Europe DGE-Rollout project; and (3)
layer-cake time-depth conversion using interval velocities
obtained from well data.

The accuracy of the different methods could only be
checked and compared at the very few wells located in the
vicinity of the seismic lines and deep enough to cross the
geological surfaces of interest, particularly the Epinoy and
Jeumont boreholes (Fig. 1). This relatively limited well con-
trol constitutes the main limitation of this procedure.

After comparing the results of all three methods, the
layer-cake TD conversion was chosen to maintain 3D con-
sistency between the profiles and the well data. This method
is based on the principle that a constant velocity is attributed
to each layer displaying similar velocity behaviour (Marsden
1989). The velocity behaviour is defined by lithologies and
rock properties and the interval velocity of a given layer cor-
responds to the mean velocity within this layer:

V; _ Zbaxe _ Ztog

" OWT,y— OWT,

top

Eq. 1

with OWT = one-way time, Z = depth.

We therefore considered every geological level of the
stratigraphic pile of the model (see 3.1) as a distinct layer
with a constant interval velocity in the entire study area (Fig.
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3b). The interval velocities in the Brabant Para-autochtho-
nous Unit and in the Overturned Thrust Sheets have been
computed from the data of the only two wells crossing these
units, respectively the Jeumont and Epinoy boreholes (Fig.
1). The interval velocity in the Ardenne Allochthonous Unit
corresponds to a mean value calculated from the data of both
wells. Finally, to ensure a better geological consistency, a dif-
ferent interval velocity in the Mesozoic-Cenozoic cover has
been computed for each line, using the data from nearby
boreholes. The interpreted seismic horizons have then been
converted to depth step by step from the shallowest (base of
the Meso-Cenozoic cover) to the deepest one (top of the
lower Palacozoic basement), using a sampling rate of 50
CMP (common midpoint) (i.e. every 1,250 metres) along
each seismic profile. Fig. 3b illustrates an example of TD
conversion of the M590 profile, close to the Jeumont bore-
hole.

Like any other TD conversion method, the layer-cake TD
conversion has some limitation. First, because the interval
velocities are computed based on the data of only two bore-
holes, the TD conversion of the seismic profiles does not
take into account the potential lateral variations of litholo-
gies and rock properties. Therefore, uncertainties increase as
distance from the reference boreholes increases. However,
considering the lithologies described in the boreholes, the
facies variations are very likely not significant enough at the
regional scale to have a major impact on the velocity behav-
iour of the different units.

3.3 3D modelling workflow

The 3D modelling of the Dinantian carbonate reservoir
was carried out using the GeoModeller software developed
by the French Geological Survey (BRGM) and Intrepid
Geophysics Company (www.intrepid-geophysics.com). The
modelling method used in this software, referred to as the
“potential-field method” (Lajaunie et al. 1997), was specifi-
cally designed to compute the geological surfaces and vol-
umes based on both stratigraphic contact points and orienta-
tion points (azimuth, dip and polarity values) from geophys-
ical, structural and well data (Fig. 4). It uses a cokriging
algorithm to interpolate a 3D potential-field scalar function
describing the geology of the study area (Lajaunie et al.
1997; Chilés et al. 2004; Aug et al. 2005; Mclnerney et al.
2005; Calcagno et al. 2008; Maxelon et al. 2009).

A stratigraphic pile incorporating the main regional geo-
logical levels has been established in order to best define the
3D structure of the Northern Variscan Front. Each geological
formation of the stratigraphic pile has been assigned to a rule,
either “Erode” or “Onlap”, defining its relationship with older
formations. The stratigraphic column includes from base to
top: The lower Palaeozoic basement (onlap), the Middle De-
vonian (erode), the Frasnian (onlap), the Famennian (onlap),
the Dinantian (onlap), the Namurian-Westphalian (onlap), the
OTS (erode), the Ardenne Allochthonous Unit (erode) and
the discordant Mesozoic-Cenozoic cover (erode) (see Figs.
2b, ¢). By defining the stratigraphic pile and the relationship
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rules, the geological history of the study area is automatically
taken into account during the modelling process, making it
easy to try out different interpretations.

Once the stratigraphic pile of the model was created, the
input database described above (3.1) was integrated to the
GeoModeller Software (Fig. 4). The fault network and the
fault interactions with the different series have been estab-
lished using the specific features of the GeoModeller soft-
ware. Stratigraphic horizons and faults were then modelled
step by step so that they match structural, seismic and well
data. In areas where the geometry of the modelled surfaces
was geologically inconsistent, especially in areas with no or
insufficient data, 3D construction points were added to the
dataset on horizontal and vertical cross-sections. This en-
sured the 3D structural consistency of the model. At the end
of the modelling process, depth structural maps have been
extracted from the model using a grid cell size of 250 m

(Fig. 4).

4. 3D geometry of the top of the Dinantian
carbonate reservoir: results and
discussion

The 3D geometry of the Dinantian carbonate reservoir in
northern France-southwestern Belgium is presented in this
paper through the detailed analysis of the 2D depth structural
map of the top of the Dinantian limestones (Fig. 5). It is im-
portant to notice that the top of the Dinantian unit is of vari-
able geological nature (domains [a], [b] and [c] in Fig. 5 in-
set) from south to north. The top Dinantian corresponds to
the stratigraphic Dinantian-Namurian boundary in domain
[b], it is a truncation limit southward in domain [a] and an
erosive limit northward in domain [c]. To the south, the trun-
cation limit corresponds to the tectonic contact between the
Dinantian and the overthrusting Ardennes Allochthonous
Unit, i.e. the AMBT. To the north, the top limit of the Dinan-
tian series is eroded and truncated by the discordant Meso-
zoic-Cenozoic cover. Thereby, north of the truncation line
(domain [c] in Fig. 5), the modelled geological surface rep-
resents the Dinantian-Cretaceous unconformity or Top Pal-
acozoic Unconformity (TPU).

In the study area, the Dinantian sequence extends over
a surface area of approximately 7,675 km? (Fig. 5). Inter-
estingly, it extends at least 30 to 40 kilometres south of the
coal district area beneath the Ardenne Allochthonous Unit.
Additionally, the Dinantian sequence is absent west of Ar-
ras, because it is truncated in the Artois region by the lateral
ramp of the AMBT. The few tightened contour lines south
of the cutoff line indicate a stronger dip of the truncated top
of the Dinantian unit and therefore of the AMBT. These
observations corroborate previous studies (Minguely
2007), showing that the main frontal thrust is steeper in the
Artois region (20°) than in the NPC coal basin area (5—
10°). To the north, beneath the unconformable Mesozoic-
Cenozoic cover (area [c] in Fig. 5), the Dinantian extends
beyond the Roubaix and Tournai cities and edges the Bra-
bant Massif in Belgium.



300

Seismic data

( Reprocessing l

Seismic-well tie

Seismic
interpretation

Aurore Laurent et al.

T0pography

contour lines

azimuth DEM

dip

Surface area

Modelling
algorithm
(cokriging)

3D Model
(GeoModeller)

Model
parameters

Horizon modelling

)

Stratigraphic pile

Fault modelling

Depth structural maps

Fig. 4: Flow chart of the methodology implemented to model the 3D structure of the Dinantian reservoir. CS — checkshots; DEM — Digital
Elevation Model; DT — sonic log; RHOB — density log; Vint — interval velocities.

Overall, the Dinantian series deepens southward. The
modelled top-Dinantian surface has a maximum elevation of
122 metres in Belgium, northeast of Mons, and reaches a
maximum depth of ~7,000 metres at the southern end of the
study area. In the Lille-Tournai metropolitan area, where the
Dinantian reservoir is exploited for its natural water re-
sources, the structure of the Dinantian is well constrained by
numerous wells (Fig. 5) and some localised outcrops (Tour-
nai area, Belgium). Reservoir depth varies slightly and does
not exceed 150 metres, which is related to the sub-tabular
character of Dinantian layers (dips below 10°). Due to the
shallow depth and slight dip variations, the modelled surface

appears flat in 3D at the regional scale (Fig. 6). In this area,
the top of the Dinantian, as well as the entire Palacozoic sub-
stratum and the Mesozoic-Cenozoic cover, forms a gentle
dome (the Melantois-Tournaisis anticline) oriented along a
N100-110° axis between Lille and Tournai (Fig. 5) (e.g.
Hennebert & Doremus 1997a, b; Hennebert 1998). The Mel-
antois-Tournaisis anticline is affected by two reverse faults
of limited offset, oriented along a N100-110° direction: from
north to south, the Gaurain-Ramecroix Fault (GRF) and the
Haubourdin Fault (HF) (or Rumes Fault in Belgium). Ac-
cording to previous studies (e.g. Hennebert 1998; Minguely
2007), these faults initiated during a transtensive late Vari-
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scan event and were reactivated as reverse faults during the
Cenozoic as a result of the far-field accommodation of the
Alpine-Pyrenean shortening. The general antiform would
have developed as the result of this late shortening phase.
South of the Lille-Tournai metropolitan area, the mono-
clinal geometry of the Dinantian series rapidly deepens be-
neath the coal basin. According to our model, its depth ranges
from 0 to approximately 3,000 metres between the northern
and southern boundaries of the NPC coal district area. A ma-
jor flexure is visible in the area of the NPC coal district,
where the slope is steeper (10-30°) than in the rest of the
region (5-10°), as shown by the tightened contour lines (Fig.
5). A slope break at the northern edge of the coal basin dis-
trict is clearly apparent in 3D (top Dinantian truncation line
in Fig. 6). Maximum dips ranging between 20 and 30° have
been recorded near Douai and Valenciennes. This major flex-
ure is associated to the exhumation of the Dinantian and Pal-
aeozoic substratum directly below the Mesozoic-Cenozoic
cover along the N90-120° striking Orchies anticline. This

anticline is bounded to the north by the north-dipping Seclin
normal fault (SeF) having a similar orientation. It is sug-
gested that this uplift of the Brabant foreland may have been
caused by the Variscan reactivation as back-thrusts of deep
south-vergent Caledonian thrusts in the basement (Minguely
et al. 2008).

Localised folds are noticeable in some parts of the coal
basin district, such as the Chateau L’ Abbaye syncline (strik-
ing N120°) and the Poil d’Ours anticline (striking N50°)
(Fig. 5). At the western end of the coal district area in the
Artois region (west of Lens), the Dinantian carbonate reser-
voir is segmented by several steeply south-dipping faults
striking N130°; from north to south: the Sains Fault (SF), the
Ruitz Fault (RF) and the Marqueffles Fault (MF). Seismic
studies in the Artois region (Minguely 2007; Minguely et al.
2010) suggested that these faults are rooting down onto Vari-
scan thrusts at depth and that they were formed during the
late Carboniferous-Permian extensional period by negative
tectonic inversion of these Variscan thrusts. A second defor-
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mation phase related to the far-field accommodation of the
Alpine-Pyrenean shortening during the Tertiary would have
resulted in the positive tectonic inversion of those faults as
evidenced by the uplift of the Artois hills.

South of the coal district area, the Dinantian reservoir
reaches depths approximately ranging from 3,000 to about
7,000 metres. The modelled geometry appears complex and
irregular, especially in the Cambrai and Maubeuge areas.
There, the interpretation of the deep seismic profiles re-
vealed an intense deformation of the Dinantian series by
deep Variscan thrusts. These thrusts would have a “décolle-
ment” level within the underlying Famennian shales and af-
fected the entire para-autochthonous sequence (Laurent et al.
2021). At present-day, only the ramp-related fold structures
at the hanging wall of those thrusts have been taken into ac-
count in our model, thus explaining the irregular geometry of
the Dinantian series (the 3D modelling of the thrusts them-
selves and their implementation in the 3D model is still in
progress).

Overall, in the study area, the top-Dinantian surface is
structured along two main directions: N70-80° (e.g. the areas
of Mons, Valenciennes, and Cambrai) and N110-130° (e.g.
the area of Douai and SW of Maubeuge). Interestingly, our
previous work based on the interpretation of the seismic data
showed that the underlying southern Laurussian margin was

structured along the same structural axes in the study area
(Laurent et al. 2021), which suggests that the Devonian syn-
rift prestructuration of the southern Laurussian margin had a
major influence on the 3D configuration of the Variscan
thrusts and of the resulting flexural behaviour of the under-
thrust foreland.

The 3D modelling of the base of the Dinantian reservoir
shows a similar geometry and structural trends. Preliminary
results suggest major thickness variations of the Dinantian
reservoir in the study area. Their origin, whether sedimen-
tary or tectonic, remains difficult to identify before the final
completion of the 3D model, and are not discussed in the
present paper.

Further improvements are needed to produce a final rep-
resentation of the 3D geometry of the Dinantian reservoir in
northern France. They will include the 3D modelling of (1)
deep Variscan thrusts interpreted in seismics that are affect-
ing the Dinantian reservoir south of the coal district area, and
(2) second-order faults known in the Brabant foreland. Par-
ticular attention will be paid to the modelling of the internal
structure of the coal basin, whose deformations directly af-
fect the underlying para-autochthonous sequence, especially
the Dinantian reservoir. Finally, an in-depth assessment of
the uncertainties associated with the 3D modelling of the Di-
nantian reservoir will be carried out. A combined qualitative



Modelling the 3D geometry of the Dinantian carbonate geothermal reservoir in northern France

and quantitative approach will help to evaluate the impact
that each source of uncertainty can have on the output of the
3D modelling, whether they are associated to the borehole
data (measured depth, trajectory, well logs, etc.), the seismic
data (acquisition, reprocessing, resolution, horizons and
faults picking, geological understanding, etc.), the time-
depth conversion (velocity model, structural complexity,
etc.) or the 3D modelling process itself (algorithm, resolu-
tion, data spatial distribution, geological understanding,
etc.).

5. Conclusions

The 3D structural modelling of the Northern Variscan Front
in northern France-southwestern Belgium, based on the inte-
gration and interpolation of data from 1,128 boreholes and
532 km of interpreted seismic reflection profiles, provides an
unprecedented image of the 3D geometry of the buried Di-
nantian carbonate reservoir in the region. Our 3D approach
highlights the main structural features of the reservoir at the
regional scale and offers a first interpretation of its typical
depth across the study area.

Overall, our results illustrate that the Dinantian carbonate
reservoir has a general monoclinal geometry due to the flex-
ural response of the Variscan foreland to thrust-loading. It
displays an overall south- to southwestward dip underneath
the NPC coal basin. We document the unprecedentedly ap-
preciated subsurface presence of the reservoir across the ter-
ritory as it extends over an area of approximately 7,675 km?
and at least 30-40 km south of the coal district area, beneath
the Ardenne Allochthonous Unit of the Northern Variscan
Front. The southern limit of extension is defined by the cut-
oft surface of the Dinantian sequence at some major frontal
and lateral ramps of the AMBT. The Dinantian reservoir is
generally less than 200 m deep in the Lille metropolitan area
but it reaches 1,000-3,000 m depth beneath the coal basin
district and finally a maximum depth of approximately
7,000 m at the southern end of the study area. Our results
document that the Dinantian reservoir is deformed along two
main directions striking N70-80° and N110-130°. This struc-
tural pattern is the main result of Variscan thrusts moulded
on the initial syn-rift configuration of the Laurussian margin.
Subsequent deformation events (i.e. the late Carboniferous-
Permian rifting as well as the Tertiary inversion phase related
to the far-field accommodation of the Alpine-Pyrenean
shortening) produced only localised second-order structures
(i.e. Boulonnais-Artois and Melantois-Tournaisis anticlines).

The model still needs some improvements, for instance
regarding the geometry of both the deep Variscan thrusts and
the coal basin. Anyway, this 3D structural model provides an
unprecedented representation of the regional 3D geometry of
the Dinantian reservoir in northern France. Once completed,
it may ultimately be used in hydrodynamic modelling stud-
ies and/or help to target specific areas of geothermal interest,
prefiguring local investigations to determine the in-depth
geothermal potential of the Dinantian reservoir.
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